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The perovskite crystal structure with nominal composition ABXz offers a very flexible framework for sodium
halide ionic conductors, an aspect not well defined in the current literature. This structure can
accommodate a variety of sizes and oxidation states of cations, as well as different contents of cation
vacancies. Different studies have shown that substitution of trivalent by tetravalent cations in the
structure of some halides ‘double’ perovskites significantly improve their ionic conductivity, which can be
explained by the creation of cation vacancies in the B-sites. The understanding of the structure opens
the possibility to create cation vacancies, not only in the B-sites but also in the A-sites, by the
replacement of the trivalent cations by pentavalent cations and to study their impact on the ionic
transport of sodium halide materials. In this work, we show a study of the Naz_,,In(in);_,Ta(v),Clg system

with respect to their structure, microstructure, and ionic transport properties, demonstrating the
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Accepted 5th November 2024 coupling among these three aspects. This work aims to provide a detailed description of the current
halide ionic conductors in the framework of the perovskite structure. By fully describing sodium ion

DOI: 10.1039/d4ta05371k conducting halides as perovskites, we hope to offer a reliable guidance to design improved solid-
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Introduction

Solid-state batteries have emerged in the last few years as
a potential candidate to complement conventional Li-ion
battery technologies to meet the increasing demand for high
energy density and safe storage system."” One of the bottlenecks
in the field is the search for highly conductive, electrochemi-
cally stable ion conductors as separator materials or conductive
electrolytes in the electrode composites.>* Despite nearly
matching the ionic conductivities of the liquid counterpart, the
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most promising solid electrolytes still lack chemical stability
due to detrimental decomposition reactions at the interfaces.>®

Another challenge with the current Li-ion technology is the
scarcity of Li metal, which urges to search for more convenient
alternatives.” Sodium containing solid electrolytes are emerging
as promising substitutes to the lithium counterparts in the solid-
state battery technology.® Na;PnX, (Pn = P, Sb, W; X = S, Se),>™**
Na;;Sn,PS;,,'**® NASICON-type Na,M,(PO,);_»(Si0,),"*?** (M =
Ti, Zr) compounds, are among the most encouraging families for
this purpose. Nevertheless, besides the high conductivity,
compatibility with the electrodes and a large voltage stability
window are still required, hindering the implementation of Na*
containing chalcogenides in a near future.?**® Contrarily, NASI-
CON oxides generally show a high ionic conductivity, good
compatibility and high electrochemical stability. However, the
costly production and tough processability are the major draw-
backs for the current technologies, mainly, due to their large
grain boundary resistances, unfavourable mechanical properties
and harsher synthesis conditions.>”

Sodium containing halides could overcome those problem-
atics since they could combine (1) high ionic conductivities up
to ~1-10 mS cm~ ' comparable to the chalcogenides and (2) an
oxidative voltage for chlorides stability window up to 4 V if we
look at Li-containing halides such as LizInCls, LizYCls or
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Li3ScClg. Those materials can be used as suitable catholytes in
the current lithium-based solid-state batteries.*®*®

Although the sodium rare earth-containing ternary halides
have long been known,*** their ionic transport has not thor-
oughly been investigated so far. Recently, the Na-containing
ternary halides Nag;MX, (M** = sc**, In**, Y**, Yb**, Er*"; X~ =
Cl7, Br, I') and derivatives have been theoretically pre-
dicted**** and also, some of them, mainly chloride containing
materials, have been experimentally reported as ionic
conductors.*?* Among the different potential structures,
NazMClg (M*" = In**, Y** or Er*") can crystallize in a perovskite-
related structure. Typically, these materials are described in
terms of their individual space group with the different Na*
crystallographic sites and a focus on the diffusion pathways,
however, the aspect of being perovskite related is not suffi-
ciently discussed in the literature.*” Only some oxides crystal-
lizing in the argyrodite structure and oxyhalides ionic
conductors have been described, to the best of our knowledge,
in terms of the anti-perovskite crystal structure.*>*

The perovskite structure with nominal composition ABX;
consists of corner sharing octahedra BX, connected along the
three directions, which leave cubo-octahedral AX;, sites occu-
pied by the A-cations. Thus, a simplified model to describe the
more complex Naz;MClg can be regarded as a double perovskite
(i.e. Nay(NaM)Cle) with rock-salt ordering between the NaCl,
and MClg octahedra, which are corner sharing along the three
directions and leave cubo-octahedral sites occupied by the
remaining two Na' cations (i.e.: NaCl,,). The ideal non-distorted
crystal structure is depicted in Fig. 1.

However, the ideal non-distorted perovskite structure cannot
accommodate the Na* and M*" cations due to their different
sizes and is more a hypothetical structure with the wrong
assumption of being a rigid structure. Yet, due to the
outstanding structural flexibility of the perovskite structure it
can accommodate the different cations. Tilting of the chloride
octahedral network is the distortion taking place for optimizing
the matching between the Na-Cl and M-CI bond distances,
which reduces symmetry of the cell. In addition to its structural
flexibility, the interplay between compositional diversity and
rich defect-chemistry makes the perovskite structure a very
interesting playground to tailor the structure to finely tune the
transport properties of these solid electrolytes. Partial or total
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substitution of M** cations with different oxidation states and
sizes allows to create Na' cation vacancies that can be accom-
modated in the perovskite structure. Thus, partial substitution
of trivalent by tetravalent cations can create cation vacancies by
removing Na' cations from only one type of sites, the B-sites,
without any change in the symmetry of the unit cell. For
instance, Zr'" substitution in Naz_,In, ,Zr,Cls shows large
increases in the ionic conductivity, about two orders of
magnitude higher with respect to the parent compound Na;-
InCle.***® Interestingly, different synthetic methods lead to
a change in the trend of the ionic conductivity as function of
Zr*" content. Here, solid state synthesis results in a parabolic
evolution of the ionic conductivity, with a maximum of 6.5 x
10°° S em™* for Na, 4Zr, ¢In, 4Clg and characteristic of a Na*
vacancy-driven diffusion process.** However, mechanochemical
synthesis leads to a continuously growing ionic conductivity as
a function of Zr** content, which can be ascribed to a reduction
in the crystallite size of the material.*® These findings also
highlight the importance of the microstructure in this class of
materials.

Further substitution, replacing the trivalent cation metal by
a pentavalent cation with the corresponding removal of Na*
cations from both, B- and also A-sites and its impact over the
transport properties has recently been started to investigate.
Recent studies show an enhanced ionic conductivity for
NaTaCl, (ref. 40, 43 and 44) in comparison with the previous
reported Na;_,M,_,Zr,Cls (M®" = In*", Y’ or Er*"), but the
structure-property  relationship has not been
established yet.

Inspired by the high ionic conductivity of the halide solid
electrolytes together with their perovskite structural origin, we
present a study of the Naz_,,In(ur),_,Ta(v),Cls system, crystal-
lizing in a perovskite-related structure. To analyse the rela-
tionship between the crystal structure, microstructure and ionic

well

transport properties, all the materials were investigated by
means of X-ray diffraction, pair distribution function analyses,
solid-state nuclear magnetic resonance spectroscopy, quasi-
elastic neutron scattering, and impedance spectroscopy. This
work corroborates that the creation of cation vacancies on the
different sites of the perovskite structure has a profound impact
over the transport properties of the ionic conducting sodium
halides, going hand in hand with slight structural distortions of

ONa, ONag O wme

Fig. 1
octahedra. (c) The building units of NasCly».
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NagClg

MCl, Na,Cl,,

Ideal non-distorted NazMClg perovskite crystal structure (hypothetical). (a) Full structure. (b) The building units of NagClg and MClg
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the perovskite structure and a microstructure evolution of the
materials. An elaborate study of this system with full structural
description as shown here, we hope to serve as a direction to
consider halide electrolytes as perovskite-type structures. By
understanding the ion conducting metal halide classes as
perovskite materials, we hope to spark further solid electrolyte
research with the known toolbox from the field of perovskite
materials.

Experimental section
Synthesis

All syntheses were performed under an inert Argon or vacuum
atmosphere. For the mechanochemical synthesis, stoichio-
metric amounts of NaCl (Merck, 99.5%, pre-dried at 200 °C for
48 h under dynamic vacuum), InCl; (Merck, 99.99%), and TaCls
(Alfa Aesar, 99.99%) were put into 80 mL zirconia ball mill cups.
The mass ratio between milling media (ZrO,, 5 mm diameter)
and precursors was 30 : 1. The planetary ball milling was carried
out by the Fritsch Pulverisette 7 at 100 rpm and 300 rpm for 10
minutes to initially mix the precursors uniformly. Then ball-
milling was performed for 99 cycles in reverse mode, with one
cycle consisting of milling at 500 rpm for 15 minutes and rest
for 5 minutes to allow for cooling. The ball-milled powders were
pelletized using a custom-made manual screw press and
transferred into a quartz ampoule, which was pre-dried at 800 ©
C under a dynamic vacuum for 2 h. For testing the effect of
subsequent annealing onto the compounds prepared the two
end members were transferred to ampoules. The ampoules
were sealed under vacuum and then heated at 200 °C for 12 h
and quenched in air. After annealing, the pellets were hand-
ground into powders for further characterization (Fig. S17).

X-ray diffraction

All samples were sealed in 0.5 mm-diameter glass capillaries for
X-ray diffraction measurements because of their air sensitivity.
X-ray diffraction measurements on both mechanochemically
prepared and subsequently annealed samples were performed
with a STOE STADI P diffractometer (Mo K,; radiation, A =
0.7093 A; curved Ge(111) monochromator, Mythen 2K detector)
in Debye-Scherrer scan mode at room temperature. Data
collection was carried out for every sample in 0.015° steps.

Symmetry analysis and Rietveld refinement

Symmetry analysis of the crystal structures was performed with
the assistance of the ISODISTORT software package.***® The
Rietveld refinements against X-ray diffraction data were per-
formed with the TOPAS Academic software package.*”*® Rietveld
refinements include (1) background of the Chebychev poly-
nomial function, (2) scale factor, (3) peak shape parameters
from the modified Thompson-Cox-Hastings pseudo-Voigt
function, (4) lattice parameters, (5) site fractional coordinates
and occupancy factors, and the (6) isotropic displacement
parameters. At last, all parameters were allowed to refine
simultaneously to ensure stability of the parameters of the best

This journal is © The Royal Society of Chemistry 2024
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possible refinement. The quality of the refinements was esti-
mated by the indicators R, and goodness-of-fit (GoF).*

To get deeper insights about the crystallite size, peak shape
was calculated from the integral breadth based LVol reported by
Balzar et al.*® and integrated in the TOPAS software. To perform
that analysis, a diffraction pattern of LaBs was recorded under
identical conditions of the materials in order to get the peak
shape assuming only instrumental factors.

Pair distribution function analysis

X-ray diffraction data for conversion to pair distribution func-
tions were measured with a STOE STADI P diffractometer (Ag
K,; radiation, A = 0.5594 A; curved Ge(111) monochromator,
Mythen 4K detector) in Debye-Scherrer scan mode at room
temperature. Data collection was carried out for every sample in
0.015° steps. Then the collected X-ray diffraction data was
converted to a pair distribution function by Fourier-
transforming the obtained normalized structure function S(Q)
using PDFgetX3.”* Q-range cut-off of 13 A~ was chosen because
longer Q-range data was not able to be properly analysed due to
the limited crystallinity of the ball milled samples. The fits were
attempted using TOPAS Academic software package.*® The
instrumental resolution parameters qdamp (0.011) and qbroad
(0.010) are determined on a NIST660c LaB, standard sample.*

Nuclear magnetic resonance spectroscopy

Solid-state magic angle spinning (MAS) nuclear magnetic reso-
nance spectra of **Na (w, = 132.36 MHz) were recorded at
a Bruker DSX 500 spectrometer equipped with a 11.7 T wide-
bore magnet, using a 4 mm Bruker MAS probe. A radio-
frequency pulse of 4.0 ps at 120 W power was used as 7/2-pulse
for single-pulse MAS experiments at a rotation frequency of 12.5
kHz. Magic angle calibration was done using spinning side-
bands of solid NaNO; and **Na chemical shift scale was refer-
enced against freshly prepared 1 M NaCl solution at 0 ppm. The
deconvolution of the **Na MAS spectra was performed with
ssNake (v1.4)** Gaussian/Lorenzian peaks were used for the
resonances from NaCl impurity and Na® in B-site (Nag),
whereas, for Na" in A-site (Na,), the quadrupolar coupling
model (with quadrupolar coupling constant Cq and an asym-
metry parameter 7q) for spin-3/2 nuclei under finite MAS
frequency was employed using the in-built ‘Quadrupole’ fitting
model. Additionally, for NazInCls, **Na MAS experiments were
conducted at four different rotation frequencies (v, = 10, 15,
20 and 25 kHz) at the Bruker DSX 500 spectrometer using
a 2.5 mm Bruker MAS probe (Fig. S21).

Variable temperature static saturation recovery experiments
for *Na were implemented on the Bruker Avance III 300 spec-
trometer connected to a wide-bore magnet of 7.05 T nominal
magnetic field. Radio-frequency pulse lengths of 1.85-2.5 us at
160 W was used as m/2-pulse for NazInCls and NaTaCls,
respectively. Recovery delay length was varied from ¢; = 10 ps to
t,3 = 215.44 s with three steps increments per decade. All the
free-induction decays were Fourier transformed to obtain
frequency-domain signals which were integrated in TopSpin
software and corresponding signal intensity curves were fitted

J. Mater. Chem. A, 2024, 12, 33707-33722 | 33709
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with exponential type saturation function with a stretching
exponent. >’Na static saturation recovery data were recorded in
the temperature range of 200 to 420 K with 20 K interval
between successive measurements and 20 min of waiting period
for temperature stabilization at each temperature. A combina-
tion of N, gas flow and electrical heating was used to regulate
the temperature. In the sub-room temperature (T < 300 K)
range, cooled N, gas flow from an Air Jet XR compressor from SP
Scientific (FTS Systems) regulated the temperature whereas an
uncooled stream of N, gas was utilized for temperature stabi-
lization in T > 300 K range. Temperature calibration was done
using temperature-dependent 'H NMR signal-shifting of
methanol (200-290 K) and ethylene glycol (320-420 K).** All
samples were in powder form and packed under Ar atmosphere
into cylindrical type 4 mm and 2.5 mm zirconia rotors with
Teflon spacer to
experiment.

reduce air/moisture exposure during

Scanning electron microscopy-energy dispersive X-ray
spectroscopy

Samples were prepared by sputter deposition with gold to
enhance their electronic conductivity. The morphology and
composition of the prepared samples were characterized with
scanning electron microscopy (Merlin, Carl Zeiss Microscopy
GmbH) and energy-dispersive spectroscopy (XMax, Oxford
Instruments) respectively. The applied electron high tension
(EHT) voltage was 20.0 kV.

Electrochemical impedance spectroscopy

About 150 mg of each sample was initially pelletized by
a custom-made manual screw press and then isostatically
pressed under 410 MPa for 40 min. Subsequently, the pellets
were coated with thin gold electrodes of ~80 nm thickness with
sputter deposition and enclosed in pouch cells. The imped-
ances were measured with a SP-300 impedance analyzer (Bio-
logic) under an amplitude of 10 mV and frequencies from 7
MHz to 100 mHz in a temperature range of —40 °C to 60 °C.
Some spectra at low temperatures are omitted from evaluation
as the evaluated samples were too resistive in the monitored
frequency range at those temperatures. The spectra were
analyzed by RelaxIS 3 (rhd instruments). To get reliable fitting
results, the ultrahigh or ultralow frequency range was discarded
to reach < 2% relative residuals in the Kramers-Kronig test
included in the software package over the evaluated frequency
range.

Quasi-elastic neutron scattering (QENS)

Neutron scattering data were collected on the backscattering
spectrometer IN16b at the Institute Laue-Langevin (ILL) in
Grenoble, using an incident neutron wavelength of 6.271 A and
instrument resolution of =0.8 pevV (FWHM). This gives access
to dynamics on a nanosecond timescale. The energy transfer
window used for all QENS measurements was + 30 peV. Elastic
(E = 0 peV) and inelastic (E = 3 peV) scattered intensities were
measured, so called elastic and inelastic fixed window scans
(EFWS, IFWS). Samples of (5-6 g) were filled under inert
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conditions into aluminium (1 mm-spaced double wall cylinder)
and sealed mechanically with lead as a gasket. The sample
holder was mounted in the spectrometer where a standard
orange cryofurnace was used to measure at 150 K, 300 K, 350 K
and 400 K for 4 h, respectively. Data reduction was carried out
using the Mantid software package.

Bond valence sum analyses

The bond valence site energy (BVSE) landscapes of the materials
were calculated by the softBV-GUI tool.>>*® The analyses were
performed for Na® by utilizing the automatically calculated
screening factor and a resolution of 0.1 A.

Results & discussion

To investigate the effect of introduction of vacancies on the
structure and transport in the perovskite related Naz;InClg, the
series of Najz_,,In; ,Ta,Clg is explored here. At first, the
perovskite relation of the endmembers Na;InCls and NaTaClg
will be established, which will be followed by discussion on the
changes in their solid solutions, Na;_,,In; ,Ta,Cle.

Crystal structure of NazInCl,

To obtain a detailed crystal structure analysis of the known
Na;InCle with the perovskite structure, a combination of X-ray
diffraction and solid-state nuclear magnetic resonance is
used. The monoclinic structure of Naz;InClg at room tempera-
ture (Fig. 2 and S17) can be confirmed by indexing the unit cell
(@ = 6.7401(2) A, b = 7.1626(2) A, ¢ = 9.9394(3) A, 8 =
90.539(2)°). The observed condition reflections: h0l:h + | =
2n;h00:h = 2n; 0kO: k = 2n; 00l:] = 2n are consistent with the
space group P2,/n. Full details of the structural refinement are
shown in Table S1, with selected bond lengths in Table S3+
and the data shown in Fig. S3.f Pair distribution function
analysis of NazInClg confirms that the average structure model
is also consistently describing the local short-range ordering
(Fig. S57). A >*Na MAS nuclear magnetic resonance spectrum of
NazInClg (Fig. 2) shows two different signals for Na* ions cor-
responding to the two different Na' sites. Both the nuclear
magnetic resonance and X-ray diffraction data also show the
presence of a small amount (<3%wt) of NaCl in the sample.
However, attempts to refine the structure with off-stoichiometry
amounts of Na” and Cl~ were unsuccessful.

Naz;InCle was synthesized here by ball milling without any
further treatment crystallizing in a perovskite related structure
with the monoclinic P2,/n shows as has been shown before.>”°
However, by annealing at 200 °C, NazInCls changes this struc-
ture to crystallize in an ilmenite-related structure with P31c¢
space group,*® See Fig. S1t for a comparison of the diffraction
patterns of the polymorphs. Both polymorphs show a quite
different structure without any group-subgroup relationship,
the transformation from one to the other would require a lattice
reconstruction. However, the small temperature difference in
the synthesis of both polymorphs may indicate that the P2,/n
perovskite polymorph would be slightly less favourable than the
P31c ilmenite one from a thermodynamic point of view. The

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Structural characterization of NazInClg. (a) Structural analysis of NasM3*Clg; crystal structure constructed from the ideal cubic perovskite
Na(Nag 5Mg 5)Cls by adding a rock-salt cation ordering between Na* and In>* in the B-sites, and a combination of an out-of-phase tilting along
the a- and b-axis and an in-phase tilting along the c-axis. The Nas-centred polyhedral are shown in the bottom of crystal structure schemes. Naa
is 12-fold coordinated by Cl™ in Pm3m and Fm3m phases while prismatically 6-fold coordinated by Cl™ in the P2;/n phase. (b) X-ray diffraction
pattern of NasInCle. (c) Room temperature 2°Na MAS NMR spectra collected from NasInClg with three major components: Na* in octahedral
(Nag) and prismatic (Naa) coordination along with Na™ in the rock-salt NaCl structure. Note that the Nay component is highly distorted giving rise
to the quadrupolar line shape (Cq = 1.05 MHz, ng = 0.98). The asterisk (*) denoted the contribution from the “zeroth order” spinning sideband
from the underlying satellite transitions (+£3/2 < +1/2) of the Naa resonance, as confirmed using different rotation frequencies (Fig. S21) The

resonance indicated by solid triangle might be due to some amorphous impurity which could not be identified.

reason behind the instability associated with the perovskite
polymorph may be attributed to the small size of Na* cations to
be accommodated within the A-sites, which leads to an
extremely low Goldschmidt tolerance factor (¢ = 0.73).>” This
factor is used as an indicator for the stability and distortion of
the perovskite crystal structures according to the cation and
anion ionic radii. Thus, the particular conditions of ball milling
synthesis leads to the formation of the perovskite-like structure.
This synthetic approach may just stabilize a kinetically driven
phase with a presumably lower energy activation barrier for its
formation.”® Indeed, the ilmenite-perovskite phase transition
under subtle conditions in this material shows certain simi-
larities with some oxides, such as NaSbO;, which crystallizes in
an ilmenite structure at ambient pressure but treatments under
high temperature and pressure lead to the perovskite
structure.*

The perovskite-like crystal structure of NazInClg can be
constructed according to the scheme in Fig. 2. Starting from the

This journal is © The Royal Society of Chemistry 2024

‘ideal’ cubic aristotype with lattice parameters a, x a, x a, (ap
denotes the cell parameter of the cubic perovskite), space group
Pm3m and formula ABX;, NazInClg can be rewritten as
Na(Nay 5Ing 5)Cl; with In®* and Na* cations in the B-sites, and
the remaining Na' cations in the A-sites. Due to the different
size and oxidation state of In*" and Na" cations, they order in
a rock-salt manner within the B-sites to minimize the electro-
static repulsion and the size mismatching. This leads to an
expanded 2a, x 2a, X 2a, unit cell and the space group Fm3m.
The formula can be rewritten in terms of a A,BB’Xg ‘double’
perovskite as Na,(NaIn)Clg or NazInClg. The Na* cations are too
small to occupy the 12-fold coordinated A-sites and the size
mismatch induces a cooperative tilting distortion to the
network of apex-linked BCls (B = In and Na) octahedra
according to the a~ac' Glazer notation.® The Glazer notation
is typically used to identify the cooperative octahedral tilting in
the perovskite structure. In this notation, the sequence of
symbols corresponds to the crystallographic axes and the type of

J. Mater. Chem. A, 2024, 12, 33707-33722 | 33711
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tilting. For instance, in the case of a"a"¢' the first symbol a~
refers to an out-of-phase tilt along the x-axis and the last symbol
¢’ to an in-plane tilting along the z-axis. The distortion allows to
accommodate the ‘small’ Na' cations in the off-centred 6-
coordination number prism-like sites within the A sites, which
leads to the final v/2a, x v/2b, x 2¢p unit cell with space group
P2,/n. A more detailed image from the final crystal structure is
shown in Fig. 4. Thus, NazInCls ‘double’ perovskite structure
consists of octahedrally coordinated In*" and one Na* ordered
within the B-sites in a rock-salt manner with the octahedra til-
ted according to the a a"c" tilting system. The tilt system shows
that one can now observe an in-phase tilting of the octahedra
along the a and b-axes and an out-of-phase tilting along the c-
axis. The two remaining Na' cations are occupying the off-
centred 6-coordination number prism-like sites within the A
sites. This site is highly distorted giving rise to the quadrupolar
line shape with a Cq = 1.05 MHz and a high asymmetry
parameter 7q (=0.98) in >**Na MAS NMR, which is confirmed by
the different Na-Cl bond distances within the prism extracted
from the Rietveld refinement ranging from 3.205(7) A to
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2.797(7) A (Table S37). The trend in chemical shift for different
*’Na resonances do seem to reveal a gradual upfield shift
(towards more negative ppm values) going from higher
symmetry (e.g. Na-site in NaCl and octahedral Nag sites of
NazInClg) to lower symmetry (prismatic Na, in NazInClg fol-
lowed by NaTaCl,, Fig. 3c). A similar trend was also observed for
Na,ZrCls and Na-Y-Zr-Cl systems where the **Na chemical
shifts follow a gradual upfield shift from NaCl to octahedral to
prismatic Na-sites®>®* In addition, CASTEP calculations for
Na, »5Y0.25Z5¢.75Clg by Sebti et al. confirmed this experimentally
observed trend, i.e., §(**Na) = —5 ppm for octahedral Na-sites
and a range of —5 to —17.5 ppm for prismatic Na-sites.*

Crystal structure of NaTaClg

In contrast to NazInClg, with fully occupied Na® positions,
removing two Na' cations from the structure gives rise to
a different perovskite-related structure. NaTaClg at room
temperature can also be indexed using a monoclinic unit cell
with a doubling along the c-axis with respect to NazInCls (a =
6.4565(4) A, b = 6.8810(5) A, ¢ = 18.994(1) A, 8 = 90.829(5)°)
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Fig. 3 Structural characterization of NaTaCle. (a) Structural analysis of NaM>*Cle; crystal structure constructed from the ideal cubic perovskite
Nao 5[Valo.5([Velo.sMo.5)Cls by adding a rock-salt cation ordering between Ta and [Vg] in the B-sites, and a combination of an out-of-phase tilting
along the a- and b-axis, and an in-phase and out-of-phase tilting along the c-axis. Light brown and blue are used to represent half-occupancy in
A- and B- sites, respectively, of the ideal cubic perovskite structure. The Nas-centred polyhedral are shown in the bottom of crystal structure
schemes. Nay is 12-fold coordinated by Cl™ in Pm3m and P4/mmm phases while prismatically 6-fold coordinated by Cl™ in the P2;/c phase. (b)
X-ray diffraction pattern of NaTaClg. Blue arrows indicate the reflections associated to the supercell with a doubling along the c-axis with respect
to NasInCl. (c) Room temperature 2>Na MAS NMR spectra collected from NaTaClg with Na in a prismatic coordination. 2>Na MAS NMR of
NazInClg has been included behind for comparison.
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considering the small reflections (indicated by arrows in Fig. 3)
associated to a superstructure (Fig. 3). The observed condition
reflections: h0l:] = 2n, 0k0:k = 2n, 00%:] = 2n correspond to the
space group P2,/c. Those results are consistent with the initially
found NaTaCls.** However, a better description in terms of
understanding the transport properties by relating them with the
crystal structure is needed. The crystal structure of NaTaCls can
also be described in terms of perovskite structure. Full details of
the structural refinement are shown in Table S2,1 with selected
bond lengths in Table S37 and a plot of the Rietveld Refinement
shown in Fig. S4.t1 Pair distribution analysis of NaTaClg confirms
the average structure model consistently matches the local
structure (Fig. S61). In this case, >*Na MAS NMR collected from
NaTaCl, (Fig. 2) shows only one site for Na“ (Na,), which
confirms the Rietveld refinement results. A more symmetric
signal is observed confirming a less distorted NaClg prism.

Further annealing of NaTaClg at 200 °C does not involve any
significant change in the crystal structure (see Fig. S17). The
P31c¢ polymorph is not forming, and the perovskite-like crystal
structure is preserved at that temperature. The interplay of three
factors is considered to justify the stability of the perovskite-like
structure in NaTaCls. (1) Na' cations can be accommodated
easier in the A-site due to the smaller size of Ta>* (r(In**)y: 0.80
pm, r(Ta’")y:: 0.64 pm). The reduction in the ionic radii
increases the Goldschmidt tolerance factor up to ¢ = 0.76 —
assuming that vacancies have a Na' cation radius - and reduce
the average M—-Cl distances (see Table S31), which can provide
slightly better stabilization of the perovskite crystal structure.
(2) The removal of two Na* cations will create cation vacancies
in the crystal structure, which may favour the perovskite-like
polymorph over the P31c polymorph. (3) An enhanced
stability of Na' cation in the NaCl, A-sites in the NaTaCl, since
the bond valence sum value (see Table S37) of this site is much
closer to unity with respect to Naz;InCle.

The crystal structure of NaTaClg and its structural derivation
from the ideal cubic perovskites is shown in detail first in Fig. 3.
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In comparison with Na;InCls, NaTaCls presents two missing
Na' cations, which correspond to the extraction of two different
types of Na' cations, all Na" at the B-site (similar to the structure
of Na,ZrCle in space group P2,/n) and half of the Na" at the A-
sites. Like the NazInClg structure, there is a rock-salt cation
ordering but, the ordering is between the Ta>" cations and the
cation vacancies at B-sites [Vg], in this case. For easier structural
reference we now name the vacancies [Vg], corresponding to
a Kroger-vVink notation Vj,. Besides, a layered ordering
between the Na' and the Na' vacancies within the A-sites,
namely [V,] (i.e.: Vy,) takes place as it is shown in Fig. 4. This
ordering, which is unstable by itself according to the Pauling
bond valence sum, can be explained by the presence of the
highly charged d° Ta>" cations,* which are able to displace out
of the center of their octahedra by means of a second order
Jahn-Teller (SOJT) distortion. It is worth mentioning that SOJT
is playing a major role to this layered ordering since the NaSbClg
compound, where Sb>* does not present SOJT, shows Na*
arranged in a columnar-like ordering.®® These displacements
are always towards the A-site cation layer that contains the
vacancies. By moving toward the under bonded anions (those
present in the layer containing the A-site vacancies) the bonding
instability caused by the layered ordering is relieved. The
resulting unit cell combining B- and A-site ordering shows the
2a;, x 2ap X 2ap dimensions and P4/mmm space group. NaTaClg
can be described as a AA'BB'X; (i.e.: Na[V,|Ta[Vg]Cls) ‘double
double’ perovskite with simultaneous 1: 1 cation order at both
A and B sites, in a layered and rock-salt manners, respectively,
found in the literature in oxide compositions such as second-
order Jahn Teller elements-containing NaLaScNbOg,
NaLaMgWOg, NaLaInNbOg, NaLaInTaOe.*>"*” NaTaClg repre-
sents the first example of a ‘double double perovskite halide’,
and, to the best of our knowledge, the first compound crystal-
lizing in this structural type because of the presence of cation
vacancies in both sites.

NasInClg
c* O O na
Na
c* no SOJT InClg
Na

C* o O Na
ONay, ONag QM

-/ ot NaTaClg

Vk Na O O [Val

SOJT TaClg
¢ O 0O N
Na
-© ONay, )[Vs] @M

Fig. 4 Crystal structure comparison of NazInClg and NaTaClg. Most representative projections of the crystal structure of (a) NazInClg and (b)

NaTaCle.
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This cation ordering is, in turn, accompanied by an in-phase
tilting between the octahedral layers comprising the Na layers
(as in the case of NazInCl) but, in NaTaCls, along with an out-
of-phase octahedral layers comprising the cation vacancy layers
[Va] present in this material, which gives the following sequence
of tilting - ¢"-Na - ¢' - [V,] - (-¢") - Na-(-¢") -, as shown in Fig. 4.
The resulting unit cell combining B- and A-site ordering with
this novel tilting system (a"a c'/a a~ (-c')) doubles the cell
along the c-axis and leads to a v/2a, x v/2b}, x 4¢, unit cell and
P2,4/c space group. The crystal structure is depicted in Fig. 3 and
4. Thus, deviation from Naz;InCls comes from the interplay
between a different (a"a c'/a"a” (-c")) tilting system for BCl, (B
= Ta and Na) octahedra and the extraction of two Na" cations,
the one at the B-site (similar to the structure of Na,ZrClg) and
half of the Na' within the A-sites extracted in a layered manner
due to the presence of second order Jahn-Teller effect of Ta>".

Crystal structure and microstructure evolution of
Na;_,,In, ,Ta,Clg

X-ray diffraction data of the members of Na;_,,In, ,Ta,Clg (x =
0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875,1) series show that
the solid solution is possible within the entire range (Fig. 5)
despite the large size and charge mismatch between In** and
Ta>" cations. Electron dispersive X-ray Spectroscopy further
confirms the homogeneity of Ta and In along the sample in the
intermediate members (Fig. S71). A gradual transition from the
‘double’ perovskite structure of NazInClg to the ‘double double’
perovskite structure of NaTaClg is observed. A detailed inspec-
tion of the data indicates that extra reflections associated to the
NaTaClg ‘double double’ perovskite crystal structure start
appearing from x = 0.75 while the rest of the compounds
crystallize in the Naz;InClg ‘double’ perovskite crystal structure.

Rietveld refinements against the X-ray diffraction patterns
are performed for all the solid solutions (see Fig. S8-14 and
Tables S4-510%). The refinements confirm the average crystal
structure change from the ‘double’ to the ‘double double’
perovskite crystal structure at x = 0.75. Unit cell lattice param-
eters and volume variations as a function of Ta content do not
follow a linear trend (Fig. 5b and c), as it may be expected from
a system where there is not only a modification in the In/Ta
ratio but the Na' content is also changing. The extraction of
Na* cations as a function of Ta>" content determined by Rietveld
refinement as it is shown in Fig. 5 is taking place in a sequential
manner. Three different stages are indicated with different
colours in the Fig. 5d. (1) Na' cations are mainly extracted from
the B-sites in the 0 < x < 0.5 range, but - contrary to the
Na;_,In;_,Zr,Cls — a small fraction of Na' cations are also
extracted from the A-sites. (2) Na* cations are mainly extracted
in a disordered manner from the A-sites in the 0.5 < x < 0.75
range with the extraction of the residual Na' cations from the B-
sites. It is worth mentioning that in this intermediate range, the
@ angle increases in comparison to the rest of the series, sug-
gesting a stronger distortion of the cell to accommodate the Na*
vacancies. (3) Eventually, the B-sites are emptied and Na'
cations are extracted only from the A-sites in the 0.75 <x <1
range. A rearrangement of the Na, sublattice occurs that is
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consistent with the symmetry change. The Na" extraction occurs
in an ordered fashion, from only one of the Na, layers to get
eventually to the layered structure of NaTaClg. In these two last
regimes (2) and (3), we cannot rule out the coexistence of
regions with ordered and disordered Na' cations in the A-site
but in (2) in average the Na" cations seem disordered while in
(iii) they seem to be ordered based on the X-ray diffraction data.

A closer inspection of the diffraction data shows differences
in the broadening of the maxima depending on the Ta>" content
which can be associated with a different crystallinity degree of
the materials. The analysis shows a valley-shape of the crystal-
lite size as a function of the Ta’" content with a minimum at x =
0.5-0.625. Note that both members show a comparable crys-
tallite size. In order to analyse the coherence length of the
materials, pair distribution function analyses are performed
(see Fig. S15T and 5e). Pair distribution function analysis is
a useful tool to investigate the crystal structures and coherence
lengths of the mechanochemically prepared Na;_,,In; ,Ta,Clg
series, since it can be used to identify the average local structure
of materials whose coherence extends even only over a few
atom-atom distances.®® Representative X-ray pair distribution
functions of the mechanochemically prepared Na;_,,In; ,Ta,-
Clg (x = 0, 0.5 and 1) are depicted in Fig. 5e. These pair distri-
bution functions with similar features exhibit different
damping profiles indicated by schematic envelope dashed lines.
As previously reported, the damping features of the pair
distribution function data can be associated to the crystal
coherence length, often referred to as crystallite size.*”® It is
worth mentioning that all the samples were measured in the
same instrument under the same conditions, which lead to
imply that the different dampening observed should be sample
specific. Materials with high coherence will show long-range
ordered domains while those with small coherence will
present short-range ordered domains potentially embedded in
an amorphous matrix or crystallite areas containing different
Ta**/In*" ratios. Thus, the probability of finding atom pair
correlations at a larger distance r in materials with high
coherence is greater than in those with small coherence, which
explains that the pair distribution function of samples with low
coherence length dampens more remarkably at higher r.
Contrary to the mechanochemically prepared Na;_,In; _,Zr,Clg
system,*® where coherence length decreases continuously as
a function of Zr content, in the case of the present system, the
lowest coherence length is observed for the intermediate
members. The great dampening and the limited pair distribu-
tion function data quality observed for the intermediate
members do not allow us to give numerical values of the
coherent length. Therefore, an estimation of the coherence
length evolution has been performed by plotting the intensity
ratio of the pair distribution data between the intensity extrac-
ted at 60 A and at 10 A as a function of the Ta content in Fig. 5f.
Using this approach to qualitatively evaluate coherency
confirms the results previously inferred by X-ray diffraction
where the coherence length shows a valley-shape as a function
of the Ta*" content with a minimum at x = 0.5-0.625.

In summary, a correlation between the structural and
microstructural evolution can be inferred. Thus, the lattice

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Crystal structure and microstructure evolution of Naz_5,In; ,Ta,Cle. (a) Collected X-ray diffraction data of Naz_,,In; ,Ta,Clg samples. (b)
Lattice parameters a, b and c evolution as a function of Ta content. (c) Unite cell volume and 8 angle evolution. Note that lattice parameters and
volume have been normalized to the unit cell of the ideal cubic perovskite a, x a, x ap, (d) Na occupancies in A- and B-sites as a function of Ta

content. (e) Pair distribution function data of Naz_,,In;_,Ta,Clg (x =0, 0.5,

1). (f) Crystallite size (left axis) and intensity ratio evolution (right axis) as

function of Ta>* content extracted from X-ray diffraction and pair distribution functions, respectively.

G angle and the coherence length shows a correlated opposite
trend. The higher lattice ¢ angle is observed for the interme-
diate members 0.5 < x < 0.75 where a significant amount of Na*
vacancies are arranged randomly within the A-sites. This
scenario accompanied with an even distribution of Ta>" and

This journal is © The Royal Society of Chemistry 2024

In*" with a large mismatch between their radii would suggest
a metastable and very distorted and strained frameworks that
can be accommodated by increasing the ¢ angle abnormally.
These unstable frameworks are likely to be very difficult to grow
within the matrix and showing a large strain, which could
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explain the low coherent length for the intermediate members.
Differences in charge between the two metals could also play
a role destabilizing the structures.

Transport properties

The Na' ion transport in the whole range was evaluated by
temperature-dependent electrochemical impedance spectros-
copy. All impedance spectra of the samples at different
temperatures can be fitted with an equivalent circuit model
consisting of a parallel resistor-constant phase element (CPE)
combination, in series with another CPE representing the
blocking electrodes (see some representative examples in
Fig. S167). The resolved impedance spectra exhibit a CPE « of
~0.95 and capacitances of ~10 '°~10"*" F for all the materials.
The contributions of grain bulk and grain boundary cannot be
deconvoluted from the resolved impedance spectra and the
fitted capacitances do not allow the exclusion of grain boundary
contributions, thus the derived values represent the total ionic
conductivity. The Na® ionic conductivities of the samples
exhibit linear Arrhenius behaviour in the measured tempera-
ture ranges (Fig. 6). The activation energies (E,) were extracted
from the linear Arrhenius fitting. NaTaCls shows a room
temperature (RT) ionic conductivity of 2.8 x 10> mS ecm™ ', in
the range of previous reports** and about three orders of
magnitude higher than Naz;InCl, with 1.7 x 10> mS cm™*. Note
that discrepancies in the actual value of the measured ionic
conductivity from different laboratories can come from
different preparation methods or measurement set-ups.”

The room-temperature ionic conductivity of Naz ,,In; ,-
Ta,Cls solid solution shows that the substitution of In by Ta has
a profound impact on the ionic transport of the materials. It
exhibits a sharp upward trend with the Ta content at first,
reaching the peak of ~0.1 mS cm™" at x = 0.5, and then a steady
and moderate decrease with further increase of Ta content.
Since Na' vacancies are introduced in A- and B-sites in
a random fashion, the room-temperature ionic conductivity is
four orders of magnitude larger than that of the In end member
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but only around one order of magnitude than the Ta one. The
trend observed here appears to be more like the one of the
annealed Na;_,In; ,Zr,Cls system than the one of the mecha-
nochemically prepared Na;_,In; ,Zr,Cls system.*® Neverthe-
less, the trend observed for the Naz ,,In; ,Ta,Cls system
studied here may be dominated by the synergic effect of the Na‘/
vacancy ratio and microstructural disorder.*® For the present
system, Naz_,,In, ,Ta,Cls, those materials with a more random
distribution of the Na" vacancies result in higher (microstruc-
tural) disorder and optimum Na'/vacancy ratio, and thereby
enhanced ionic conductivities. Thus, the evolution of the ionic
conductivity in Naz_,,In; ,Ta,Cls shows a correlation with the
structural and microstructural evolution.

Na" ion diffusion dynamics and pathways

Na‘-dynamics were studied, in more detail, on the local scale
(107'° to 10 m) using **Na spin-lattice (T;) relaxometry. The
spin-lattice relaxometry can be utilized to probe MHz-range Na'-
jump rates in solid Na'-conductors.’*”* Here, the spin-lattice
relaxation rate (7;—"') is measured for the end members as
a function of temperature and plotted against inverse temper-
ature to obtain activation energies of the thermally activated
processes leading to relaxation. For fast ion conductors,>”*
a rate peak (high- and low-temperature flank connected by
a maximum)/overlapping peak can be observed, which is fitted
using modified BPP (Bloembergen-Purcell-Pound) formula®
describing three-dimensional ionic self-diffusion in solids. For
relatively slower ion conductors, the maximum is either barely
reached or only the low-temperature flank is observed.” Low-
temperature flank with activation energies in meV range with
less than 100 meV are manifestation of local jumps (e.g. within-
sites forward-backward motions, jump between neighbouring
sites) that do not necessarily lead to longer-range ionic trans-
port as probed using impedance spectroscopy when evaluated
toward dc-conductivities.”””* Generally, the activation energies
obtained via spin-lattice relaxometry are lower in magnitude as
it is related to ionic transport inside bulk of the material while

1E-4 (b)
_ 1E-5f
'E x=0
G x=0.125
(%}
- -6l =025
£ 1E-6 :=o4375
o x=05
x=0.625
=0.75
1E-7F §=0.875
x=1
1E-8 .

00 02 04 06 038
xin Nag ,,In,,Ta,Clg

1.0

lonic transport of Nas_,,In;_,Ta,Cle. (a) Arrhenius plot of the ionic conductivity as a function of temperature for some members of
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impedance spectroscopy probe both bulk and grain boundary
transport, leading to higher value of activation energies.” Here,
the Arrhenius plots of relaxation rates (T;—") in Fig. 7a indicate
two types of Na'-jump processes for both ball milled NazInClg
and NaTaClg, depending on the temperature range. At lower
temperatures (T < 300 K), the relaxation rates show a linear
trend with activation energies in meV range. Such low activation
energies at lower temperatures are indicative of microscopic
back-and-forth motion of Na'-ions that can cause relaxation,
but do not contribute to long range ionic diffusion.”»”*7® Thus,
we are observing the linear low temperature flank of a relaxation
process whose rate-maximum lies far above our maximum
attainable temperature during the experiment. These activation
energies might be due to local jumps of Na'-ions between the
Na, and Nag sites that do not significantly affect the long-range
diffusion, but can be observed only at low temperatures. A
similar trend in low-temperature activation energies (Ea,N%mCl6
< E,naraci,) Observed in spin-lattice relaxometry and BVS
approach (see Fig. 8) might be an indication of the correspon-
dence of the jump processes probed. At higher temperatures (T
> 300 K), the relaxation rates follow a characteristic BPP-
behaviour which is generally observed in high ionic-
conductivity Na'-solid electrolytes with long range ionic diffu-
sion.’®”> While the activation energies obtained from fitting
with modified BPP-formula is a better descriptor for comparing
the trends observed in impedance spectroscopy, insufficient
data in the high-temperature range prevents us from unam-
biguous calculation of corresponding activation energies, hence
prohibiting the comparison.

To further understand the local Na'-dynamics in this system,
quasi-elastic neutron scattering (QENS) analysis was performed.
Neutrons can exchange energy with the diffusing ions, which
leads to a broadening of the elastic scattering signal. Fig. 7b

(a)
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shows the inelastic fixed window scans (IFWS) and the QENS
spectra at 400 K for the members x = 0.75, 0.875 and 1 of
Na;_,,In; ,Ta,Cls. Members with higher In contents were not
measured due to the high inelastic absorption of this element.
The IFWS for NaTaCls shows an onset of the inelastic signal
below 250 K, indicative of the starting point of the local Na*
diffusion in the material. Interestingly, this temperature is
below the observed temperature at which the Na" start diffusing
in a long range-order in the nuclear magnetic resonance
spectra. IFWS for the other two members shows a similar
transition temperature with an increase in the signal with
respect to NaTaCl. It is worth mentioning that the maximum is
not reached at 400 K. However, the temperature experiment was
limited to this value in order to avoid the mentioned phase
transition from the perovskite to the ilmenite structure in this
system. In turn, an increase in the broadening of the QENS
spectra are observed as the Ta content decreases, which indi-
cates a higher Na' diffusion coefficient. This observation clearly
matches with the tendency observed in the ionic transport
properties of this system. The analyses of the spatial distribu-
tion to determine the actual values of the activation energies
and diffusion coefficients was restricted by the limitations of
the technique when the materials show diffusion coefficients
below 10~ '° m* s™*; the analysis of the broadening as a function
of wave vector Q could not be performed in order to apply the
Chudley-Elliott model due to the limited broadening in the
present system.”” Combining NMR and QENS results, the local
Na' diffusion in this system starts being observable around 200
K and it expands into the long range below 300 K.

To identify the most likely diffusion pathways in these
materials, a bond valence sum approach was used. Both end
members were analysed. For Naz;InClg, the bond valence sum
calculations, depicted in Fig. 8, show three main Na" diffusion
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Fig. 7 Spin-lattice (T3) relaxation behaviour and quasi-elastic neutron scattering of selected members in Naz_x,In;_,Ta,Cle. (@) Arrhenius plot of
the 2*Na NMR T;-relaxation rates for NazInClg and NaTaClg with activation energies from linear fit of corresponding low-temperature (T < 300 K)
data. (b) IFWS intensity for Naz_,In;_,Ta,Clg (x = 0.75, 0.875 and 1) measured at 3 peV and summed over all measured Q as a function of
temperature. (c) Plots of the QENS spectra for Naz_5,In;_,Ta,Clg (x = 0.75, 0.875 and 1) summed over all measured Q at 400 K. Vanadium sample

is also included for a better comparison.
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Fig. 8 Na™ diffusion pathways: The energy barrier and most plausible schematic diffusion paths of Na* between Nag depicted as a yellow
octahedra and Nap as brown 6-fold prism in (a) NazInClg and (b) NaTaClg.

pathways: (1) a jump between the B-octahedral and the edge-
sharing A-prismatic site (2) a jump between two B-octahedra
involving the third interstitial site and, (3) an indirect jump
between the corner-sharing B-octahedral and A-prismatic sites
involving two interstitial sites. Another pathway (4) involving

33718 | J. Mater. Chem. A, 2024, 12, 33707-33722

two A-sites with a higher energy barrier can also be considered.
For NaTaClg, the bond valence calculations show similar
diffusion pathways (Fig. 8b). In this case, pathway (2) is split
into two similar different pathways (different pathways associ-
ated to the occupied and the vacant A-site layers), and pathway
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(Iv) is divided into three (two interlayers jumps and one intra-
layer jump).

While the interstitial sites remain unoccupied in the reso-
lution of the X-ray diffraction, the A- and B- Na' site occupan-
cies will be essential for the ionic transport in both materials as
these perovskite materials show a vacancy-process for Na"
diffusion. In the case of NazInCls, A- and B-sites are fully
occupied, which implies a very restricted Na" diffusion since it
requires the presence of some cation vacancies. Nevertheless, in
the case of NaTaCls, only half of the A-sites are occupied in
a layered way with many available empty sites for the diffusion
process. In here, these Na' cations may access an empty B-site
or an empty A-site in the adjacent layer, which explain the
larger ionic conductivity for NaTaClg in comparison with Nas,-
InCl. In the case of the intermediate members, the Na*/vacancy

View Article Online
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ratio in both B- and A-sites is one of the factors behind the
increase of the ionic conductivity since is the transport is
a result of a vacancy driven process.

Although a vacancy driven process is the main mechanism to
explain the Na* diffusion in these materials, there are also addi-
tional differences in the electronic structure’ that may be
mediating a large difference in the ionic conductivity of these
materials. For instance, changes in the electronegativity have
been suggested to play a role in the overall transport.**” In
addition, the second-order Jahn-Teller effect associated to the
highly charge Ta’" d° results in more distorted MCl, octahedra
and at this stage it is unclear how a second-order Jahn-Teller may
affect transport in superionic conductors as it has only shown to
affect ion migration barriers as in the case of Li,TiO,.” The fact
that the B-site is completely empty may be a result of Coulomb

x in Nag ,,In,,Ta,Clg
>

—

Disordered '

SV

Nag removal
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1
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Fig.9 Crystalstructure — microstructure — ionic transport coupling. Schematic of perovskite crystal structures illustrating the three different Na*
vacancy arrangements as function of the Na vacancy content. The different stages correlate with the coherence length and the ionic transport
properties trends. Schematic of samples with large (yellow) and (small) coherence is also shown.
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repulsion with the Ta>", which may energetically prevent a strong
Na' mobility suggesting the need for solid solutions.

Microstructure seems to also correlate with the transport
properties of these materials. If we only look at the end
members, they show comparable coherence length and the
difference on the ionic conductivity can be, therefore, ascribed
to the many available empty sites for the diffusion process as we
pointed out above. However, we can point out that the inter-
mediate members with random distribution of the Na" vacan-
cies and a smaller coherence show an enhancement on the
ionic transport properties. Therefore, the Na‘/vacancy ratio,
their arrangement, the electronic structure of the metals and
the microstructure synergistically (see Fig. 9) affect the trans-
port performance in the Na;_,,In; ,Ta,Cls system.

Conclusions

The perovskite structure is adopted by a significant number of
sodium halide electrolytes, a fact often overlooked in the liter-
ature. Here, a study of the In(m) - Ta(v) Naz_,,In; ,Ta,Cls
system halides has been made to understand the impact of the
perovskite structure on the ionic transport. The presence of
cation vacancies, their arrangement, the size and the electronic
nature of the metal cations determine the final crystal structure
and the microstructure of these materials.

A change from a ‘double’ perovskite in the case of NazInClg
to a ‘double double’ perovskite in the case of NaTaCl, (Na[V4]Ta
[Vs]Clg considering the Na* cation vacancies) has been reported
here. NazInClg, without any cation vacancy, crystallizes in
a ‘simple double’ perovskite with a rock-salt cation ordering
between In*" and Na' in the B-site due to their charge and size
mismatch along with a combination of an out-of-phase and an
in-phase BClg octahedra tilting. NaTaCle, with cation vacancies
in both A- and B-sites and Ta>" showing second-order Jahn-
Teller effect, represents the first example of a halide with
a ‘double double’ perovskite structure. Besides, to the best of
our knowledge, NaTaCl, is also the first example crystallizing in
this structural type because of the presence of cation vacancies
in both A- and B-sites. It shows a complex simultaneous 1:1
cation ordering at both A and B sites, in a layered and rock-salt
manners, respectively along with a singular combination of out-
of-phase and in-phase of octahedra tilting.

We have also shown that the solid solution between In** and
Ta®" can be prepared by mechanochemical synthesis. The
change from the ‘double’ to the ‘double double’ perovskite is
detected at x = 0.75 by means of X-ray diffraction. Different
regimes associated to the Na' cation vacancies content and
their arrangement are detected in the solid solution, which,
strikingly, correlates with the microstructure of the materials. It
is observed that the presence of significant amount of Na*
cation vacancies randomly distributed in both A- and B-sites
associated with a lower crystallite size in the materials.

The crystal structure and microstructure of these materials
correlates with their ionic transport. NaTaCls shows an
enhancement of the ionic conductivity along with a lower acti-
vation energy in comparison with NazInClg which can be
explained in terms of easier accessible diffusion pathways in the

33720 | J. Mater. Chem. A, 2024, 12, 33707-33722
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vacancy-process for Na* diffusion. A parabolic trend is observed
in the solid solution reaching the peak of ~0.1 mSecm ™" at x =
0.5. This evolution, however, requires crystal structure and,
also, microstructure considerations.

Describing sodium halide electrolytes as a perovskite-related
structure provides better approaches in tuning the composi-
tion, structures, and microstructures considering the rich
defect chemistry, the compositional versatility, and the struc-
tural flexibility inherent to the perovskite structure. In turn,
these concepts could be also exported to other chemistries (.e.:
Li, K, Mg, Ca...) if the current synthetic processes allow those
materials crystallizing in the versatile perovskite structure.
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