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Low temperature 2>Na MAS NMR

Local Na-coordination and dynamics of Na, ,Zn, ,Ga, TeOg; x =
0.00 (NZTO), 0.0S, 0.10, 0.15, 0.20, were studied by variable-temperature, **Na
NMR methods and DFT AIMD simulations. Structure and dynamics were probed
by NMR in the temperature ranges of 100—293 K in a magnetic field of 18.8 T and
from 293 up to 500 K in a magnetic field of 11.7 T. Line shapes and T relaxation
constants were analyzed. At 100 K, the otherwise dynamic Na-ions are frozen out
on the NMR time scale, and a local structure characterization was performed for
Na-ions at three interlayer sites. On increasing the temperature, complex peak
shape coalescences occurred, and at 293 K, the Na NMR spectra showed some
averaging due to Na-ion dynamics. A further increase to 500 K did not reveal any
new peak shape variations until the highest temperatures, where an apparent peak
splitting was observed, similar to what was observed in the 18.8 T experiments at
lower temperatures. A three-site exchange model coupled with reduced
quadrupolar couplings due to dynamics appear to explain these peak shape observations. The Ga substitution increases the Na-
jumping rate, as proved by relaxation measurements and by a decrease in temperature for peak coalescence. The estimated activation
energy for Na dynamics in the NZTO sample, from relaxation measurements, corresponds well to results from DFT AIMD
simulations. Upon Ga substitution, measured activation energies are reduced, which is supported, in part, by DFT calculations.
Addressing the correlated motion of Na-ions appears important for solid-state ion conductors since benefits can be gained from the
decrease in activation energy upon Ga substitution, for example.

solid-state NMR, **Na relaxation rates, Na dynamics, NZTO, layered materials, DET AIMD
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ships are important for designing improved materials with high
performance.

For this purpose, nuclear magnetic resonance (NMR)
spectroscopy is one of a few powerful experimental methods
that may give both local structural and dynamic information.
Depending on the available magnetic field, the isotope, the
temperature, and type of experiment, NMR methods can probe
a wide range of dynamic rates, reveal atomic and molecular
details, as well as provide activation energies of the processes.
While slower dynamics is visible through line shape
perturbations, dynamic rates at the order of the Larmor
frequency for the given nuclei at the applied field, w, (~107°
s71), are best probed by spin—lattice relaxometry (SLR).” The

Dynamics of ions in solids is essential for many material
applications, e.g., ion batteries, membranes, and sensors. In this
context, layered oxide (2D) materials are of high interest as
they may intercalate ions with mobility within layers in
contrast to other materials where mobility takes place between
defects, often in three dimensions (3D). Modern Li-ion
batteries are examples where layered oxides are used as
cathode materials." Furthermore, layered oxides have also
come into focus as solid-state electrolytes (SSEs). Compared
to liquid electrolytes, SSEs may withstand higher potentials
and improve battery properties; they may be less toxic, are
more fire-resistant, and allow denser packing of battery cells, as

well as making the separator redundant.”® More recently,
scientific and technological development of Na-based batteries March 15, 2023 PHYSICAL ™
has been rapid, with certain application areas clearly evident, April 24, 2023

and the general availability of sodium implies no concern on April 24, 2023
raw material limitations.” Due to the complex situation of ion May 4, 2023
dynamics in such material classes, a fundamental under-

standing of controlling factors and structure—dynamic relation-
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Figure 1. (a) Side view of the Na,Zn,TeO4 (NZTO) structure (P2 type; space group P6;22). (b) Coordination polyhedra of Na, Zn, and Te. The
different sites in the Na layer are highlighted in color. Note that two out of six Na positions per unit cells are filled. (c) The three different Na-sites
with closest neighbors. Note that the 2a and 4f positions have only 6g as the closest neighbor.

relaxation time in the laboratory frame, characterized by the
time constant T, measures the fastest dynamic processes, but
slower processes can be measured by SLR in the rotating frame
( Tlﬂ)6 and by spin—spin relaxation (T,).” The slowest dynamic
rates are studied with 2D chemical exchange experiments or
other methods like, e.g., spin alignment echo NMR.® By
measuring relaxation rates over a wide temperature range, the
activation energy E, and jump rates, 7', of the underlying
dynamic process can be extracted.

The jump rate is assumed following an Arrhenius relation-
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with a pre-exponential factor in the order of phonon
frequencies9 or the minimum correlation time at infinite
temperature.'” The relaxation rate T,™' is related to the
correlation time, 7,, as in the following equation
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@, is the Larmor frequency of the nuclei in question and 7,
is from eq 1. Depending on the actual relaxation mechanism,
there will be numerical constants multiplied with one or more
expressions as in eq 2. The constants and numeric values will
depend on the actual relaxation mechanisms and their
contribution. A plot of log(1/T;) vs T(K) will, for
uncorrelated 3D dynamics, with the so-called BPP behavior,""
be symmetrical, with the activation energy E, for the dynamic
process determined directly from the slopes. This is, however,
rarely true for a real solid material, especially in the low-
temperature region (@, 7. > 1), where dynamics is hindered,
and a smaller slope is typically observed. Such correlated
motion can be caused by vacancy diffusion mechanisms,
structural disorder, and Coulombic interactions.” The high-
temperature region (@, 7. > 1) is frequency-independent for a
3D conductor, but systems with a reduced dimensionality for
the conduction will show a reduced slope.'”"” Provided that
the dimensionality is known, E, can still be determined on the
high-temperature slope. In order to describe in more detail ion
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diffusion in two-dimensional conductors, the following
empirical equation has been put forward'*"?

Tzl 1+;]
e [ - .

P expresses the frequency dependencies of the relaxation
rates and is expected to be 2 for a random noncorrelated
diffusion process. A lower value of f indicates correlated
diffusion processes. A fit of this equation, coupled with eq 1,
yields activation energies and information on ion correlations.

Before we briefly describe some relevant NMR relaxation
studies for Li/Na layered materials, some word on notation is
in place. Layered oxides with Na as the mobile cation can be
denoted as Na, MO, with 0 < x < 1, with either one or more
metal or metalloid elements M. These are classified using an
AX-notation created by Delmas et al. based on the stacking of
layers of edge-sharing MOg octahedra.'® X denotes the number
of distinct MO,-blocks, while A denotes the coordination type
for the Na* cations, prismatic (P) or octahedral (O). The most
common types are P2 and O3. Previous studies of Na
dynamics in layered materials are mainly focused on cathode
materials, as this has widespread use for these layered oxides.
The layered Nay3CoO, (cathode) material undergoes an
abrupt phase transition between 292 and 291 K, as seen by
»Na NMR relaxometry.'” There is no change in the narrow
central transition peak but a reappearance of satellite peaks.
The observation indicates a “melting” of the Na layer into a
2D-liquid state, similar to that for Na-dynamics in f-
alumina.'® The strength of the methodology is evident from
studies of peak coalescence in P2- and P3-type phases of
Na,Co0,."” At high temperatures, the P2-phase peak coalesces
into a single second-order quadrupolar line shape due to ion
exchange. For the P3 phase, changes occur toward a Gaussian
shape, as the exchange is between sites symmetric in the ab-
plane but antisymmetric in the c-direction, which leads to a
cancellation of the V_, contribution and suppresses the
quadrupolar line shape. »Na NMR of Na,;;Ni;;3Ti,;30,
shows a relatively symmetrical peak shape at room temper-
ature, suggesting fast Na* dynamics.”’ There is no quadrupolar
line shape at lower temperature, which is suggested to be due
to a dominance of magnetic anisotropy and paramagnetism
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over the quadrupolar interaction. In the O3-type
NagsNiySb;,0,, »*Na NMR demonstrates off-centering of
the Na-site as a response to the surrounding Na-vacancies.”'

The currently investigated layered tellurates have been
explored as battery materials,””** with Na,Zn,TeO4 (NZTO)
being a candidate as an SSE.”* NZTO takes a P2-type structure
(Figure 1; space group P6;22), with six face-sharing prisms
allocating two Na-ions per formula unit. There are three
nonequivalent Na-sites (2a, 4f, 6g), differentiated by the
surrounding cations in the dense layers above and below. The
6g-based prisms share edges with six-framework octahedra,
whereas the 2a- and 4f-based prisms are sharing faces with the
octahedra. The 4f-sites are located between Te and Zn-
octahedra, whereas the 2a-sites are between Zn-octahedra.
Experiments show that the latter site is least favorable for
Na.»*® Note that we below distinguish between the ideal
crystallographic sites (i.e., the 2a, 4f, or 6g-site) and the three
different types of prismatic coordination polyhedra that are
connected with these sites (2a-, 4f-, or 6g-prisms). The latter
ones are typically being accompanied by a distribution of
deformations. “Site” will therefore be used for crystallographic
symmetry, while “prism” will be used when the chemical
environment is the important aspect.

For NZTO, the Na ionic conductivity increases on
substitution of Zn>* with Ga®*, as the concomitant reduction
in the Na" content decreases the Na"*—Na" repulsion and
increases the vacancy concentration.”® Introduction of Ga is
suggested to decrease grain boundary resistance.”” Enhanced
conductivity is also further reported for Ca-substitutions in the
Na layer.”® Ca insertion increases the layer distance, which
tentatively makes all Na-sites equally favorable. Ab initio
molecular dynamics (MD) simulations of NZTO suggest a
disordered Na-distribution, revealing that the honeycomb
arrangement of the Zn/Te layer does not translate into Na
ordering.25 The very similar cathode material Na,Ni,TeOg4
(NNTO) has been investigated in a series of MD simulations,
showing that disorder and ion—ion correlations influence ionic
conductivity.”” From MD data, Sau and Kumar found that a
20% reduction of Na® concentration in the interlayers
significantly changed the energy landscape and Na-conductiv-
ity,”” mainly due to a decreased ion—ion repulsion.”’

In this article, we present variable-temperature (100—500 K)
®Na solid-state (static and MAS) NMR spectroscopy data,
supported by DFT modeling, to reveal the Na dynamics in
NZTO and Ga-substituted derivatives. NMR experiments (at a
magnetic field of 18.8 T) from 100 to 293 K were used for line
shape analyses, while NMR experiments (at a field of 11.7 T)
were carried out to study line shape variations and to measure
T relaxation time constants up to about 500 K. The line shape
analyses were used to reveal the onset of Na dynamics at very
low temperatures (close to 100 K), and our simulations
suggest a complex situation of a three-site exchange system and
averaging of interactions. Simulation of the T, measurements
provided activation energies for the dynamic Na processes and
revealed trends in stochastic processes influenced by Ga
doping. Substitution of Ga resulted in a lower activation energy
and correlated Na dynamics. The DFT modeling gave results
consistent with experimental activation energies.
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Samples of Na,_ ,Zn, ,Ga,TeO4 with x = 0.00, 0.05, 0.10, 0.15, and
0.20 were synthesized using a conventional sol—gel synthesis, as
described earlier.*” The procedure is reported in S1 for completeness
of this work.

Powder X-ray diffraction (XRD) data were measured on a Bruker D8-
A25 diffractometer, using CuK,, radiation, a Ge (111) Johansson
monochromator, and a Lynxeye detector, for the 26 range of 10—
128°, with a step size of 0.005°. Rietveld refinements against the
collected data were performed using Topas v6.>>

®Na (I = 3/2) magic angle spinning (MAS) NMR single transient
spectra were acquired at 11.7 T using a Bruker Avance AV III WB
spectrometer equipped with a 4 mm double channel probe head at a
MAS frequency of 10 kHz. The applied **Na resonance frequency was
132.29 MHz, and 400 free induction decays (FIDs) were accumulated
for each spectrum. Each pulse was 1.5 us long, and we applied a
recycle delay of 0.5 s. The magnetic field was adjusted by setting the
high-frequency peak of adamantane to 38.48 ppm. For referencing the
»*Na spectra, we used 1 M NaCl(aq). The chemical shift of **Na(aq)
was set to 0 ppm. T rates of **Na were recorded using a saturation
recovery sequence at a MAS rate of 10 kHz.

The samples are stored in Ar or in a desiccator, however, being
exposed to air during handling and rotor packing. The number of
adsorbed water molecules per Na atom was therefore estimated by a
method described in S2. The x = 0.20 showed the largest water
content, with one water molecule per 119 Na-ions. For x = 0.15, 0.10,
0.05, and 0.00, the ratios are 197, 214, 249, and 315, respectively. The
estimated level of hydroxyl groups is similar to the water levels. Based
on this, we assume that the Na NMR results should not be
significantly influenced by the presence of water/OH-groups. Even
with significant uncertainties, it is clear that the number of water
molecules increases with the Ga content.

»Na low-temperature (LT) MAS and static NMR spectra were
recorded on an 18.8 T Avance III WB using an LT-MAS 3.2 mm
probe in the temperature range of RT to 100 K. The temperature was
calibrated using KBr.>* 2Na NMR spectra are referenced to 1 M
NaNO,(aq) at room temperature. In static conditions, a single-pulse
»Na spectrum was recorded. Under MAS conditions (12.5 kHz),
single-pulse spectra were recorded. The pulse duration was 2.25 us,
with a recycle delay of 0.5 s and 256 FIDs accumulated per spectrum.
T, rates were recorded using a saturation recovery sequence at a MAS
of 12.5 kHz. All our relaxation measurements appeared to be
described very well with one exponential function. We could not
distinguish any multicomponent relaxation in the spectra; hence, all
data are based on the total areas of the whole multicomponent peak.

Before Fourier transform of the averaged FIDs, zero filling and
apodization were applied to improve line shape definitions and signal
to noise. The apodization was done by multiplying the FIDs with a
decaying exponential window function with a processing line
broadening (LB) factor of 250 Hz (**Na) and 50 Hz ('**Te). All
NMR spectra were adjusted by signal phasing and baseline
corrections. Curve fitting was performed using DMfit.**

DFT simulations were performed using the Vienna Ab initio
Simulation package (VASP, version 5.4.4)%7% and expands our
previous works,*>** where configurations were used for ab initio
molecular dynamics simulations (AIMD) to compute ionic mobility
in Ga-doped NZTO. Structural optimization calculations were
conducted to obtain reliable starting configurations. All computations
make use of the conjugate gradient algorithm.

The Ga-doped NZTO is modeled using a 3 X 2 X 1 supercell (24
formula units, 264 atoms; 16.03 X 18.48 X 11.37 A®) of the optimized
configuration from our previous work,* large enough to make
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interactions between point defects and their periodic images
negligible and to perform molecular dynamics simulation.

AIMD calculations were performed for the supercell model of
NZTO and for the two most stable Ga-doped configurations. Their
stoichiometries are NaysZn,Te, 044, NayZngGa,Te) Oy, and
Nay,ZnyGa,Te,y 0,4y For brevity, the Ga-doped systems are labeled
as 2Ga and 4Ga. The simulations were performed within both the
canonical (NVT) and the microcanonical (NVE) ensembles: the
former for thermalization of the system and the latter for production.
In both cases, we use the same parameters as described in the
Supporting Information (SI). Calculations within the canonical
ensemble are modeled using the Nosé thermostat for controlling
temperature oscillations.*' ~** The Nosé mass parameter is set so that
the period associated with these fluctuations is 40 fs. A time step of 1
fs was found to be sufficiently small to avoid sudden jumps in the total
energy of the system during the simulation.

Production calculations, performed in the microcanonical ensem-
ble, compute 50 ps of dynamics at four distinct temperatures: 750,
1000, 1250, and 1500 K. Diffusion was not observed in the trajectory
at 500 K, and these data were therefore not relevant. The analysis of
the trajectories relies on three packages: MDANSE,** the atomic
simulation environment (ASE),*>* and QUIPPY, the python
interface of QUIP.*” Vesta is used for rendering ball-and-stick and
coordination polyhedra.**

The materials were synthesized and characterized in detail in
our previous work, but the main features will be presented here
for completeness.”” Additional information is described in the
S1. All materials crystallized in the P2-type phase with the
space group P6;22, in accordance with previous reports, with
the x = 0.00 and 0.05 with a minor ZnO impurity. With
increasing substitution of Ga, the c-axis expands and the ab-
plane contracts. The exception here is x = 0.15, which was
thought to be connected to Na ordering or inhomogeneous
filling of the layers, which was indicated in DFT simulations.
The inserted Ga-atoms were shown to be placed next to Te-
atoms in stoichiometric amounts as shown by '*Te NMR,
confirming that the materials have fully substituted Zn with Ga
without secondary Ga-containing phases. We also show that
the Na content surrounding Te was reduced. This confirms the
Ga substitution mechanism.

Line shape analyses of NZTO and its derived Ga variants were
carried out from 100 K up to about 500 K to investigate Na
dynamics. First, the NZTO material will be described in detail
and later the Ga-doped materials will be described. T,
relaxation measurements were carried out between 293 and
500 K and will be described and analyzed after all line shape
analyses. NMR spectroscopy of nonrotating samples (termed
static NMR) shows all line broadening effects in a sample such
as dipole—dipole interactions, quadrupole interactions, chem-
ical shift anisotropies, and susceptibility broadenings. However,
even with these seemingly complicating interactions, static
NMR spectra may provide valuable information of possible
dynamic processes with rates comparable to the spectrum
widths as temperature is varied. At a low enough temperature,
ion dynamics driven by heat will be drastically reduced and the
movement of Na will “freeze out” and **Na NMR spectra
without time-averaged peaks can be obtained. The “freeze-out”
temperature is difficult to predict; therefore, we carried out our
series of **Na MAS and static NMR experiments down to the
lowest possible temperature that could be reached with our
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apparatus (100 K at 18.8 T). In Figure 2, we show a sequence
of static **Na spectra ranging from 100 K up to 293 K for our
NZTO material.

Intensity [a.u.]

50 0

-50
Chemical shift [ppm]

100 —100

Figure 2. Static NMR (18.8 T) from 100 K up to 293 K. The dotted
line is the 293 K peak after cooling and heating, showing the
reversible change and facilitating comparison of the sample at the two
end point temperatures. The feature around 50 ppm will be discussed
in Section 3.4.

The overall observed trend is a gradual narrowing of the
spectra going from 100 K up to 293 K. Note that the peak at
about 50 ppm is not changing significantly. Initially, at 100 K,
the spectrum is almost a featureless shape, but with increasing
temperature, a more and more distinct shape emerges.
However, only a minor change between 100 and 140 K was
observed; hence, it appears that for our NZTO sample, and
measurement conditions (field strength, NMR method), Na
dynamics is not observed. We therefore take the 100 K
spectrum as our nondynamic reference state. We also note the
absence of a typical quadrupolar peak shape(s) at these low
temperatures. As the temperature is increased, the line shape
narrows as expected if Na dynamic is present. The point of
coalescence is hard to estimate but could be somewhere
between 200 and 240 K. This gives a lower limit of the
frequency for the dynamic process. The peak is approximately
25,000 Hz wide at 100 K, and therefore the frequency of the
dynamic process at the temperature of coalescence must be at
least half of this, which is 12,500 Hz. The static spectra also
change between 280 and 293 K, with a shift to the left and the
appearance of a central peak. At 280 K, the shape is best
described as two maxima with a small component at 45 ppm.
At 293 K, an extra component is visible at approximately 0
ppm. This peak is not distinguishable at lower temperatures
but is visible both before and after cooling. This could suggest
that the peak is a result of a dynamic process. It is safe to
assume some additional broadening due to magnetic
susceptibility, so the extracted values for dynamic processes
from the spectra are overestimated. Due to the complicating
line broadening factors and the somewhat unclear situation
observed in the static experiments, we carried out a set of
similar experiments as those shown in Figure 2, except with
MAS, to obtain spectra with more resolved peaks. These are
reported in Figure 3a. Figure 3b shows a magnified 100 K
spectrum including a curve fitting into three components, their
integrated areas, and assigned Na-site. Note that for peaks
from dynamic systems, as in Figure 3, the chemical shifts and
shapes will be a function of the relative amount and exchange
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Figure 3. (a) »*Na MAS NMR spectra (18.8 T) of sample NZTO from 100 to 293 K. A plot with a larger spectral width is provided in S3. (b) The
spectrum at 100 K with a decomposition shown by the filled-in distributions. All peaks are modeled using the Czjzek model as implemented in
DMFit (a table is provided in S4 with details), shown with integrated intensity and the assigned Na-site, which is further discussed below.

rates relative to the spectral (peak region) width. Eventually,
the chemical shift of a common high-temperature peak will be
determined by the weighted average of the resonances when
the exchange rate is much larger than the chemical shift
difference (in Hz) between the peaks. Na-ions are dynamic at
most of the conditions we have studied; hence, our use of the
term “site” is not intended to exclude variations in positions
and configurations that may be possible.

Before going further in the analysis of the temperature series
for our materials, we will discuss the 100 K >*Na MAS NMR
spectrum of the NZTO at 18.8 T in some detail (Figure 3b).
At 100 K, the *Na MAS NMR spectrum does not show any
distinct sign of any second-order quadrupolar peak shapes but
may be decomposed into three components using a Czjzek
distribution,” which is a model describing peak shapes
originating from a distribution of quadrupolar couplings.
Another possibility is a distribution of chemical shifts, with
the Na not being localized to a single position. This last
situation has previously been described for a similar material in
the O3-form,”" and it is not unlikely that there should be some
variance in Na positions for the P2 type. We note that the
chemical shift variations between the three peaks are relatively
small, which is quite reasonable considering that the difference
between the three sites is only in the second coordination
sphere. There are three crystallographic Na-sites (6g, 4f, 2a)
with a 3:2:1 site multiplicity in NZTO, respectively. However,
previously reported refinements of the Na-distribution on
these sites are varied, with the 6g-site reported between 43 and
71%, the 4f-site between 22 and 55%, and the 2a-site between
2 and 12%.”7***° Na in the 2a-site is also reported to be less
energetically favorable relative to Na in the 4f and 6g-sites,
both from simulations and from measurements,”**>"° and is
therefore likely to have the lowest occupancy. Based on this,
we assign the smallest peak (9%, at ~ —4 ppm) to Na in the
2a-site. To assign peaks to Na in 4f- and 6g- sites, we note that
both the polyhedra around the 2a- and 4f-sites are face-sharing
with two-framework layer-octahedra, while the 6g-polyhedron
is edge-sharing with six-framework layer-octahedra. Therefore,
we expect Na chemical shifts in 4f- and 2a-sites to be relatively
similar and different from 6g. We therefore assign the middle
peak (39% at ~1 ppm) as Na in the 4fsites and the largest
peak (52% at ~7 ppm) from Na in the 6g-sites. This is also in
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line with the general trend of the relative Na occupancy in
these sites. We will use the term 2a-, 4f-, or 6g-peak for Na in
these sites/polyhedra.

With the assignment of the peaks in the 100 K *Na NMR
spectrum, we are in a position to discuss the dynamic behavior
of Na* when the sample is heated. While there are some minor
changes in the »*Na MAS spectra (Figure 3a) from 100 to 140
K, we observe that at 180 K the overall peak shape has become
narrower, with a shift of the highest point to the middle peak.
This change is evidence of Na dynamics between sites at these
conditions. Further heating to 260 K shows an expected
narrowing of the peak shape and a coalescence into practically
one peak at a chemical shift of 35 ppm with an FWHM of 7
ppm. One could then expect that further heating resulted in a
narrowing of this peak, but at 272 and 280 K, there are some
new peak features emerging. A peak splitting appears with the
highest point on the left side. At 293 K, the peak is without
these features but is placed further to the left. A qualitative
description of the dynamical features observed in Figure 3 may
be given by considering several factors. At about 100 K, Na-
ions are immobile, but from the onset of Na dynamics, the
observed peak positions will be from a weighted average and
the total peak shape will change significantly. Furthermore,
with increasing Na dynamics dipole—dipole and quadrupolar
interactions will be reduced and relaxation rates will change as
well, vide infra. Reduction of interactions due to dynamics will
lead to peak narrowing, and in addition, a reduction in the
quadrupolar couplings will impose a change in the position of
the peaks toward the left in the spectra. This last effect is, to
some extent, already reduced at the high magnetic field
strength (18.8 T) applied during these experiments compared
to those at 11.7 T. The spectral features during heating from
100 K are therefore a result of changing strengths of
interactions between ions experiencing three-site exchange
dynamics, with some initial limitations. Our qualitative
description of the observed temperature development in
Figure 3 is supported by calculations of a three-site exchange
model implemented in an in-house written Matlab script (see
SI SS). At 100 K, Na is basically nondynamic but will, with
increasing temperature, become more and more mobile. We
assume that Na will eventually jump between all of the three
sites 6g, 4f, and 2a. These are termed 1, 2, and 3, respectively,
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Figure 4. (a) Comparison of >*Na NMR spectra of static NZTO at magnetic fields of 18.8 and 11.74 T. (b) **Na MAS NMR of NZTO at 18.8 T
(MAS rate 12.5 kHz) and at 11.75 T (MAS rate 10 kHz). The feature at 50/4S ppm is denoted with a gray triangle, with spinning sidebands with

an asterisk®.

in the figures in S5. However, just after Na dynamics have
started, but still at a low temperature, Na jump between sites
should preferably go either from or to a 6g-prism™ and not
directly between 2a and 4f. However, at higher temperatures,
the rate of Na jumps may become so fast that several steps take
place during acquisition; hence, for modeling purposes, jumps
between all three sites must be considered. The simulations
show that the observed spectral trend when going up from 100
K is better represented if there is an exchange between sites 6g
and 2a in contrast to 6g and 4f, or 4f and 2a (see SS panel 1, 2,
2X, and 2Z) and is in accordance with the above-mentioned
jump order. Furthermore, to mimic the general observed peak
shapes, we must include jumps between sites 6g and 2a (panel
3 in S5). To approach the trend toward the 260 K spectrum,
jumps between sites 4f and 2a are included as shown in panels
4 and 5. With a further increase in jump rates for all three
paths, only a peak narrowing is observed, which contrasts with
what is observed at 272 K where a “peak splitting” with the
highest intensity on the left part of the total peak shape is
observed. Such an observation may originate from a
significantly reduced quadrupolar coupling of one or two
components relative to the other(s), and to represent this, we
adjusted slightly the peak positions toward the left when going
from panel S to 6. However, to mimic the observed trend, we
also had to narrow the peak from the 6g position and adjust
positions (see panels 7 and 8). Panels 7—9 are all somewhat
similar as the observations around 272—280 K. Finally, by
increasing all three jump rates to an equally high number and
with a slight and equally reduced line broadening of all of the
peaks, we were able to progress to a total peak shape that looks
like the one observed at 295 K via the split peak (280 K, panel
9). In conclusion, the observed spectra are all a result of a
complex interplay and influence by coupling interactions,
relaxation times, relative amounts of Na at sites and to
available jump-pathways (primarily at low temperature).

As a last comment on the spectra shown in Figures 2 and 3,
one may note that the total peak width ratios of the static over
MAS spectra are for 100 K about 4 and at 293 K almost 6. This
indicates that the dynamic situation at 293 K helps to reduce
the peak width in contrast to the dynamic situation at 100 K.
For quadrupolar nuclei, MAS can reduce the line width by
about a factor of 4.
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Our low- (100 K) to high-temperature (500 K) *Na NMR
experiments have been carried out using two different
magnetic fields, 18.8 and 11.7 T, respectively, with the
room-temperature (~293 K) measurement being the point
of overlap. Figure 4 shows the four NZTO spectra at room
temperature to be compared, two at static conditions (left) and
two during MAS (right) conditions.

Opverall, peaks in the spectra acquired at a higher field are
narrower and slightly shifted to the left. In the MAS spectra,
the main peak changes from —7 ppm at 11.7 T to 3 ppm at
18.8 T. This implies that there are quadrupolar couplings that
must be described by the second-order term in the perturbative
development of the Hamiltonian, as this term is inversely
proportional to the magnetic field and contains a term giving
rise to a shift in peak position. We know that there are Na
dynamics at room temperature; hence, the effects we observe
in Figure 4 are not purely due to the magnetic field variations.
However, the fact that we see the effect of field variation
indicates that the dynamic situation at 293 K does not have
rates high enough to completely average the quadrupolar
couplings at 11.7 T. One could loosely claim we have residual
quadrupolar couplings at 293 K for the lowest field strength.
Furthermore, the MAS spectrum recorded at 11.7 T is not fully
symmetric, but at 18.8 T, the main peak is basically symmetric
as seen by curve fitting with a Gaussian and/or a Lorentzian
function (S6, Figure S2). The symmetry is indeed high, but the
fact that two different types of functions must be used is also a
sign that the situation is still somewhat complicated by various
interactions. The small components at 45/5 ppm do also shift
somewhat when going to the higher field. The left component
does barely shift (2.5 ppm), but the right component has a
somewhat larger shift (6 ppm).

The NZTO and variants (vide infra) were studied up to about
500 K at a magnetic field of 11.7 T to unravel Na dynamics
through line shape analyses and via T, relaxation constant
measurements. Note that for NZTO, no phase transition has
been reported until between 573 and 673 K where a gradual,
reversible change has been observed in the Na-distribution,
: . 22,40
going from an orthorhombic superstructure to a hexagonal.
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The line shape variations of NZTO will be described first.
Figure 5 shows a stacked plot of **Na MAS spectra from 293 K
up to 508 K.
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Figure 5. Na MAS NMR (11.7 T) of NZTO heated up from 293 K
(RT) to 508 K. The triangle marks the small components that
reversibly merge with the main peaks at an elevated temperature.

Up to 423 K, the main peak keeps its shape but moves
slightly to the left and the small peaks at 45/50 ppm appear to
vanish. Upon cooling to 293 K after heating to 508 K, the
spectrum regains its original peaks and shapes proving the
reversibility of the temperature effects. Na-ions are in structural
parts linked with each other and with the interlayer regions.
The shift to the left (i.e., higher frequencies) may be explained
by a quadrupolar interaction that is weakened by Na dynamics.
NMR spectra at 473 and 508 K reveal that the peak has
diverged into something that looks like two components with
some intensity at the right foot of the peak at 508 K. From the
line shape discussion above, the spectral features seen here
must be due to variations of rates for the three-site exchange
coupled with reduced interaction strengths. The exchange rates
are high; hence, the peak splits must mainly be due to reduced
quadrupolar and dipole—dipole interactions. Another issue that
also may take place is that previous simulations indicate that
the Na-distribution in one layer influences the allowed
positions in adjacent layers, suggesting that the layers are not
as independent as previously assumed and a more complex
situation may be expected.’”
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Figure 6. (a) Static and (b) MAS at a rate of 12.5 kHz, and **Na NMR spectra of Na,_,Zn,_,Ga, TeO4 (x = 0.20) in the temperature range of
100—293 K (18.8 T). Static Na NMR spectra (18.8 T) of Na,_,Zn,_,Ga,TeOq4 (x = 0.00, 0.05, 0.10, 0.15, 0.20): (c) 100 K and (d) 293 K.
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With a basic description and understanding of the NZTO
material from 100 K up to 508 K, we continue with NMR data
analyses for the Ga-doped samples, presenting figures
describing the most characteristic trends. Figure 6 shows a
panel of selected static and MAS **Na NMR spectra, between
100 and 293 K, all at 18.8 T, of Na,_,Zn,_,Ga, TeOy (x = 0.00,
0.0S, 0.10, 0.15, 0.20). Additional static and MAS spectra of
Ga-substituted samples are reported in S7 Figures S3 and S4.

In the top row, »*Na NMR data of the sample with the
highest Ga doping (x = 0.20) from 100 K up to 293 K is
shown: (a) static and (b) MAS experiments. The bottom row
shows static **Na NMR spectra (18.8 T) of
Na, Zn, ,Ga,TeO, (x = 0.00, 0.05, 0.10, 0.15, 0.20): (c)
100 K and (d) 293 K. The spectra in Figure 6a show a clear
coalescence of peaks with increasing temperature. A similar
coalescence is also shown for intermediate compositions. At
220 K, the peak width in Figure 6b appears to have reached its
minimum, in contrast to NZTO where it can be estimated that
the minimum peak width was reached at 260 K. This is proof
of higher Na dynamic rates in the Ga x = 0.20 sample
compared to NZTO. A feature in Figure 6a is the “middle”
peak that is present between the two outermost peaks. The
NZTO sample did not show any “middle” peak until the
spectrum acquired at 293 K. This middle peak is for most of
the spectra in Figure 6a at the same position as the highest
peak at 100 K until 293 K where it has changed to the right
and appears broader. These observations are again indications
of higher Na dynamic rates in the Ga x = 0.20 sample and that
some exchange effects that broadens the peak are seen at 293
K.

Static spectra of the various Ga-doped samples show
significant changes with increasing Ga content. The small
component at around 50 ppm becomes smaller with increasing
Ga content and appears to vanish for the x = 0.20 sample. The
widths of the peak shapes are, however, very similar
throughout the series. The MAS spectra of the same set at
100 K, Figure S3a, show a gradual change between
components with increasing Ga content, while the 293 K
spectra of the same set, Figure S3b, are more similar.

The high-temperature (RT up to about 500 K) spectral trends
of all of the five samples are relatively similar, and only spectra
collected at the highest temperature are shown here in Figure
7. All samples display a splitting behavior at higher temper-
atures, which is probably due to the above-mentioned complex
three-site exchange situation of the Na-ions and reduced
quadrupolar and dipole—dipole interactions.

Measurements of T relaxation constants were carried out to
investigate dynamic trends in NZTO and how these change
with the introduction of Ga in the temperature interval from
293 K up to about 500 K. These measurements probe
dynamics faster than observed during peak shape variations at
low temperatures, as discussed above. Deviations from a
symmetric plot of log (1/T) vs inverse temperature, as seen in
fast stochastic 3-dimensional diffusion with only a simple
exponential dependency of the correlation time, should be
expected since Na is confined between oxide layers. Our
relaxation data are plotted as log (1/T[s]) vs inverse
temperature (1000/T[K]) and shown in Figure 8. More
details are provided in S8 where Table S2 lists all of the actual
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Figure 7. High-temperature measurement of all samples. x = 0.00 is
measured at 508 K, while all others are measured at 503 K.
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Figure 8. Temperature dependence for **Na spin—lattice rates (1/
T,[s]) for Na,_,Zn, ,Ga,TeOs (x = 0.00, 0.05, 0.10, 0.15, 0.20)
samples. The reduced slopes on the high-temperature side (left of
maxima) are connected to a 2D dimensional process for Na-ions
between layers, while the slope reduction on the low-temperature side
(right of maxima) is connected to the correlated movement of ions.
The dotted lines are results from modeling using eqs 1—3. The
dotted, gray, symmetric curve is the expected shape of a random 3D
isotropic process with an E, of 0.32 eV, with a so-called BPP behavior.

measured averaged T values used for Figure 8, and Figure S5
shows a plot of T, relaxation data from 100 K up to 293 K all
measured at 18.8 T. Included in Figure 8 are also results
(shown as dotted lines) from modeling using eqs 1 and 3
(termed as a 2D model) and a symmetric BPP curve.

All of the curves go through a maximum where the
correlation time 7 is equal to the inverse Larmor frequency.
Hence, for each material, there is a different temperature where
Na-ions have the same rates for the dynamic processes. Except
for sample x = 0.05, the Ga-doped samples have their peak
maxima shifted to lower temperatures compared to NZTO.
This also indicates that Ga substitution leads to higher ion
mobility and a lower activation energy for the dynamic process
compared to NZTO, which is also a conclusion from the line
shape analyses at low temperatures described above.
Furthermore, for NZTO, it appears that a rather steady
slope is obtained at the highest temperatures and that the x =
0.05, 0.10, and 0.15 samples seem to converge toward this
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approximate slope. The x = 0.20 sample shows a clear shift in
its slopes. In the simplest model for T, variation with
temperature, the peak shape would be symmetrical, with the
slope of each side determined by the activation energy, E..
However, any correlated movement will reduce the slope of
the low-temperature region, and any dimensionality in the
dynamic process (ion diffusion) will reduce the slope of the
high-temperature region.” At sufficiently high temperatures,
the activation energy for the process may be estimated using an
Arrhenius relation based on data points from the highest
temperatures or estimated more precisely using a suited 2D
model. For a set of samples with a systematic variation, as in
our case where the Ga content is adjusted, it is possible to
extract trends from relaxation data even if the absolute values
contain uncertainties. In Table 1, we report calculated E,

Table 1. E, for Na,_,Zn,_.Ga,TeO4 (x = 0.00, 0.05, 0.10,

0.15, 0.20) Samples Calculated from the Leftmost Points in
the Graphs (Two Values Are Given for x = 0.00 and 0.05)
and the 2D Model and the Temperature for Curve Maxima“

E, (eV) E, (V)

Arrhenius relation 2D model

(B value in eq temperature for curve
3)

% (points used) maxima, K
0.00  0.34/0.25 (2/3) 0.32 (1.30) 393
0.05  0.28/0.25 (2/3) 0.32 (1.29) 413
0.10 0.17 (3) 0.30 (1.25) 393
0.15  0.17 (4) 0.26 (1.28) 373
020 0.14 (4) 0.20 (1.35) 353

“The uncertainty in the 2D model E.’s is approximately & 0.01 eV.

values based on a simple Arrhenius relation and from a more
detailed modeling (using the 2D model mentioned above).
The temperature where the correlation time is the inverse of
the Larmor frequency of **Na at 11.7 T (z. = 1/132.29 MHz)
is reported in the last column.

Both models give similar values for E, for NZTO, which are
similar to results from ion conductivity’® and calculations
(0.33 eV, vide infra). With increasing Ga content, both models
give reduced E,, but significantly less reduction is seen for the
2D model. The f values indicate that Na dynamics are strongly
correlated. A simple model for correlated motion is when one
ion blocks the jump of another, but it appears that the
correlations are rather similar even with a reduced Na content.
Altogether, the measured decrease in activation energy is likely
to be a real effect and will be discussed more in relation to the
DFT results in Section 3.8.

Three compositions of Na,_,Zn, ,Ga,TeOy type with x = 0
(NZTO), 0.083 (2Ga), and 0.167 (4Ga) were explored with
the ab initio MD simulation, the latter two, respectively, with 2
and 4Ga®" ions in a supercell with 24 formula units. The
construction of the model and structural insights are reported
in our previous work.** For each composition x, we consider
four simulation temperatures: 750, 1000, 1250, and 1500 K.
From the AIMD trajectories, it is also possible to compute the
mean square displacement and, thus, the ionic mobility, as
described in S9. The diffusion coefficients (D) increase slightly
with higher temperatures, but the three cases exhibit very
similar values at different temperatures. One thing to note is
that the 4Ga structure shows clear indications of inhomoge-
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neous Na-distribution across layers, which is distinctly more
favorable than the homogeneous. The 4Ga is calculated twice
for better statistics, with the two layers being reported
separately. Figure 9 shows the relationship of In(D) vs
1000/K.
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Figure 9. Arrhenius plot for all simulations, with the two individual
4Ga split into two distinct layers.

The calculated activation energy for NZTO is 0.33 eV, in
line with the measured range of 0.25—0.34 eV as presented
above from the SLR analysis. This suggests that, even with
some uncertainty, the approximate correct slope of NZTO
reported above is reached. As this translates to an ionic
mobility of 1.8 107* S/cm, it confirms the reported
experimental range for NZTO of ~107* — 107 S/cm.”****’
The simulations of the Ga-substituted materials have a very
small decrease in activation energy, with 0.32, 0.31, and 0.30
eV for 2Ga and the two 4Ga layers, respectively, which is quite
close to the values given from the 2D model for the most
similar materials, i.e., those with x = 0.05 and 0.15. The
calculated difference between the structures is within the
margin of error and should therefore be considered carefully,
but they do suggest a decrease in activation energy with
increased Ga content, as expected. Table 2 summarizes the
findings from the DFT AIMD calculations.

A discussion of the estimation of E,, ion conductivity, and
the amount of Na is in place at this stage. Previous simulations
have shown that in a similar material the Na,Ni,TeOy ionic
conductivity can be increased either by underloading the Na
layer by 20% or by decreasing the Na—Na repulsion in the
simulations.”’ Both of these situations were generated by
altering the physical properties or breaking electroneutrality.
For a real material, the suggested route for achieving this was a
reduction of the Na content, as we have done when making
our Ga-substituted materials. The DFT AIMD-calculated
activation energies correspond quite well with estimates from
impedance spectroscopy, which shows that samples with Ga
substitution x = 0.05—0.15 have activation energies in the
range of 0.30—0.27 eV.”° Since our DFT-calculated activation
energy is based on the mean square displacement, both of
these methods provide values related to long-range movement,
whereas SLR relaxation rates probe Na-ion dynamics on a
shorter range. It is interesting that nudged elastic band (NEB)
calculations of Na jumps in an empty Na-lattice between the
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Table 2. AIMD Calculation of Na Diffusion in an Average Lattice”

system act. energy [eV]
NZTO 0.33 + 0.03
2GA 0.33 + 0.04
4GA (23 Na) 0.31 + 0.03
4GA (21 Na) 0.30 + 0.03

“Diffusion coefficient and mobility are calculated at room temperature.

framework layers in NZTO gave an activation energy of 0.09
eV** and could suggest that increasing the Ga content leads to
a situation where more and more Na behaves like Na in an
empty lattice. It appears that the decrease in activation energy
for Na jumps in the Ga samples cannot be exploited fully for
increased ionic conductivity since the previously measured
ionic conductivity of x = 0.0 and 0.2 is rather similar.
Furthermore, our analysis points to a situation where an
optimum composition for ion conductivity for a certain class of
layered materials exists, which is what Li et al. observed.”* If
layered material’s structure—dynamic relationships can be
controlled through preparation, an important step toward
creating better solid-state electrolytes can be taken.

We have characterized Na-coordination and dynamics in
NZTO and its Ga-substituted derivatives
(Na,_Zn, ,Ga,TeO, with x = 0.00, 0.0, 0.10, 0.15, 0.20)
by variable-temperature 2*Na NMR methods and DFT AIMD
simulations. At 100 K, the Na-ions were frozen on the NMR
time scale, and a structural characterization was performed.
Three spectral components were assigned to the three 2a, 4f,
and 6g Na-prisms, as the integrated intensities correspond well
with the expected site multiplicity. Variable-temperature
measurements from 100 K and upwards on NZTO showed a
complex peak shape coalescence. These measurements also
show that the Na spectrum acquired at 293 K had some
averaging in it due to Na-ion dynamics. A three-site exchange
model coupled with reduced quadrupolar and dipole—dipole
couplings due to dynamics seem to explain the peak shape
observations. A further temperature increase to 500 K did not
reveal any new peak shape variations until the highest level,
where an apparent peak splitting was observed again.
Measurements of T relaxation time constants gave insight
into Na dynamics and activation energies. Ga substitution
decreased the temperatures for peak coalescence and lead to
reduced activation energies for the dynamic processes of Na.
The estimated activation energy for Na dynamics in NZTO
from relaxation measurements corresponds well with results
from DFT AIMD simulations. On Ga substitution, measured
activation energies are reduced and are supported by DFT
calculations. We suggest that addressing the correlated motion
of Na is important for creating a better Na conductor for SSE,
as the decrease in activation energy from Ga substitution can

be exploited.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00012.

A file containing details on synthesis, water estimation
by NMR, enlarged NMR spectra NZTO, simulation
parameters for the Czjzek distribution, simulations of a
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