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valent substitution on structure
and dynamics in sodium halide Na3−2xY1−xNbxCl6
solid electrolytes

Brian B. Phan, a Tso Shuen,b Dmitry Vrublevskiy,a Qingyu Yan b

and Vladimir K. Michaelis *a

Sodium halide solid electrolytes are garnering increased interest because of their synthetic flexibility to

incorporate a variety of cations, thereby altering their structure and properties. Aliovalent substitution is

said to increase ionic conductivity by promoting polyanion rotation. Herein, we synthesise and assess

a series of Na3−2xY1−xNbxCl6, probing their complex structures using complementary powder X-ray

diffraction and variable-temperature 1D and 2D solid-state nuclear magnetic resonance spectroscopy.

The bond-valence energy landscapes of the end members are visualised to reveal potential sodium-ion

transport pathways. A structural threshold is reached for Na2Y0.5Nb0.5Cl6, revealing a limit for niobium

polyhedral distortion while the unit cell volume is retained up to 50% Nb substitution. Na2Y0.5Nb0.5Cl6
shows the greatest RT ionic conductivity enhancement in the series, from 10−11 S cm−1 to 10−5 S cm−1.
1. Introduction

The demand for energy security underscores the need to
improve further battery technologies for long-term energy
storage, especially those capable of supporting large-scale, grid-
level storage using abundant, inexpensive elements. Lithium-
ion batteries have greatly transformed portable electronics,
electric vehicles, and the integration of renewable energy grids,
helping to address the intermittency issues of solar and wind
power. However, the rising demand for lithium and cobalt—key
components in this transition—raises concerns about sustain-
able and ethical sourcing, as well as price volatility driven by
their limited natural abundance.1–4 Sodium-ion batteries have
emerged as a promising alternative to lithium-based systems
and show compatibility with existing lithium infrastructure.
Sodium is among the most prevalent elements in the Earth's
crust; its sustainable extraction from both oceanic and terres-
trial sources is a vital step toward reducing raw material costs
and meeting the global demand for battery technologies.1,5

To unlock the full potential of sodium-ion technology,
researchers are shiing away from ammable organic liquid
electrolytes and toward safer solid-state alternatives. The most
common class of solid-state sodium electrolytes are sulphides,
oxides, and, more recently, halides. Sodium sulphide electro-
lytes generally exhibit high ionic conductivity and can operate
under mild synthetic conditions, but suffer from a narrow
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electrochemical stability window and are sensitive to
moisture.6–9 In contrast, while oxide-based electrolytes offer
superior thermal and electrochemical stability, their perfor-
mance is signicantly hindered by high grain-boundary resis-
tance, which impedes ion ow at the interface and results in
moderate ionic conductivities.10–14 Among these, sodium halide
derivatives are attracting interest as candidates for sodium-ion
batteries owing to their excellent interfacial contact with elec-
trodes, broad electrochemical stability windows, defect toler-
ance, and extensive synthetic versatility, all of which are crucial
for efficient ion transport during operation cycling.15–25 To date,
several sodium halide derivatives have been reported with
a general framework NanM

6−nX6 (M = Al3+, Y3+, Sc3+, Ti3+, In3+,
Cr3+, Er3+, Eu3+, Lu3+, Zr4+, Hf4+, V5+, Nb5+, Ta5+; X− = F, Cl, Br,
I).15,17–20,22,26–33 For example, the role of polymorphism and
cation disorder in Na3−xY1−xZrxCl6 was studied, and it was
found that transition metal ordering inuences ionic transport
through polyanion rotation at elevated temperatures.18 A less-
researched halide derivative is spinel-type sodium-based elec-
trolytes, Na2MCl4 (M = Y2/3, Sc2/3, etc.), which are thought to
have high ionic conductivities and a wide electrochemical
window; however, these spinel compounds are largely
theoretical.34–36 Analogous lithium halide electrolytes have
demonstrated that halide frameworks can overcome some of
the limitations described above, offering wide electrochemical
stability windows, good compatibility with oxide cathodes, and
tuneable ionic conductivities through compositional
engineering.34,37–41 The electrochemical properties of these
materials can be improved by tailoring their composition and
structural framework through M and X ions and aliovalent
substitutions that introduce vacancies via cation disorder. In
Chem. Sci.
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addition to vacancies, aliovalent substitutions can force the
material to undergo phase changes; however, the mechanisms
by which ionic conductivity is inuenced by these substitutions
are not fully understood. Nonetheless, cationic substitution has
been shown to improve the ionic conductivity of sodium halide
electrolytes to 10−4 S cm−1, with the highest non-substituted
conductivity reported in NaTaCl6 at 10−4 S cm−1.17,42,43 Hence,
further research into aliovalent substitution in solid electrolyte
frameworks may be an effective strategy to enhance ionic
conductivity relative to their respective end members.44

While halide electrolytes are promising, their performance
optimisation relies on understanding their atomic structure.
Diffraction methods reveal the overall long-range structure, but
it is typically the local chemical environment—including
disorder, defects, and variations in chemical surroundings—
that affects ionic transport. Differences in local environments
can signicantly affect activation energy barriers and alter
sodium diffusion pathways. Solid-state nuclear magnetic reso-
nance (NMR) spectroscopy is a robust analytical technique that
provides structural and dynamic information on the impact of
aliovalent substitution by probing local and medium-range
structural components in ordered and disordered materials.
Specically, 23Na (nuclear spin, I = 3/2) NMR is highly sensitive
due to its 100% natural abundance, small quadrupole moment
(Q = 10.4 fm2), and moderate chemical shi range. These
properties enable one- and two-dimensional NMR methods to
analyse various components in batteries, including electrolytes,
cathodes and anodes.45–50 Further extension of the polyanionic
structure is accessible by studying the M-site using other NMR-
active nuclei, such as 25Mg, 27Al, 89Y, 93Nb, and 125Te.12,51–59

Therefore, combining insights from both short- and long-range
structures is essential for establishing precise structure–prop-
erty relationships at the nanoscale and advancing the develop-
ment of solid-state sodium electrolytes.

This study explores the impact of aliovalent niobium
substitution in Na3−2x(Y1−xNbx)Cl6 on the crystal structure,
sodium-ion dynamics, and resulting ionic conductivities. A
series of compounds is synthesised using high-energy mecha-
nochemistry and characterised by complementary powder X-ray
diffraction (PXRD) and 23Na NMR spectroscopy to elucidate the
long- and short-range structural evolutions induced by Y/Nb
mixing and their inuence on sodium-ion electrochemical
properties. Subsequent 93Nb NMR experiments reveal the extent
of local octahedral distortion of the [NbCl6]

− polyanion. Across
the series, the nominal Na2Y0.50Nb0.50Cl6 compound exhibits
the highest ionic conductivity with potential Na-ion transport
pathways visualised using bond valence sum energy calcula-
tions. These ndings improve comprehension of the structure
and the cation-dynamic role of aliovalent substitution in
sodium-containing solid electrolytes based on metal halides.

2. Results and discussion

High-energy mechanochemistry offers an environmentally
friendly method to create solid solutions with reduced crystal-
linity. This is achieved through site disorder and structural
distortion, which enhance the ionic conductivity of the material
Chem. Sci.
electrolyte.60,61 This approach was used to synthesise a series of
Na3−2xY1−xNbxCl6 compounds, with x = 0, 0.10, 0.25, 0.50, 0.75,
0.90, and 1.0, and the structure and ionic properties were char-
acterised by PXRD, NMR, and EIS. Herein, the samples will be
referred to as YNb0, YNb10, YNb25, YNb50, YNb75, YNb90, and
YNb100, respectively, where the number indicates the percentage
of Nb substitution at the Y position in the crystal structure.
2.1 Long-range Na3−2xY1−xNbxCl6 periodic structure

2.1.1 Parent end-members. The crystal structures of the
parent end members are shown in Fig. 1a and b. Na3YCl6 is
reported to have two polymorphs, crystallising in a trigonal
space group, R�3, or a monoclinic space group, P21/c.18,62 The
trigonal polymorph is accessible through low-temperature,
slow-cooling synthetic routes, whereas the high-temperature
monoclinic polymorph can be obtained through high-energy
ball-milling. While both parent phases crystallise in the space
group no. 14, P21/c, Na3YCl6 is commonly depicted as P21/n such
that b is closest to 90° and is related to the Na3AlF6 structure
type, whereas NaNbCl6 is its own unique structure type. Both
end members consist of alternating layers of their respective
[YCl6]

3− and [NbCl6]
− octahedra but differ in their sodium

environments. Na3YCl6 has two different Na crystallographic
sites, Na1 (2b) and Na2 (4e), which are arranged in alternating
layers of octahedral and prismatic sites along the a-axis, with
coordination numbers of six and ve, respectively. The octa-
hedral and prismatic Na sites are connected via edge- and
corner-sharing polyhedra, respectively. In contrast, NaNbCl6
contains only one distinct prismatic Na crystallographic site,
Na2 (4e), which occupies every other layer along the c-axis.

Na3YCl6 and NaNbCl6 can be seen as two members of
a broader NanM

6−nCl6 series where n= 1 (M= Nb) and n= 3 (M
= Y), shown in Fig. 1c–e. The monoclinic Na-based series also
includes a reported n = 2 member from Pearson's Crystal Data
(PCD), Na2IrCl6 (K2TeBr6 type, 473 K), and a Na2ZrCl6 phase that
coexists with its trigonal polymorph, although no structure is
reported (no higher members, n > 3, have been found). Charge
neutrality in the isostructural Na2IrCl6 necessitates sodium
deciency with respect to Na3YCl6. It is manifested as cation
vacancies in the 2b sites, where octahedral Na atoms would
otherwise be occupied, like in Na3YCl6. To relate NaNbCl6 to its
Ir- and Y-bearing counterparts, both the 2b and half of the 4e
sites can be imagined to be occupied by Na vacancies. The
further removal of half of the 4e sites from Na2IrCl6 to NaNbCl6
seems to distort the structure severely, leading to the need for
a larger cell to accommodate the new long-range ordering (e.g.
the ordering of Na and “former” prismatic Na vacant sites) and
crystallising with Z = 4 formula units (vs. Z = 2 in the other two
structures). Overall, the main structural difference between
Na3YCl6 and NaNbCl6 is the absence of octahedral and half of
the prismatic Na sites, which occurs to maintain charge balance
when Y(III) is replaced by Nb(V). The Na vacancy-driven struc-
tural relationship described suggests (1) the possible existence
of a solid solution between the n= 1 and the n= 3 structures, in
which a structure closely related to Na2IrCl6 could be mimicked
by a 1 : 1 mixture of the end members, and (2) some degree of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Supercell of Na3YCl6 (space group P21/n) with Na atoms occupying both octahedral and prismatic environments shown in teal and dark
blue, respectively. (b) Supercell of NaNbCl6 (space group P21/c) with Na atoms occupying only prismatic environments shown in dark blue.
Crystal structures of (c) Na3YCl6 (P21/n), (d) Na2IrCl6 (P21/n), and (e) NaNbCl6 (space group P21/c) are shown in a bbc-like arrangement to
emphasise the progressive loss of Na sites (2b and 4e) as the transition-metal oxidation state is increased. The depletion of Na from the 2b and 4e
Wyckoff positions is indicated in black and grey spheres, respectively.
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chemical control over Na vacancies in a wide range of
concentrations.

2.1.2 Aliovalent substitutions. Powder X-ray diffraction was
conducted for the YNb series shown in Fig. 2a and used to rene
the lattice parameters, Table 1. The PXRD peaks are relatively
broad, indicating low crystallinity as expected from the high-
energy ball-milling method – the large broad feature around
15° is attributed to mineral oil. Due to the low crystallinity of the
compound, the quality of the XRD powder patterns is insuffi-
cient to determine atomic positions; however, using Pawley
renement, it is possible to accurately determine the unit cell
parameters without being constrained by peak intensities (as
required in Rietveld renement). Therefore, Pawley renements
were conducted on the primary phase, while Rietveld rene-
ment was employed to analyse the NaCl impurity peaks, thereby
constraining the peak intensities to prevent tting of the NaCl
peaks to the main phase, particularly because the strongest
NaCl peaks overlap with those of the main phase. As Nb content
increases in the YNb substituted series, peak positions shi
towards larger 2q, consistent with the smaller ionic radius of
Nb5+ (0.64 Å) compared to Y3+ (0.9 Å) in a six-member coordi-
nation environment.63 To better compare how Nb content alters
the unit cell, Fig. 2b displays the change in formula unit volume
since Na3YCl6 contains two formula units, whereas NaNbCl6 has
four formula units. The unit cell shrinks from YNb0 to YNb50;
however, the volume remains relatively the same until it reaches
a critical threshold above YNb50. Once Nb loading exceeds 50%,
© 2026 The Author(s). Published by the Royal Society of Chemistry
a drastic change in the unit cell occurs, as seen for YNb90 and
YNb100, dropping from approximately 250 to 210 Å3. Unfortu-
nately, the limited resolution of the PXRD patterns for YNb75
prevented renement of this structure, so it was not included in
the plot. To enhance the understanding of the local structural
changes, solid-state 23Na and 93Nb NMR spectroscopy was
conducted.

2.2 Inuence of aliovalent substitution on local sodium
structure and dynamics using 23Na NMR spectroscopy

2.2.1 23Na chemical structure. The 23Na NMR spectra
shown in Fig. 2c reveal two different sodium chemical environ-
ments for YNb0 and a single environment for YNb100, consistent
with their crystal structures. The YNb100 resonance appears at
a centre of gravity shi (dcgs) of−9.4 ppm and is attributed to the
prismatic Na site. In the YNb0 sample, the prismatic site is seen
with an isotropic chemical shi (diso) of −7.4 ppm and a second-
order quadrupolar lineshape due to a quadrupole coupling
constant, CQ, of 1.0(3) MHz. GIPAW-DFT computations (see
Fig. S1 and Table S1) predict that the prismatic site possesses
a sizable CQ of 1.3 MHz. For simplicity, the dcgs for the prismatic
site in YNb0 will be used below and is reported as−9.1 ppm. This
leaves the resonance at dcgs = 3.2 ppm attributed to the octahe-
dral Na sites with negligible second-order quadrupolar broad-
ening. Residual amounts (<1%) of the competing R�3 phase can be
observed between 2 and −1 ppm.64 The resonance at 7.2 ppm
coincides with unreacted NaCl – a common impurity in Na3YCl6
Chem. Sci.
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Fig. 2 (a) Powder X-ray diffraction pattern of YNb series. (b) Plot of volume per formula unit as a function of nominal Nb substitution. Data point
for YNb75 excluded from the plot because powder pattern refinement was unsuccessful. (c) 23NaMAS NMR spectra (B0= 11.7 T, nrot= 10 kHz) for
YNb; red bar indicates region of NaCl impurity, teal bar denotes octahedral Na site, and magenta bar highlights region of NaNbOxCl6−2x

impurities. (d) VT 23Na MAS NMR spectra (B0 = 11.7 T, nrot = 10 kHz) of YNb50 collected at different temperatures. Asterisk (*) indicates NaCl
impurity and hash (#) indicates NaNbOxCl6−2x impurity. (inset) Plot of full width at half maximum (FWHM) as a function of temperature.
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systems due to its unreactive nature and the propensity of YCl3 to
stick to the walls of the ball-mill jar during synthesis.60,64,65 Upon
10% substitution of Nb into the sample (YNb10), there is an
emergence of a new 23Na peak with a dcgs of −6 ppm that is
tentatively assigned to the sodium chemical environments
Table 1 Unit cell parameters for Na3−2xY1−xNbxCl6 seriesa

Sample Space group V (Å3)

Na3YCl6 (YNb0) P21/n 505.1(1)
Na2.8Y0.90Nb0.10Cl6 (YNb10) P21/n 501.6(2)
Na2.5Y0.75Nb0.25Cl6 (YNb25) P21/n 498.3(3)
Na2Y0.50Nb0.50Cl6 (YNb50) P21/n 498.9(7)
Na1.5Y0.25Nb0.75Cl6 (YNb75) P21/c n.d.
Na1.2Y0.10Nb0.90Cl6 (YNb90) P21/c 849(1)
NaNbCl6 (YNb100) P21/c 847(1)

a n.d. – not determined.

Chem. Sci.
interacting with both [NbCl6]
− and [YCl6]

3− octahedra. The
octahedral sites are observed in the 23Na NMR spectra up to
YNb50, consistent with PXRD data, suggesting a single phase
with the Na3YCl6 unit cell volume. Likewise, three Na sites
remain up to YNb50, where the ∼−6 ppm and prismatic
a (Å) b (Å) c (Å) b (°)

10.145(2) 7.257(1) 6.860(1) 90.79(2)
10.117(3) 7.248(2) 6.841(1) 90.86(2)
10.105(4) 7.227(3) 6.823(2) 91.01(2)
10.124(1) 7.267(7) 6.791(4) 91.16(5)
n.d. n.d. n.d. n.d.
6.414(7) 6.905(8) 19.16(1) 90.96(7)
6.411(5) 6.911(6) 19.13(1) 90.88(3)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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resonances coalesce with small residual octahedral sites at
3.2 ppm for the YNb25 and YNb50 compounds. This coalescence
is partly due to the averaging of the Na chemical environments
during Na exchange, which appears to be at least on the milli-
second time scale, vide infra, and to sensitivity to changes in the
unit cell volume and to the inuence of Y/Nb next-nearest
neighbours. Upon equimolar mixing of Y and Nb, YNb50
reveals the broadest resonance attributed to the random disorder
of [NbCl6]

− and [YCl6]
3− polyanions, inducing a large distribution

of sodium chemical environments. YNb50 appears to be the
critical threshold for three vs. one sodium sites, as higher Nb
loading results in only a single prismatic site being resolved,
consistent with the change in unit cell volume observed in XRD
analysis.

Above 50% Nb substitution, a new resonance emerges at dcgs
of −14.7 ppm and is attributed to the formation of an oxy-
chloride impurity, NaNbOxCl6−2x (<15%), that is amorphous in
nature. The chemical shi varies slightly across literature
reports, and its range is shown in Fig. 2c (magenta). The vari-
ance in chemical shi is due to the tendency of Nb-rich phases
to oxidise, forming a mixed anion phase; however, further
renement and elemental analysis are not possible due to the
poor crystallinity and short coherence lengths.66–69 An attempt
to form NaNbOCl4 is made; the PXRD and 23Na NMR are shown
in Fig. S2. The main oxychloride resonance is observed close to
the prismatic site for YNb100 at dcgs = −9.8 ppm, but smaller
resonances are observed towards even lower frequency and are
attributed to NaNbOxCl6−2x.

2.2.2 Sodium-ion dynamics. Variable-temperature (VT) 1D
and 2D 23Na NMR spectroscopy were performed to improve our
understanding of sodium-ion dynamics in these aliovalent solid
electrolytes. Nuclear spin–lattice relaxation (T1) times were
measured to assess the associated activation energies collecting
results from 299 to 361 K. These results were analysed with the
Arrhenius plot (Fig. S3) revealing our analysis is limited due to
being on the low temperature ank (u0 × sNMR [ 1), where u0

is the angular Larmor frequency and sNMR is the correlation
time. An analysis of the Arrhenius behaviour reveals local acti-
vation energies for Na on the order of 0.02–0.20 eV (Table S2).
The extracted activation energies do not imply fast sodium-ion
diffusion but rather local vibrations, local cation exchange, or
the inuence of unit-cell expansion/contraction. Due to hard-
ware limitations, higher temperatures could not be reached,
thereby restricting further analysis. Fig. 2d shows the 23Na VT
MAS NMR for YNb50 up to 361 K. Coupled with lower symmetry
in the rst coordination sphere (prismatic), the broad reso-
nance from 23Na NMR data suggests a distribution of Na envi-
ronments with neighbouring [NbCl6]

− and [YCl3]
3− octahedra

surrounding Na in the second coordination sphere. The 23Na
chemical shi for YNb50 becomes increasingly sharp with
elevated temperature, supporting the presence of Na dynamics
such as chemical exchange or random motion, thereby allevi-
ating residual anisotropic interactions. Additionally, the octa-
hedral resonance at 3.2 ppm decreases and exchanges with the
new resonance. Similarly, 23Na VT NMR of YNb10 and YNb25
(Fig. S4) supports motional averaging, as the octahedral site at
3.2 ppm coalesces with the main resonance at 349 K and 316 K,
© 2026 The Author(s). Published by the Royal Society of Chemistry
respectively. The prismatic site for YNb10 also coalesces at 349
K. These results reveal that local exchange between different
sodium sites is activated by increased thermal energy. The
absence of coalescence in YNb0 up to 316 K (Fig. S4) implies
that either no Na-ion exchange occurs in this parent phase, or it
is too slow to inuence the NMR spectra. While examination of
the 1D spectra provides evidence that Na-ion exchange occurs
with increasing Nb loading, two-dimensional exchange spec-
troscopy (EXSY) experiments were performed to determine
whether further spectroscopic evidence of slow Na-ion
dynamics occurs in the resolved Y-rich phases (YNb0 and
YNb10).

2.2.3 Sodium chemical exchange. Two compounds exhibit
good chemical-shi resolution for two Na-sites in YNb0 and
three Na-sites in YNb10, enabling 2D 23Na EXSY NMR to
investigate the degree of sodium-ion exchange further. VT 2D
EXSY NMR on YNb0 enables the Na-ion jump rate and activa-
tion energy between the octahedral and prismatic Na environ-
ments to be determined using a series of mixing times (smix).
Analysis of the T1 values was performed at each prescribed
temperature point to ensure that smix < T1. If mixing times are
too short, only the diagonal (absence of cross-peaks) is recor-
ded; mixing times longer than T1, however, allow spin–lattice
relaxation effects to dominate, so that the cross-peak intensities
are no longer representative of chemical exchange.70 Fig. 3a
represents YNb0 with a smix = 500 ms, where the spectrum
reveals no cross-peak intensities between the two Na environ-
ments at room temperature. Cross-peak intensity emerges on
the sample when the mixing time is increased to 1.5 s (Fig. 3b),
representing chemical exchange between the two sites. This
result indicates that the octahedral and prismatic sites do
exchange, however, very slowly, on the order of seconds. To
form the buildup curves, cross-peak intensities are normalised
to the sum of the diagonal peaks and plotted as a function of
mixing time at each prescribed temperature (308 K, 316 K, and
325 K). Ideally, a plateau should be observed with increased
mixing times; however, maximal cross-peak intensities are
unachievable at the probed temperatures, as longer mixing
times violate the measured T1 times. The Na-ion hopping or
jump rate, k, is determined by tting the buildup curves
(Fig. 3d) with a rst-order exponential function to yield 3.2(3),
1.1(7), and 0.6(1) s−1 at 308 K, 316 K, and 325 K, respectively. At
297 K, the Na dynamics were too sluggish to produce a satis-
factory buildup curve while ensuring smix < T1. Two-dimensional
EXSY NMR data at 297 K are therefore omitted from the buildup
curve and activation energy analysis. The activation energies
(Ea) for Na-ion hopping can be determined through an Arrhe-
nius analysis using the equation:

k = Ae−Ea/RT (1)

where A is the pre-factor, R is the ideal gas constant, and T is the
temperature. Fig. 3e reveals an activation energy of 0.84 eV
required for local Na-ion hopping in YNb0. The 23Na EXSY NMR
for YNb10 was used to qualitatively assess if the new resonance
at −6 ppm is involved in chemical exchange with the former
octahedral and prismatic sites. As shown in Fig. 3c, with
Chem. Sci.
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Fig. 3 23Na EXSY NMR spectra (B0 = 18.8 T, nrot = 10 kHz) of YNb0 at 297 K at different mixing times (a) 0.5 s and (b) 1.5 s, and (c) YNb10 at 290 K
with smix = 0.05 s. Corresponding 1D spectra are projected on the left and top of the 2D spectra. The diagonal peak at 7.2 ppm is NaCl impurity.
(d) Buildup curves of YNb0 normalised cross-peak intensities as a function of mixing times sampled at three different temperatures. (e) Arrhenius
plot of local Na-ion hopping rates derived from the buildup curves as a function of 1000/T.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 3

/1
9/

20
26

 5
:4

3:
23

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
a mixing time of only 50 ms, cross peaks appear between the
octahedral and prismatic sites and between the prismatic and
new Na site. However, there does not appear to be any chemical
exchange occurring between the octahedral site and the new Na
site. This nding indicates two outcomes: that Nb substitution
initiates faster room-temperature Na-ion exchange (ms vs. s
timescales) and that this new phase has three distinct Na
chemical environments that all participate in exchange across
the material, yet selectively with one another. Further analysis
to assess the jump rate and activation energies was not possible
due to overlapping NMR resonances, which inhibited a detailed
analysis similar to that done for YNb0. Finally, to ensure the
competing R�3 phase does not inuence the main P21/n phase,
an EXSY experiment at 325 K and a maximum mixing time
shows no cross-peaks between the two phases (i.e. the R�3 phase
does not contribute to the dynamics of the main phase),
consistent with a previous report.64 Likewise, the residual NaCl
peak at 7.2 ppm shows no cross peaks with the main phase and
therefore does not contribute to Na-ion exchange.
2.3 Inuence of aliovalent substitution on local niobium
environments using 93Nb NMR
93Nb is a sensitive quadrupolar nucleus (I = 9/2) found in
100% natural abundance with a large quadrupole moment
(Q = −32.0 fm2). While 100% abundance is highly advanta-
geous, the quadrupolar moment oen leads to signicant
Chem. Sci.
second-order quadrupole broadening of the central transi-
tion. 93Nb NMR spectra were collected at 11.7 and 18.8 T
under both spinning and non-spinning conditions to allow for
accurate tting of the NMR parameters. Fig. 4 shows the 93Nb
NMR of the series synthesised in this work. The second-order
quadrupole interaction in 93Nb NMR cannot be ignored even
at high magnetic elds and under MAS conditions, Fig. 4b.
Nonetheless, the quadrupole coupling constant is manage-
able at conventional magnetic eld strengths used here for
Nb-rich compounds. Table 2 contains the NMR parameters for
the series, and the corresponding NMR simulations are shown
in Fig. 4b–d and S5. Contrary to a previous report67 stating
a 100 MHz CQ for NaNbCl6, the CQ of the same sample
synthesized in this work is only 10.2(3) MHz with diso of
30 ppm and a sizeable chemical shi anisotropy (U) of
160 ppm that dominates the central transition lineshape at
18.8 T. Our experimental ndings were simulated at 9.4, 11.7
and 18.8 T solving for a unique t. For comparison, the
previously reported CQ of 100 MHz would result in a central
transition spanning 3600 ppm at 9.4 T (Fig. S6), which does
not agree with their published NMR spectra. Across the series,
93Nb NMR data reveal similar local Nb environments from
YNb100 to YNb50 with approximately a 1 MHz increase in CQ

as Nb is replaced with Y. That is, the Nb environment does not
seem to be heavily distorted from 100 to 50% Nb content. This
nding complements the 23Na NMR and PXRD data, which
only show minor changes.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Non-spinning 93Nb NMR spectra collected at two different magnetic fields, B0 = 18.8 T (x= 0.10 and 0.25) and B0 = 11.7 T (x= 0.50 to
1). (inset): Magnification of samples from x = 0.50 to 1 for enhanced clarity. 93Nb NMR spectra of NaNbCl6 with experimental (black), simulated
CQ and CSA contributions (blue), simulated CSA contributions (purple), and simulated CQ (red) at: (b) 11.7 T (MAS, nrot = 10 kHz), (c) 18.8 T (non-
spinning), (d) 11.7 T (non-spinning).
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As the niobium-rich compounds transition to yttrium-rich
phases (<50% Nb), [NbCl6]

− polyhedra appear to be heavily
strained as a drastic change in the 93Nb central transition
occurs, revealing a sizable second-order quadrupolar
Table 2 Experimental 93Nb NMR parameters for Na3−2xY1−x NbxCl6, NaN

Sample CQ (MHz) h diso (p

NaNbCl6 10.2(3) [11.1]a 0.47(1) [0.67]a 30(2)
Na1.2Y0.10Nb0.90Cl6 10.5(5) 0.72(5) 21(2)
Na1.5Y0.25Nb0.75Cl6 10.6(5) 0.72(5) 21(2)
Na2Y0.50Nb0.50Cl6 11.6(5) 0.57(5) 25(2)
Na2.5Y0.75Nb0.25Cl6 69.4(5) 0.52(5) −432(
NaNbOxCl6−2x 80(5) 0.15(5) −541(
YNbO4 (ref. 72) 82.2 0.38 −840
Na5NbO5 (ref. 73) 11.1 0.01 −903
NaNbO3 (ref. 74) 22.7 — −1073
H-Nb2O5 (ref. 75) 24 — −1204

a Computed GIPAW-DFT values from CASTEP.

© 2026 The Author(s). Published by the Royal Society of Chemistry
broadened central transition spanning over 500 ppm. While the
exact cause of this is presently unknown, the M–Cl bond
distances may provide some insight. Using crystal structure
information derived from the parent phases, it is determined
bOxCl6−2x, and other reported niobium compounds

pm) U (ppm) k a (°) b (°) g (°)

160(20) −0.16(2) 69(5) 25(5) 28(5)
140(10) 0.00 83(5) 24(5) 10(5)
136(10) 0.00 79(5) 24(5) 6(5)
142(10) −0.21(2) 78(5) 23(5) 15(5)

10) 522(30) 0.67(4) 18(5) 62(5) 49(5)
50) — — — — —

307 −0.49 −1 17 95
144 −0.33 — — —
— — — — —
— — — — —

Chem. Sci.
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that the M–Cl bond distances differ signicantly between the
end members and may be inducing local- and medium-range
distortions. Y–Cl bond distances are in a narrow range,
varying from 2.62 to 2.63 Å, compared to Nb–Cl bond distances
that are larger in range but more tightly packed, spanning from
2.25 to 2.48 Å. Although isolated, the Y-rich crystal structure will
expand and require Na octahedral sites to return to maintain
charge balance associated with replacing Nb5+ with Y3+. In
addition, the ionic-covalent character of the different poly-
anions may also be impacted by higher Y3+ substitution.71 The
observed reduction in sensitivity (signal-to-noise) of the Y-rich
compounds (YNb10 and YNb25) in the NMR spectra is due to
a combination of lower Nb concentration and the formation of
a large quadrupole coupling constant of 69 MHz (Fig. S5).
Finally, the chemical shi is also heavily inuenced, shiing to
lower frequency, to a diso of −432 ppm for YNb25, for example.
This result suggests that the stability of Y-rich phases may be
more susceptible to oxidation of the niobium chemical envi-
ronment. To further assess this possibility, we examine the
synthesised sodium niobium oxychloride more closely.
Fig. 5 93Nb NMR of samples synthesised in this work (black)
compared to reported niobium oxides and niobates simulated in blue.
The parameters used for simulations are listed in Table 2.
2.4 Niobium oxychloride and niobate species

The observed 93Nb NMR chemical shis for YNb25 and YNb10
lie between those of Nb-rich sodium chloride phases and other
niobate species, where earlier studies on niobium oxide
compounds typically report isotropic chemical shis between
−400 and −1600 ppm and are sensitive to their coordination
environment.58,59,72–77 While our experimental observation
suggests the formation of an oxychloride species, with an
isotropic chemical shi found between the chloride and oxide-
containing species, the 23Na NMR results (above) do not reveal
any formation of a sodium-containing oxychloride (or oxides) in
these two Y-rich compounds. Further work is needed to deter-
mine precisely how Y concentrations inuence the Nb envi-
ronment and the potential role of vacancies, polyanion disorder
and oxidation in these solids. However, our assertion is further
conrmed by 93Nb NMR (Fig. 5), where the chemical shis and
CQs of known sodium niobate and niobium oxide species do not
agree with our experimental data.72–75 Interestingly, the NMR
spectrum of the sodium oxychloride, NaNbOxCl6−2x, syn-
thesised here, and that of yttrium niobate,72 YNbO4 (which
excludes sodium), share some resemblance with our series. As
such, the unique 93Nb NMR spectra may be caused by a Y3+

substitutional defect for the [NbCl6]
− polyanion species, serving

as an intermediary for the octahedral sodium site – their
respective ionic sizes are less than 15% different, Y3+ (0.9 Å) vs.
Na+ (1.02 Å). Finally, the 23Na NMR results conrm that a minor
sodium oxychloride impurity is present in the Nb-rich
compounds; however, it accounts for less than 15% of the
total sample, which is a low % and, coupled with the large 80
MHz CQ, is unlikely to be signicant. This prevents us from
detecting any Nb signal related to this phase. While 93Nb NMR
appears to be a sensitive probe nucleus for these types of
chemical problems, further exploratory studies are needed into
this emerging class of mixed anionic systems.
Chem. Sci.
2.5 Ionic conductivity of aliovalent substituted sodium
metal halides

Electrochemical impedance spectroscopy (EIS) was performed
on the series at temperatures ranging from 304 to 344 K to
determine how their unique compositions and structures
inuence the bulk ionic conductivity of these sodium metal
chlorides. The ionic conductivities (s) were extracted from the
Nyquist plots (Fig. 6a and S7) using Ohm's law
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Activation energies extracted from EIS, and ionic conduc-
tivities of Na3−2xY1−xNbxCl6 series

Sample Ea EIS (eV) s (S cm−1)

Na3YCl6 (YNb0) 0.90(1) 6.1 × 10−11

0.84(4)a

Na2.8Y0.90Nb0.10Cl6 (YNb10) 0.39(3) 5.7 × 10−8

Na2.5Y0.75Nb0.25Cl6 (YNb25) 0.44(5) 2.7 × 10−6

Na2Y0.50Nb0.50Cl6 (YNb50) 0.28(9) 9.0 × 10−5

Na1.5Y0.25Nb0.75Cl6 (YNb75) 0.31(0) 6.0 × 10−5

Na1.2Y0.10Nb0.90Cl6 (YNb90) 0.29(0) 2.3 × 10−5

NaNbCl6 (YNb100) 0.35(2) 3.4 × 10−6

NaNbOxCl6−2x n.d. 5.0 × 10−4

a Activation energy determined from variable temperature 23Na EXSY
NMR.
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s ¼ d

R� A
(2)

where d is the thickness of the pellet, R is the resistance, and A is
the surface area of the pellet. Fig. 6b shows the ionic
conductivities as a function of Nb substitution and is tabulated
in Table 3. From the end members, ionic conductivities
increase exponentially until a maximum is reached for YNb50,
yielding 9.0 × 10−5 S cm−1 at room temperature. This
constitutes an increase by six orders of magnitude from Na3YCl6
and one order of magnitude higher than NaNbCl6. From the
subsequent VT EIS measurements, the bulk activation energies
can be extracted from an Arrhenius-like analysis shown in
Fig. 6c. The activation energies range from 0.28 to 0.90 eV,
representing the changes in sodium-ion diffusion within the
bulk polycrystalline materials.
2.6 Bridging chemical structure, sodium mobility and
electrochemical properties

2.6.1 Bond valence energy landscapes. To better under-
stand and visualise the possible Na-ion migration pathways in
these solids, Fig. 7 shows a bond-valence energy landscape
calculation. The isosurfaces shown are derived from the Ea
obtained from EIS measurements, and the migration pathways
illustrate the bond-valence energy landscapes calculated with
soBV.78 The predicted Ea for Na3YCl6 is underestimated by
∼0.32 eV and overestimated by∼0.30 eV for NaNbCl6. Typically,
activation energies are overestimated because the program
assumes ideal, defect-free crystal structures; however, the
higher experimental Ea observed for Na3YCl6 can ironically be
attributed to the material's disordered nature, which weakens
the inductive effect, vide infra. Nonetheless, the energy land-
scapes still provide insight into the dynamics and transport
pathways of Na+ ions within these solids.

Bond valence energy landscape calculations reveal several
interstitial sites and saddle points. Briey, interstitial sites are
void spaces that represent a local minima, and saddle points are
Fig. 6 (a) Nyquist plot of room temperature electrochemical impedance
of increasing Nb substitution. YNb50 is bolded to denote that the sam
Arrhenius plot of ionic conductivities as a function of 1000/T. The reade

© 2026 The Author(s). Published by the Royal Society of Chemistry
the transition states or hopping trajectory between two local
minima. From the interstitial sites and saddle points, the Na-
ion migration pathway for Na3YCl6 indicates a 2D diffusion
network. A wide zigzag pattern, Na1-s1-Na0 to Na0-s2-i1-s3-Na1,
is shown in Fig. 7b. Although Na1-s4-Na0 is shown as a potential
migration pathway, it is not expected to be a primary pathway
because s4 has a higher energy barrier (0.72 eV) than s1 (0.56 eV)
for Na1-s1-Na0. Furthermore, s4 resides between edge-sharing
octahedra, but s1 lies on the face of the octahedral Na.
Assuming no vacancies in the structure, Na-ion migration
between edge-sharing octahedra is clearly unfavourable even
though the distance between Na1 and Na0 is shorter, 3.89 Å,
than migration through s1, 4.14 Å. A 1D square zigzag pattern,
Na0-s1-i1-s2-i2-Na0, is predicted for NaNbCl6 Na-ion migration
along the a-axis shown in Fig. 7d. The migration barrier is
predicted to be higher than Na3YCl6, 0.65 vs. 0.58 eV, but the
opposite is observed experimentally. Incorrect prediction
results can be due to 1D diffusion pathways being less efficient
than 2D pathways, inductive effects (see below), and the
inability to account for the role of vacancies. The bond valence
energy landscapes here provide a rst approximation for visu-
alising the Na-ion diffusion network but require further
measurements. (b) Ionic conductivities of the YNb series as a function
ple has the highest measured ionic conductivity from the series. (c)
r can refer to the legend below the plots for the sample composition.

Chem. Sci.
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Fig. 7 Bond valence energy landscape of (a) Na3YCl6 (isosurface value = 0.90 eV) and (b) closeup of the corresponding potential Na+ diffusion
pathwaywith [YCl6]

3+ omitted for clarity. Similarly, the bond valence energy landscape of (c) NaNbCl6 (isosurface value= 0.35 eV) and (d) a close-
up of the corresponding potential Na+ diffusion pathway with [NbCl6]

− for clarity. Blue isosurface depicts the Na+ migration, where yellow
denotes interstitial sites, and red denotes saddle points. The chlorines are omitted for clarity.
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justication to account for the experimental deviation from the
predicted energy barriers, as this model cannot capture local
disorder or the increased vacancies induced by ball milling.

2.6.2 Inductive effects. In 1989, Goodenough demon-
strated that inductive effects play a role in the overall cationic
dynamics, whereby bonding interactions with the anion can
modulate the cations' energy landscape.79 The concept has since
been used to explain some phenomena related to solid-state
electrolytes.80 In 2020, Culver et al. demonstrated an inductive
effect in the lithium superionic conductor Li10Ge1−xSnxP2S12.81

They describe how the electronegativity difference between Ge
(2.01) and Sn (1.96) accounts for the reduced ionic conductivity
in Li10SnP2S12. That is, the lower electronegativity of Sn leads to
a weaker Sn–S–Li bond than the Ge–S bond, resulting in a larger
charge density on the S atom. The increase in charge density
leads to a stronger coulombic attraction between the S atom and
nearby Li cations, thereby strengthening the S–Li bond and
increasing the energy barriers to Li-ionmigration. In the context
Chem. Sci.
of this work, the inductive effect explains the difference in ionic
conductivity observed between Na3YCl6 and NaNbCl6 but
cannot fully account for the series, suggesting that additional
effects are inuencing these materials (such as structural
disorder, Na vacancies, rotation, etc.). As expected, the
differences in electronegativity between Y (1.22) and Nb (1.6)
result in longer Y–Cl bonds (2.62–2.63 Å) than Nb–Cl bonds
(2.25–2.48 Å). Additionally, the disordered nature of the mate-
rials caused by high-energy ball-milling distorts the [YCl6]

3−

octahedra, resulting in deviations from octahedral symmetry,
which can lengthen Y–Cl bonds. The increased coulombic
interaction between Na–Cl bonds in Na3YCl6 should translate
into a higher energy barrier required for Na-ion hopping than in
NaNbCl6. This is experimentally conrmed: Na3YCl6 has an Ea
of 0.90 eV, nearly three times larger than NaNbCl6 (0.35 eV).
Unfortunately, the inductive effect does not hold across the
series presented in this work. That is, while it can explain the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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difference between the end members, there is no obvious linear
trend of the activation energies as a function of Nb content.

2.6.3 Polyanion rotation. The idea of polyanion rotation is
proposed to play an important role in the observed high ionic
conductivities.37,67,82–87 Cation dynamics are said to be inu-
enced by a paddle-wheel effect whereby the rotational mode of
anionic polyhedra “push” the cation (Na+/Li+) along its migra-
tion pathway. Wu et al. observe the rst instance of polyanion
rotation in halide solid-state electrolytes.29 Through AIMD
simulations, the authors note that while the Cl− is relatively
static in Na3YCl6, it moves considerably in Na2.25Y0.25Zr0.75Cl6,
indicating [YCl6]

3−/[ZrCl6]
2− octahedral rotation. Within our

framework, we can assume that YNb0 maintains nearly iden-
tical properties to those observed in the aforementioned study,
with some variance due to synthetic strategies. With increased
Nb substitution, the unit cell remains similar from YNb0 to
YNb50 as described earlier, but the larger [YCl6]

3− are replaced
with smaller [NbCl6]

− octahedra. Since YNb50 maintains the
larger unit cell volume of YNb0, the smaller [NbCl6]

− has more
space to participate in polyanion rotation along with [YCl3]

3−

octahedra at elevated temperatures. The behaviour is expected
to be similar to the work by Wu et al.29 where the polyanion
rotations become more rigid near room temperature conditions
as they are not superionic conductors – YNb50 possesses
a slightly higher ionic conductivity than Na2.25Y0.25Zr0.75Cl6,
9.0 × 10−5 S cm−1 vs. 6.6 × 10−5 S cm−1, respectively. The EIS
results lend further support to the faster Na-ion dynamics
observed in YNb50, which has the lowest Ea in the series at
0.28 eV. The low Ea indicates low energy barriers for both local
and bulk Na-ion dynamics, while 23Na NMR supports a large
distribution of sodium chemical environments. While experi-
mental evidence is needed to conrm the extent of polyanion
rotation, the situation and the appropriate strategy to identify
improvements are clearly complex due to the n-dimensional
space (i.e. contributions from energy landscapes, disorder,
vacancies, inductive effects, polyanion rotation, etc.) that can
inuence conductivities in these solid electrolytes.

3. Conclusion

An aliovalent series of Na3−2xY1−xNbxCl6 compounds is
successfully synthesised using a solvent-free high-energy ball-
milling method. Complementary PXRD and NMR reveal
a structural threshold upon incorporation of a smaller, more
electronegative Nb5+ at Na2Y0.50Nb0.50Cl6, where the unit cell
volume shrinks signicantly with higher Nb loading. This
threshold at Na2Y0.50Nb0.50Cl6 indicates a single Na chemical
environment isostructural with the parent end-member
NaNbCl6 and corresponds to the optimal composition with
the highest ionic conductivity. Variable-temperature 23Na NMR
experiments reveal sodium dynamics on the millisecond
(YNb10) and second (YNb0) timescales, demonstrating the
importance of Nb substitution for improving sodium-ion
conductivity. 93Nb NMR reveals similar chemical environ-
ments across Nb loadings; however, a clear shi occurs below
YNb50, which correlates with the change in unit cell volume. It
appears an intricate combination of interactions play a role in
© 2026 The Author(s). Published by the Royal Society of Chemistry
assisting ionic conductivity in these sodium metal halide
materials including inductive effect, unit cell expansion
enabling the smaller [NbCl6]

− octahedra to exhibit polyanion
rotation and ball-milling inducing structural disorder and the
potential of inducing Na vacancies through aliovalent mixing,
leading to a reduction in activation energy, thereby enabling
more efficient Na+ conductivity as seen in Na2Y0.50Nb0.50Cl6.

4. Experimental
4.1 Materials

NaCl (>99.0%, Millipore Sigma), NbCl5 (99.9%, Millipore
Sigma), and YCl3 (99.99%, Millipore Sigma) were stored in an
Ar-lled glovebox (O2 and H2O < 1 ppm) and used as is.

4.2 Synthesis

Stoichiometric amounts of (3 − 2x)NaCl, xNbCl5, and (1 − x)
YCl3 were combined to synthesise mixtures where x = 0, 0.10,
0.25, 0.50, 0.75, 0.90, and 1.0. The mixture was loaded into
a 50 mL ZrO2 ball-mill jar with 5 mm ZrO2 balls occupying
approximately one-third of the jar in an Ar-lled glovebox. The
ball-mill medium was sealed in the glovebox, transferred to
a Retsch PM 100 Planetary Mill, and subjected to 18 cycles at
650 rpm, with rotation reversal at each cycle. Each cycle consists
of 45 minutes of milling and 15 minutes of rest.

4.3 Powder X-ray diffraction

Measurements were performed on the Bruker D8 Advance
Diffractometer (Cu-Ka1 (l = 1.5406 Å) and Ka2 (l = 1.5444 Å)
radiation) operating in Bragg–Brentano (parafocusing)
geometry. Samples were prepared in the glovebox with mineral oil
and mounted on a zero-background sample holder rotating at
2 rpm. Diffraction patterns were scanned over a 2q range of 5–90°
with a step size of 0.01° s−1. Phase matching was done in Bruker
DIFFRAC.EVA v. 7.2.0.2 against the Crystallography Open Data-
base (COD). Pawley tting and Rietveld renements were done in
the Topas Academic soware package (v. 7.0.0.7).88 Zero error of
the detector and instrumental contribution to peak broadening
were rened from Al2O3 data, while sample displacement and
lattice parameters were freely rened.Where appropriate, theNaCl
model was included in the t and rened using the Rietveld
method (while the main phase was still rened in Pawley mode)
due to the potential for NaCl peaks to overlap with themain phase.
Rietveld allows constraining peak intensities, thus avoiding the
possibility of tting NaCl peaks with the 3-1-6/1-1-6 phase. For
that, for NaCl, unit cell parameters, scale, and atomic displace-
ment were xed at published (unit cell) or manually adjusted
values (scale, displacement) through a series of iterations.

4.4 Solid-state nuclear magnetic resonance spectroscopy

The 23Na and 93Nb NMRwere performed on a Bruker Avance NEO
500 (B0 = 11.75 T) and Bruker Advance NEO 800 (B0 = 18.8 T)
spectrometer. A 4-mm triple-resonance (HXY) magic-angle
spinning (MAS) probe operating in double-resonance mode was
used on the NEO 500 spectrometer. Either a 3.2- or 4-mm
double-resonance (HX) MAS probe was used on the NEO 800.
Chem. Sci.
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All 23Na NMR spectra were referenced to 0.1 M NaCl in D2O at
d(23Na) = 0.00 ppm. All 93Nb NMR spectra were indirectly
referenced to the 23Na frequency of 0.1 M NaCl in D2O at
d(23Na) = 0 ppm.

Variable temperature (VT) 23Na NMR experiments at
B0 = 11.75 T were acquired by heating the samples via N2 gas
ow through a Bruker BCU II unit (289K # T # 360 K) under
MAS (nr = 10 kHz). The samples were corrected for frictional
heating and instrumental error using CH3NH3PbCl3 as a cali-
bration standard.89 23Na NMR spectra were acquired using
a Bloch decay pulse sequence with a 4.0 ms p/2 pulse (nrf = 62.5
kHz), 64 co-added transients, and 15 s recycle delay. Spin–lattice
relaxation (T1) experiments were performed using an inversion
recovery pulse sequence with a 4.0 ms p/2 pulse, 16 scans, and
0.1 s recycle delay. The T1 values were calculated from the peak
intensity using a single-exponential decay function:

It ¼ I0 þ e
�t
T1 .

Two-dimensional 23Na EXchange SpectroscopY (EXSY)
experiments were acquired at B0 = 18.8 T with gas ow through
a Bruker BCU II unit (289 K # T # 325 K) under MAS (nr = 10
kHz) using mixing times (smix) ranging from 50 ms to 2 s, 10 s
recycle delay, 768 slices, and 8 co-added transients per slice. The
samples were corrected for frictional heating and instrumental
error using the same method described above. Spin–lattice
relaxation (T1) experiments were performed before each EXSY
experiment using an inversion recovery pulse sequence with
a 2.0 ms p/2 pulse, 8 scans, and 0.1 s recycle delay to ensure
mixing times were below the measured T1.

93Nb NMR measurements were acquired at B0 = 11.75 and
18.8 T. The B0 = 11.75 experiments were acquired using
a Hahn echo sequence (nr = 0 and 14 kHz) with a 1.87 ms p/2
pulse (nrf = 133.7 kHz), 512 to 11 200 co-added transients, and 2
to 5 s recycle delays. The B0 = 18.8 T experiments were acquired
using a Hahn echo sequence (nr = 0 and 14 kHz) with a 2.0 ms
p/2 pulse (nrf = 125 kHz), 70k to 256k co-added transients, and
1 s recycle delay. All NMR spectra were processed with Bruker
TopSpin 4.5.0. and t using ssNake.90 NMR simulations were
performed using WSolids1.91 Data were plotted and analysed in
Origin 2024.
4.5 Powder electrochemical impedance spectroscopy

The synthesised powder sample was loaded into an electrically
insulating Al2O3 cylindrical die with an inner diameter of 10
mm, then a stainless-steel electrode was subsequently inserted
and compressed under 374 MPa for 10 minutes. The die was
transferred to a rack with three screws and adjusted with a tor-
que wrench to maintain a compressive pressure of 184 MPa for
the following measurements. The amount of the specimen
loaded for the measurement was 60 mg for each sample,
resulting in z360 mm of thickness aer compression. The EIS
measurement was performed in the temperature range 303 K to
343 K using a potentiostat workstation BioLogic VP200 from
7 MHz to 1 Hz with an amplitude of 10 mV. All preparation for
EIS measurements was conducted in a glovebox with humidity
and oxygen levels below 0.1 ppm.
Chem. Sci.
4.6 Quantum chemical computations

Density functional theory (DFT) computations were performed
using the Cambridge Serial Total Energy Package92 (CASTEP) with
NMR components93–95 using the gauge-included projector
augmented waves (GIPAW) method. NMR parameters are calcu-
lated using the Perdew–Burke–Ernzerhof (PBE) generalised
gradient approximation (GGA) exchange–correlation functional
with on-the-y generated (OTFG) ultraso pseudopotentials via
zeroth-order regular approximation (ZORA) relativistic effects. CIF
les were obtained for NaCl (mp-22862) from Materials Project.71

CIF les for Na3YCl6 (COD ID: 2203822) and NaNbCl6 (COD ID:
8103950) were obtained from the Crystallography Open Database
(COD). An initial Monkhorst–Pack (MP) grid was dened by setting
the maximum distance between k-points to be 0.07 Å−1, corre-
sponding to a 3 × 3 × 1 MP grid for NaNbCl6 and a 2× 2× 3 MP
grid for Na3YCl6. k-spacing was stepped iteratively using an extreme
basis set accuracy with a 783 eV plane wave cut-off energy until
convergence of magnetic shielding parameters was reached within
∼1 ppm. A nal MP grid of 6 × 5 × 2 (k-spacing of 0.03 Å−1) for
NaNbCl6, 5× 7× 8 (k-spacing of 0.02 Å−1) for Na3YCl6 P21/c, and 16
× 16× 16 (k-spacing of 0.02 Å−1) for NaCl. Magnetic shielding and
EFG tensor values were extracted from the nal MP grid.
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