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ABSTRACT: The sodium ion conductor Na;PS, is a promising
electrolyte for future all-solid-state batteries using Na* ions as ionic
charge carriers. Its readily available components make it a
compelling and more sustainable alternative to recent Li-ion
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technologies. At ambient temperature, the ionic conductivity is in -20°C
the order of 10™* S cm™', which can be optimized by adjusting Na1-Na2 exchange

doping and processing parameters. Even though several studies A —40°C
have focused on explaining the dynamic properties of doped and Na2 Na1

undoped Na;PS,, the driving forces that lead to fast Na* exchange

are not yet completely understood. Here, we synthesized — G0
nanocrystalline, defect-rich cubic NayPS, via a solid-state synthesis tetragonal cubic® 23Na 5 /ppm

route and compared its properties with those of highly crystalline
Ca-doped Na;_,,Ca,PS,. The interconnected effects of doping and
synthesis procedure on both structure and dynamic properties are investigated. X-ray diffraction reveals that the undoped samples
show clear cubic and tetragonal symmetry, while for the doped samples, a phase mixture of both polymorphs is seen. High-resolution
*Na magic angle spinning NMR spectra acquired at temperatures as low as —60 °C clearly reveal two different Na sites when ionic

motion is partially frozen out. Ion dynamics of the powder samples were analyzed using high-precision broadband impedance
spectroscopy and variable-temperature, time-domain **Na NMR spin—lattice relaxation rate measurements. Localized Na* jumps
detected by NMR showed higher energy barriers but faster Na* dynamics for the Ca-doped samples. A similar trend was observed in
conductivity spectroscopy with lowest activation energy for Na-ion transport in tetragonal Na;PS, but highest attempt frequencies
for the hopping motion in Ca-doped Na;PS, with x = 0.135, making the doped sample the superior ion conductor at elevated
temperatures. Our study highlights the importance of breaking down ionic transport in its elemental steps to understand the complex
interplay of intrinsic and extrinsic parameters in solid electrolyte materials.

KEYWORDS: ion, conductor, NasPS,, solid electrolyte, Na, conductor, ionic conductor, ionic conductivity, doping, dynamic properties,
»Na NMR, MAS NMR, ionic motion, ion dynamics, spectroscopy, impedance spectroscopy

1. INTRODUCTION

The largest global crisis, which is caused by the immense
increase of anthropogenic greenhouse gases, forces us to
radically change our energy management from an economy
that is based on fossil fuels to a sustainable circular system
mainly using renewable resources." To achieve this goal, we
need to invent new and to drastically improve existing
technologies to convert and to store energy in a sustainable
manner.' " Electrochemical energy storage plays a key role in
this research field because of the high degree of effectiveness of,
e.g, battlegries that use small and fast ions acting as ionic charge
carriers.

At present, lithium-ion batteries dominate the market for both
small consumer devices, such as mobile phones and notebooks,
and electric vehicles.® The availability of lithium”® is, however,
expected to become a critical issue because of the rising demand
from the expanding electric vehicle industry in combination with
geopolitical conflicts. In terms of important sustainable aspects,
sodium is the best alternative to lithium considering the high
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natural abundance of Na in both the Earth’s crust and in
seawater.” As a result, the price of many sodium-bearing raw
compounds is considerably lower than that of raw materials
containing lithium. Converting a lithium-based battery into a
sodium one is, however, fraught with difficulties because of the
different chemical and electrochemical properties of the sodium
compounds.'’™"* Their higher weight and their lower electro-
chemical potentials lead to an overall decrease in capacity as
compared to systems relying on Li*. Even though sodium-ion
battery technology is again on the rise, the type of application it
will enter is not yet completely settled. Its electrochemical
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properties'® would preferentially suggest its use in stationary
applications, e.g.,, in energy grids that need electrochemical
storage devices to mitigate intermittency issues when electricity
is converted from wind or solar power into electrochemical
energy.l’5

Besides Na-ion batteries with liquid electrolytes,”'”"* we
have witnessed an increasing demand for solid or even ceramic
Na-ion conductors'*~'® as they might pave the way toward safe,
nonflammable all-solid-state Na-battery systems.'>~"® Only few
groups of solid electrolytes have been considered so far for the
use in Na-ion batteries, such as ﬂ”-alumina,19 NASICON-type
(Na superionic conductor) materials,”* "> and the sodium
variants of the well-known Li* conductor LGPS (Li;;GeP,S,,),
which are based on Na,;;Sn,PS,,.*” In particular, among these
promising ionic conductors, we also find Na;PS,, first reported
in 1992 to have an ionic conductivity of approximately 4.2 X
107° S cm™ at ambient temperature.”® This thiophosphate
occurs in three different structural modifications, one of them, y-
Na;PS,, is only stable above 490 °C.”” The other two forms,
cubic and tetragonal Na;PS,, show relatively high ionic
conductivities at room temperature.’”’" Originally, it has been
reported that the ionic conductivity of the cubic polymorph
clearly exceeds that of the tetragonal form. As an example,
Hayashi et al.’’ managed to stabilize cubic Na;PS, at room
temperature via a synthesis route employing high-energy ball
milling; subsequent annealing of the ball-milled mixture yielded
a compound with ionic conductivities in the range of 107 S
cm™ (20 °C). There is, however, an ongoing debate on the
question whether the cubic symmetry is indeed responsible for
the higher conductivity compared to the tetragonal form of
Na,Ps,.* "

This important relation between local and overall crystal
structure on the one hand and the dynamic properties of Na;PS,
on the other has been widely discussed over the last couple of
years. In 2018, Takeuchi et al.”" investigated the influence of
different synthesis routes on ionic conductivity while keeping
the stoichiometry of the samples untouched. They found a
tetragonal phase with a larger lattice volume to have the highest
conductivity, which was characterized by the occupation of
interstitial Na sites. They also compared different tetragonal
phases to a seemingly cubic phase, which showed lower-
conductivity values ¢’ at ambient temperature as compared to
the superior tetragonal phase. The authors reported very broad
X-ray reflections for the cubic phase. A reinvestigation of the
crystal symmetry by Rietveld analysis showed, however, that the
data obtained could also be interpreted by a tetragonal lattice
with no vacancies on the Na sites. Takeuchi et al. concluded that
the overall “cubic” phase is in fact formed of microdomains
crystallizing with tetragonal symmetry, finally resulting in the
observation of a pseudocubic characteristic as a result of X-ray
diffraction (XRD) probing average lattice properties.”’ A similar
conclusion has been presented by Krauskopf et al.*> Despite
appearing cubic on the average scale by Bragg diffraction
measurements, pair distribution function analysis showed that
also local structures adopt tetragonal symmetry. The authors
concluded that ionic conductivity in Na;PS, is not governed by
the underlying crystal structure but by defect concentrations and
crystal size effects.’” We believe that a consistent and final
picture regarding these competing effects on the ionic transport
properties is, however, still missing for Na;PS,.

Next to optimizing the synthesis conditions, several groups
tested different doping strategies to enhance the ionic
conductivity of NayPS,.”** Partly exchanging the $*~ anions

by halide ions leads to a lower overall negative charge within the
structure. To compensate for this charge imbalance, negatively
charged Na vacancies, Vy,,, are generated. Modeling approaches
show low dopant formation energies for the halides F~, CI~, Br™,
and I".”° Substitution of P>* by Si** also resulted in increased
ionic conductivity by a similar vacancy generation mechanism.**
A different approach is to directly substitute the mobile Na* ions
by another ion of higher positive charge to again generate
sodium vacancies. The ionic radius of Ca*" is similar to Na* and,
therefore, highly suitable for this approach.

Ca** doping of Na,PS, was first evaluated by Moon et al.* in
an experimental study that was complemented by density
functional theory (DFT) calculations. The authors showed that
Ca®" doping causes an increase in ionic conductivity, with the
compound Na, ,3Ca, ;35PS, exhibiting the highest value ¢’ ~ 1
mS cm™! under ambient conditions. Importantly, if analyzed in
the frame of an Arrhenius diagram, the Arrhenius lines of ¢’ of
the Ca-doped samples are characterized by a higher prefactor
and a higher activation energy compared to those of the
undoped samples. Interestingly, the authors observed a
tetragonal-to-cubic phase transformation upon Ca* incorpo-
ration. Their DFT calculations suggest facilitated migration in
the vacancy-rich Ca-doped phases as compared to the vacancy-
free structure. Ca** doping results, however, in higher energy
barriers because of vacancy trapping close to the Ca*" ions.
Nonetheless, the doped samples are characterized by a large
number fraction of vacancies Vy,* on the Na sites, enhancing the
Arrhenius prefactor of the ionic conductivity and outweighing
the unfavorable increase in activation energy. Using image-
nudged elastic band methods, Huang et al.* also found faster
Na" migration in Ca-doped Na;PS,. Their simulated results do,
however, show lower migration barriers in the Ca-bearing
samples conflicting the experimental data. This discrepancy is
still not sufficiently discussed, blurring the overall picture of ion
transport in undoped and Ca-doped Na;PS,.

Here, we tested and elucidated the effect of different Ca>*
substitution levels and processing conditions in a series of Ca-
bearing Na;PS, samples and their influence on both macro-
scopic and microscopic dynamic properties. We prepared our
samples via solid-state synthesis routes using high-energy ball
milling and subsequent annealing steps. To verify their purity,
local and long-range (averaged) structures were characterized by
powder XRD and magic angle spinning (MAS), respectively. In
particular, Na MAS NMR carried out at low temperatures
helped directly prove the local geometry of the Na ions in
tetragonal and nominal cubic Na;PS,. Data from conductivity
spectroscopy were used to study ionic transport in both the bulk
areas and across grain boundary regions. We were able to show
the dual effect of doping on macroscopic diffusion and propose
that the synthesis route is of a similar importance as the dopant
level. In addition, we investigated dynamic properties of the
samples directly by static **Na NMR spin—lattice relaxation
(SLR) measurements’*® which are helpful to elucidate
diffusion processes at the atomic length scale. The trend of the
activation energies obtained in this way from **Na NMR agrees
well with data from conductivity spectroscopy; however, the
»Na NMR SLR rate maxima appear at low temperature and
point to enhanced Na* diffusion in the Ca-doped samples at
short time scales. Our results show the complex interplay of
doping strategies and synthesis conditions and underline the
importance of studying ionic diffusion over a broad dynamic
window to understand ion transport in these highly relevant
solid electrolytes for new energy storage devices.
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2. RESULTS AND DISCUSSION

2.1. Structural Investigation by XRD and NMR. The
crystal structure of Na;PS, is depicted in Figure 1. Both the cubic

cubic
ICSD 230142

tetragonal
ICSD 72860

Figure 1. Crystal structures of tetragonal and cubic NayPS,. PS,*” units
are shown as purple tetrahedra with sulfur (yellow spheres) located on
the corners. Sodium ions, Na*, located on the two crystallographic
inequivalent positions in tetragonal Na;PS, are represented by orange
and purple spheres, respectively. In cubic Na;PS,, only a single Na site is
seen.

and the tetragonal phases”® show high symmetry, differing in an
elongation of the c-axis by 1.8% for the tetragonal phase, thereby
creating two crystallographic Na sites in this form. X-ray powder
diffraction was used to characterize the structure and to prove
successful doping; the corresponding patterns are shown in
Figure 2a. Besides Ca-free tetragonal and cubic Na;PS,, two
samples with different dopant levels of Na;_, Ca,PS,, viz. x =
0.0675 and x = 0.135, were prepared.

For the sample prepared in a similar way to the doped ones
but without the addition of Ca, we see a good correlation with
the tetragonal reference pattern. Also, for the sample having a
low Ca content (x = 0.0675), we observe a splitting of the
reflections pointing to a symmetry lower than cubic. In contrast,
the pattern of the sample with a high Ca content (x = 0.135)

resembles that of the cubic reference rather than that of
tetragonal Na;PS,. However, some of the reflections are
asymmetric in shape also for this sample; see the reflections at
31° and 36° 26. Accordingly, this higher Ca-doped sample is
clearly not purely cubic but also shows some tetragonal
characteristics. The same holds for the lower doped sample
with x = 0.0675, which predominantly appears as tetragonal but
deviating peak shapes from the tetragonal reference indicate,
from an average point of view, also the presence of cubic
features. We conclude that there might be a gradual transition of
the samples to appear dominantly with tetragonal or cubic
symmetry on average. Regarding the symmetry, the cubic
sample is slightly more symmetric than the tetragonal one. The
latter shows an elongated c-axis leading to a splitting of different
reflections. The terms “cubic” and “tetragonal” refer to perfect
symmetry with regard to the, respective, reference crystal
structures. We have to consider that a perfectly cubic symmetry
is unlikely to be observed in a powder sample, even more so in a
ball-milled sample annealed at quite low temperatures. The term
“cubic” will here be used to describe the average crystal
symmetry as seen by powder XRD. As will be discussed later on,
also for seemingly cubic long-range symmetry, NMR will reveal
local tetragonal structures.

Regarding the transition from a tetragonal to a more cubic-like
symmetry, a similar behavior has been observed by Moon et
al,* reporting that Ca doping stabilizes the cubic phase. For a
sample with a Ca content of x = 0.135, they found a phase
fraction of 91.7% for the cubic phase, which agrees with our data.
However, for a lower dopant level, we find a predominantly
tetragonal characteristic contrasting prior experimental work.””
In the present case, however, Rietveld refinements did not give
reliable results due to the very similar symmetry of tetragonal
and cubic Na;PS, and the resulting overlap of all reflections.
Especially, if lattice parameters and phase fractions are refined at
the same time, new uncertainties are added to the refinement.

(a)

(b)
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Figure 2. (a) X-ray powder diffractograms of Ca-doped Na;_,,Ca,PS, (x = 0.0675 and x = 0.135). The patterns of Ca-free Na;PS, with tetragonal
(orange) and cubic (yellow) symmetry are also shown. The reference pattern were taken from the Inorganic Crystal Structure Database (ICSD). For
comparison, the number and the position of the reference reflections of the cubic and the tetragonal phase are included as small bars at the top of the
graph. Temperatures of the, respective, heat treatment procedures, Ty, are shown on the left-hand side. (b) *'P MAS NMR spectra of Na, ;3Cag 135PS,
and Na;PS, crystallizing with tetragonal symmetry. A shoulder appears at a chemical shift value 85.6 ppm for the doped sample. A minor impurity in
Na;PS, is marked by an asterisk. Chemical shifts are referenced with respect to H;PO,.
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Figure 3. (a) **Na MAS spectra of Na, ,3Cag13sPS, acquired at a spinning speed of 25 kHz and recorded at the nominal temperatures indicated. The
line recorded at —60 °C is deconvoluted such that two lines affected by quadrupolar interactions are obtained that represent the sites Nal and Na2.
The Gaussian-shaped line in between these lines is due to exchange processes leading to the beginning of a coalesced signal. (b) **Na NMR lines of the
same sample but recorded under static, i.e., non-MAS, conditions at temperatures ranging from —100 to 120 °C.
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Figure 4. (a) Low-temperature *Na MAS NMR spectra of Na;_, . Ca,PS,. Line shapes have been analyzed in Topspin (Bruker) with the software
package “sola”. At —60 °C, we clearly observe three distinct lines that contribute to the total NMR signal. The spectra were referenced to the >*Na signal
of a solid sample of NaCl. (b) Relative area fractions of the three different contributions to the total NMR signal, normalized to the complete area of
each *Na spectrum. (c) Relative area fraction of the three different contributions in each spectrum referenced to the, respective, relative areas of
tetragonal Na;PS,.

Theoretical studies on Ca-doped Na;PS, suggest lower (0.03 eV); low dopant levels were not tested.’® Here, our

formation energies when comparing cubic with tetragonal
Na;PS,. The difference, however, turned out to be quite small experimental findings contradict these theoretical results as the
D https://doi.org/10.1021/acs.chemmater.3¢02874
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sample with x = 0.0675 clearly crystallizes with tetragonal
symmetry.

To study the effects of processing conditions and structure in
Na;PS, in more detail, we synthesized the cubic phase of
Na;PS,; see the top of Figure 2a. To hinder the cubic-to-
tetragonal phase transformation from taking place, the milled
sample was annealed at only 250 °C, that is, 450 °C lower than
the annealing temperature of the other samples. Accordingly, the
broader reflections as compared to the other samples reflect the
remaining disorder and distortion introduced through the heavy
mechanical treatment. The overall characteristic mimics the
reference pattern of cubic NajPS,; however, the broad
reflections prevent a clear-cut assignment. Fortunately, the
XRD pattern does not point to a strong contamination by
starting materials or by crystalline side products. We have to
keep in mind that all reflections from the Ca®* source, CaS,
overlap with those of Na;PS, because of the similar crystal
syrnmetries.39

Consequently, another technique needs to be applied to
characterize local structures and to verify successful doping. To
analyze whether the local environment of P changes upon Ca
incorporation, we used *'P (spin quantum number I = 1/2)
MAS NMR to study the samples further; see the spectra of
Na,PS, and Na, 73Cag 135PS, shown in Figure 2b. In Na;PS,, the
P%* cations occupy only a single crystallographic site. The,
respective, MAS NMR spectra are mainly composed of a single
line representing the symmetric PS3~ units in the structure.*” We
observe a similar *'P signal for our undoped tetragonal sample
with a minor impurity, shown by the asterix in Figure 2. Besides
some low-intensity signals, at a sufficiently high field of 14 T, we
resolve a shoulder for the Ca-doped Na, ;,Ca ;35PS, sample at
the upfield side. The phosphorus ions in the structure are
surrounded by sulfur in the first coordination shell of the PS,
units, while the Na* ions form the second coordination sphere
and, in the case of a doped sample, also Ca®* ions. The heavier
Ca®" ions result in a larger shielding effect and, thus, a lower local
magnetic field. Hence, an upfield shift of the 31p NMR signal is
expected. As the amount of Ca’* ions incorporated is quite low
in the present case, only a small shift is expected for the sample
with & = 0.135. Indeed, the main 3'P signal reveals a shoulder
whose position is shifted by only 0.8 ppm toward lower parts per
million (ppm) values. We interpret this shift as an evidence for
the successful doping with Ca ions.

In addition to 3'P MAS NMR, »Na (I = 3/2) NMR
spectroscopy serves as an even more direct tool to study local
structures. Figure 3 shows the corresponding variable-temper-
ature NMR spectra of Na, ,3Ca ;35PS, recorded under MAS and
for static conditions, that is, without spinning the sample. At
sufficiently high spinning speeds, (anisotropic) magnetic dipolar
interactions and first-order electric quadrupolar couplings are
largely eliminated. In addition, the MAS NMR spectra were
recorded at a high magnetic field 0of 19.9 T as compared to only 7
T for the static spectra, resulting in an overall narrowing of the
lines by a factor of 10. While the line shape at room temperature
is rather similar under static and under MAS conditions,
significant differences appear when lowering the temperature. In
contrast to the »*Na NMR spectra recorded without spinning,
those acquired at a rotation frequency of 25 kHz and at
sufficiently low temperatures reveal distinct spectral compo-
nents: at —60 °C, the overall *Na NMR line of Na, ,3Cag 3PS,
is in fact composed of three different signals (see the analysis
below).

To investigate the evolution of these spectral components in
more detail, we recorded high-resolution **Na NMR spectra at
temperatures down to —60 °C for all three Na;_,,CaPS,
samples with x = 0, 0.0675, and 0.135; see Figure 4a. We used
the “sola” software package within Topspin to fit and
deconvolute the overall NMR signal. The best deconvolution
suggests that three quadrupolar sites contribute to each
spectrum. Considering the data from XRD, the Ca-doped
samples could be understood as mixtures of cubic and tetragonal
phases. Importantly, *Na MAS NMR shows that also the NMR
signal belonging to the Ca-free sample (x = 0), exhibiting
supposedly only tetragonal symmetry, is composed of three
NMR lines.

As mentioned above, first-order electric quadrupolar inter-
actions are eliminated by fast MAS, but second-order coupling
cannot be fully removed by MAS and results in broadened
resonances. This broadening effect in the presence of various
quadrupolar lines in combination with fast exchange processes
significantly complicates the model-free interpretation of **Na
NMR spectra, especially in the case of NMR lines with similar
isotropic chemical shifts.*' As is shown in Figure 3a, cooling the
sample down to sufficiently low temperatures freezes the rapid
ionic movements of the Na* ions. Consequently, motion-
controlled averaging of magnetic and electric interactions
through rapid ionic movements of the Na ions is partly
eliminated. Under such conditions, the low-T NMR spectra
reveal the different contributions to the overall *Na NMR signal
without being fully controlled any longer by dynamic averaging
effects.

Our analysis yields that the quadrupolar coupling constants,
Cq characterizing the distinct NMR lines were rather high for all
three sites. Cq ranges from 2.4 to 2.6 MHz, matching the results
for the Na sites in tetragonal Na;PS, as observed earlier by Feng
et al.** The very similar values for both the Cq values and the
isotropic chemical shifts J;, indicate a similar chemical
environment and crystallographic symmetry for the three Na
sites in Na;PS,. In general, when dealing with an axially
symmetric electric field gradient (EFG) at the nuclear site, the
asymmetry parameter 7] is ~0." Here, lines 13 (see Figure 4a)
can be well simulated with almost vanishing # values, meaning
that the surrounding electric charge distributions, and thus the
corresponding EFGs, are highly symmetric, i.e., we do not find
evidence for largely distorted local coordination environments.

In Figure 4b,c, we plotted the area fractions of the three
different NMR signals relative to the total **Na signal and to the
relative areas in the reference sample, that is, Ca-free Na,PS,.
Na;PS, shows the largest area for the most downfield signal 1.
While for the sample with x = 0.0675 both the intensities for
signals 2 and 3 increase, for the sample with highest dopant level
(x = 0.135) only, signal 2 rises in intensity with reference to
Na;PS,. As this sample, according to XRD, shows the most cubic
character, peak 2 might be associated with a symmetry that is
closest to cubic.

A second more likely scenario is, however, the following.
Signals 1 and 3 represent the two magnetically and crystallo-
graphically inequivalent sites in tetragonal Na;PS,. Signal 2,
appearing between signals 1 and 3, is an overlapping or
dynamically coalesced NMR line shape caused by the rapid
exchange processes of the Na* ions represented by signals 1 and
3. Accordingly, the exact shape of NMR signal 2 cannot be
accessed due to the strong overlap with the other signals; here,
this results in fitting values with significant Gaussian broadening
for this signal. For the sample with x = 0.13$, this coalescence
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Figure 5. (a) Static *Na NMR lines of Na,_,,Ca,PS, recorded at —100 °C (the exact temperature ranged from —96 to —104 °C). (b,c) Evolution of
the overall NMR line width, full width at half-maximum (FWHM), as a function of temperature. While for the undoped, cubic sample the line widths
reach its narrowing limit at approximately 300 K, the plots of the samples with x > 0 [see (b)] show a second narrowing step at higher temperature.
Such a stepwise narrowing behavior is also seen for the tetragonal sample. Dashed and solid lines are drawn as guides to the eye.

effect is most advanced pointing to a higher diffusivity of the Na*
ions in this sample as compared to the undoped sample, for
instance.

To quantify this Na" hopping process at —60 °C, we estimated
the corresponding exchange rate from the spacing between
signals 1 and 3 on the frequency axis. The difference ;;, between
the two lines is approximately v = 1850 Hz, see the top of Figure
4c. This value roughly translates into a hopping rate 1/7,, of Na*
at —60 °C of approximately 2000 s™'; hence, the Na* residence
time at temperatures as low as —60 °C is shorter than 1 ms. Let
us note that jumps between equivalent Na sites cannot be seen
by MAS NMR. Hence, NMR is just sensitive to a part of the
exchange processes taking place in Na;PS,. To characterize total
ion dynamics, we further studied the samples by **Na NMR SLR
measurements and (broadband) conductivity spectroscopy.

For comparison with our NMR spectra, Feng et a
presented **Na NMR spectra at a high magnetic field of similar
magnitude for Cl-doped Na;_,PS, .Cl,. They detected up to
four different Na* sites at 19 T and assigned two signals with
high quadrupolar coupling constants, in the range of 2 MHz, to
Na® located on tetragonal sites, suggesting that such high Cq
values point to an asymmetric structural environment. Addi-
tionally, they found two signals with a chemical shift anisotropy
A of 10and 20 ppm and Cq, ~ 0, which they assigned to Na ions
close to the Cl dopants or located in the direct vicinity of sodium
vacancies. Here, these additional lines with significantly different
chemical shifts have not been observed in our »Na NMR
measurements on Ca-doped Na;PS,. We should note that at
room temperature, the Na* ions in Na;PS, are expected to be
highly mobile with respect to the NMR frequency scale. Hence,
we believe that it seems to be very unlikely to see such
noncoalesced NMR lines in the presence of rapid Na* motions
in Na;PS, unless a non-negligible fraction of the Na ions does
not participate in overall Na-ion transport. In the present case,
we do not find any evidence for such “trapped” vacancies as
suggested by Feng et al.** Instead, while the low-T *Na MAS
NMR lines labeled 1 and 3 reflect the two regularly occupied Na

1‘42

positions (Nal and Na2) in tetragonal Na;PS,, we think that
signal 2 is simply a coalesced signal revealing slow Na-ion
exchange processes reaching a hopping rate of 2 X 10° s™*
already at —60 °C.

2.2. Na-lon Dynamics as Seen by NMR. The evolution of
the NMR shape and line width, if recorded under static
conditions, is a perfect tool to measure element-specific ion
dynamics. In general, magnetic dipolar and electric quadrupolar
interactions are used to follow their motion-controlled averaging
with increasing temperature. The static **Na NMR lines of
Na;_,,Ca,PS, recorded at —100 °C are shown in Figure Sa. At
this temperature, the overall NMR line width Ay, of the four
different samples was approximately 13 kHz. In Figure Sb, the
evolution of this width [full width at half-maximum (FWHM)]
is plotted as a function of temperature. While the onset of overall
line narrowing is shifted toward higher T for the disordered,
cubic Na,PS, sample (x = 0), the dependence of A, on
temperature for the other samples looks quite similar. For the
cubic sample, A, starts to reach the limit of extreme narrowing
at approximately 400 K. This residual line width is determined
by any nonaveraged interactions and the inhomogeneity of the
external magnetic field B,"

For quadrupolar nuclei with a relatively large quadrupole
moment, such as **Na, the complexity of the line shape adds a
moment of inaccuracy to this fwhm analysis. When coming from
low temperatures, we observe that A, of the series
Na; ,,Ca,PS, reaches a temperature-independent region at
intermediate T, as is indicated by the shaded area in Figure Sb.
While Ay, of the cubic sample already reaches the narrowing
limit, the other samples show a second narrowing step starting
around 350 K that is most pronounced for the Ca-doped
samples. Apparently, the Na ions have access to at least another,
if not multiple, exchange processes, allowing for further
averaging of the residual spin interactions. This peculiar
characteristic can also be observed in **Na NMR spin—lattice
relaxation (see below).
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In Figure 6, the **Na NMR SLR rates T} ' recorded in the so-
called laboratory frame™ are plotted as logio(T1") versus the
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Figure 6. (a) *Na NMR SLR (spin-lattice relaxation) rates 1/T (w,/
27 =79.39 MHz) for tetragonal Na;PS, and the cubic modification that
has been prepared by ball milling and a subsequent soft annealing step.
The latter sample is structurally disordered as evidenced by XRD.
Dashed lines represent Arrhenius fits, and the values indicate activation
energies of this so-called low-T flank. (b) *Na NMR SLR 1/T] rates
recorded under the same conditions as in (a) but for the Ca-bearing
samples, as indicated. At lower temperatures, two rates are found for
Na;_,,Ca,PS, with x = 0.0675 (empty circles, see also Figure 7).

inverse temperature 1/T. Over the temperature range covered,
only the so-called low temperature flanks of the characteristic
T '(1/T) rate peaks are observed for all samples. In this
temperature regime, the mean jump rate 77! of the Na* ions,
which is of the same order of magnitude as the motional
correlation rate 7; ', is lower than the angular Larmor frequency
@o.* In this limit the rate, 1/T, is sensitive to local hopping
processes rather than to long-range ion transport. Dynamic
parameters describing the latter would govern the high-T side of
a given rate peak, for which @,z < 1 holds. In the low-T limit,
the slope is, however, mainly affected by the elementary steps of
ion hopping. As compared to the situation at the peak maximum
(@gz. % 1),"~*® at temperatures well below this maximum, only
a few jumps are detected within the time window, 1/, set by
the NMR experiment, i.e., T; ' is predominantly governed by the
most probable hopping processes. In the case of a heteroge-
neous, disordered potential landscape, Na* exchange between
two minima connected by rather low local barriers belongs to
this group of motional processes. Hence, for a material with
complex ion dynamics, the slope in the limit w,7. >> 1 of a given

T;'(1/T) rate peak is determined by a subset of local exchange
processes including within-site motions as well as (correlated)
forward and backward jumps. The combined influence of
correlation effects and structural disorder may reduce this slope
even further.””*

Starting with the disordered, cubic sample (Figure 6a), we see
a steadily increasing T7 ' rate whose temperature dependence is
characterized by an activation energy E, of 0.182(3) eV. The
NMR SLR rate of tetragonal Na;PS, shows a similar behavior
with slightly higher values for T7'; the slope yields an activation
energy of only 0.14(1) eV (Figure 6). For comparison, Huang et
al.*® calculated barriers of approximately 0.2 eV. As mentioned
before, we have to note that motional correlation effects affect
the slopes in this limit causing a lower slope for the low-T flank
than expected. Hence, the different slopes could reflect the
degree of correlation effects affecting short-range ion dynamics
in Na;PS,. Alternatively, the T;' rates belonging to tetragonal
Na;PS, reveal a kink near 330 K. We cannot exclude that a
superposition of different relaxation processes, that is, faster and
slower ones, leads to such a behavior. Similar shoulders, but
much more pronounced, have also been observed for other Na-
ion conductors.*®**° Nevertheless, for the Ca-bearing samples,
the NMR SLR responses turned out to be quite different.

Beginning with Na, ,;Ca 3PS, (Figure 6b), we observe a
steeper slope of the T7'(1/T) flank resulting in E, = 0.229(2)
eV. Again, less-correlated motions in materials with a larger
number of vacant sites could be responsible for this increase in
slope. In this sense, the activation energy of E, = 0.229(2) eV has
to be interpreted as an apparent value. Most importantly, the
NMR SLR rates of Na, ;;Cag ;35PS, pass through a maximum at
Trmax = 373 K, indicating Na* hopping processes on the local
length (or time) scale that even exceed those present in
tetragonal Na;PS, as no such maximum is seen up to T'= 450 K
for the Ca-free sample. As we will see below, higher activation
energies and higher Arrhenius prefactors, i.e., attempt
frequencies, ensure that such a rate maximum in 1/T) is already
seen for Na, ,;Ca, 13sPS, at 373 K.

The appearance of this rate maximum allows us to directly
determine an average Na* jump rate 1/7(373 K) of 2.0 X 10° s™*
(Figure 7). For comparison, Moon et al. reported T, = 360 K
and E, = 0.346 €V for Na,,;Cay,35PS,.>” Since the diffusion-
induced rate maximum T7'(1/T) of Na, ,3Cag135PS, turns out
to be relatively broad, we cannot exclude that it is a
superposition of several relaxation process running in parallel.
Such a distribution would be in line with the observation of a
stepwise decay of the NMR line width as discussed above for this
sample.

The diffusion-induced T7' NMR SLR rates of the Ca-doped
sample Na, g55Ca675PS, deviate from the responses seen for
the other samples (Figure 6b); it somehow takes an intermediate
position in terms of dynamic parameters seen by NMR. At
temperatures below 0 °C, the underlying magnetization
transients from which the rate T,™' is extracted exhibit a
double-exponential behavior leading to two rates T, and
T gow - While T ¢ ~" coincides with T, ™" of Na, ;3Cag35PS,,
the rates T go,, ' follow an Arrhenius line that is characterized
by E, = 0.270(2) eV (Figure 6b). Obviously, only a part of the
Na ions in Na,gCage7sPS, have access to a fast diffusion
process, and the other part determines the rate peak which
finally appears at T,,,, = 417 K; see Figure 7. The more the rate
peak is shifted toward higher T, the slower the diffusivity of the
sample at temperatures lower than Tj,,.
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Figure 7. Magnification of the *Na SLR rates of Na,_,,Ca,PS, shown
in Figure 6b. Dashed lines show Arrhenius fits; the solid line serves as a
guide to the eye. The rates belonging to Na, ;;Cay ;35PS, pass through a
maximum at 373 K, from which a mean jump rate 2.0 X 10° s™* can be
directly determined. The NMR SLR response of Na, g45Cag 675PS4
turned out to be more complex as two SLR rates need to be taken into
account to fully describe longitudinal recovery of the magnetization.
See the text for further explanation.

To see whether the differences in local ion dynamics have an
impact on long-range ion transport, the samples have been
investigated by electrical measurements. In the following
section, we used both (i) conductivity spectroscopy and (ii)
electric modulus spectroscopy to characterize the overall electric
transport in NayPS,. Polarization measurements in the (true)
direct current (dc) mode helped us to estimate the upper limit of
electronic contributions to the overall (or total) electric
conductivity.

2.3.lon Dynamics on a Long-Range Scale. To shed light
on the macroscopic transport properties of Na;_,,Ca,PS,, we
investigated the samples by alternating current (ac) conductivity
spectroscopy. In Figure 8, the real part of the complex
conductivity ¢’ of tetragonal Na;PS, and Ca-bearing
Na,;_,,Ca,PS, (x = 0.135) is shown as a function of frequency

v for temperatures ranging from —120 °C up to 180 °C. The
isotherms of the other two samples are shown in Figure S1a. We
identify the classical three regimes governing the isotherms. The
polarization regime at low frequencies (I) passes into the
frequency-independent conductivity plateau (1I) that is finally
discharged into the so-called dispersive part (III) characterizing
localized electric fluctuations.

Reading off the conductivities in region II leads us to the
Arrhenius plot where ¢'T is plotted vs 1/T; see below. At this
point, we cannot exclude that ¢’ referring to region II is,
however, additionally affected by grain boundary resistances,
that is, representing the overall (ionic) conductivity. As we will
show below, the electronic conductivity o,,, turned out to be
much lower. In general, in solid oxide electrolytes, typically the
grain boundary resistance significantly decreases the overall
ionic conductivity. This effect is less pronounced in sulfides;
however, also these softer-textured materials show differences in
ionic transport in the bulk and grain boundary regions.”" Even
here, the contribution of different processes in Na;PS, can be
shown in a number of aspects.

To test to which extent grain boundary contributions affect
region II, we included the electric modulus M”(v) peaks in
Figure 8. The amplitude of a given M" peak is inversely
proportional to the capacitance C and is thereby especially
sensitive to bulk phenomena.52 Here, for the tetragonal sample
(see Figure 8), it can be clearly seen that the position of the peak
on the frequency scale does not coincide with the well-resolved
o’ -plateaus (IL.). The same shift is seen for the disordered cubic
sample as well as for the sample with x = 0.0675 (see Supporting
Information, Figure S1). Hence, we conclude that apart from
dynamic processes contributing to region II, the processes
taking place in the bulk regions exclusively determine the M" (v/)
peaks.

This view is fully supported by the fact that ¢'(v) of
Na, ;3Cay35PS,, see Figure 8b, reveals a stepwise increase of ¢’
clearly leading to two plateau regions labeled A and B, and
leading to two distinct conductivity values (see below). The
main modulus peak points to region B. In the other samples,
these regions (A and B) are merged such that a separation is no
longer possible. However, double-logarithmic plots of M"(v)
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Figure 8. Conductivity isotherms ¢’(v) showing the real part of the conductivity of Na;_,,Ca,PS, [(a) x = 0 and (b) x = 0.135] as a function of
frequency v. Isotherms were recorded from —120 to 180 °C in steps of 20 K. On the right axis, the imaginary part of the electric modulus M” is plotted
vs v. The modulus peaks shown are sensitive to electrical fluctuations in the bulk regions. At higher T, the peaks are outside the frequency region of our
setup. Only for Na, ;3Cag35PS,, a clear separation of two contributions is seen in ¢’ (V). See the text for further details.
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Figure 9. (a) Arrhenius plot showing the dependence of 6'T as a function of the inverse temperature of the Na,_,,Ca,PS, samples; see key. Dashed
lines refer to linear fits; activation energies E, , are indicated. For Na, ;3Cay ;35PS,, two values per temperature are included as the associated isotherms
o’ (v) show two plateau regions, A (¢) and B (X). (b) Temperature dependence of the hopping rate v,,,, is shown, as derived from the electric modulus
peaks displayed in Figure 8. (c) Top: variation of the charge carrier concentration N, shown as N a* with a being the mean hopping distance. Bottom:
temperature dependency of the conductivity 6’ read off at v, i.e., at the location of the M” peaks on the frequency scale. Dashed and solid lines are
linear fits yielding the activation energies indicated. (d) Summary of the dynamic parameters from our electrical analysis: E, , denotes the activation
energy from 6’ T(1/T) (regions IT and A) and E,; refers to the activation energy as deduced from the electric modulus M” peak analysis; v, is the
effective attempt frequency and 6, denotes the Arrhenius prefactor of 6'T(1/T). The dashed lines serve as guides to the eye.

clearly show two contributions to the overall shape of M"(v),
that is, reflecting the two-step increase seen for ¢’(v); see
Supporting Information, Figure S2. While these two modulus
peaks are separated by at least 2 orders of magnitude on the
frequency axis, the corresponding ¢’ values differ by only 1 order
of magnitude, as is illustrated in Figure 8b. Obviously, the
effective charge carrier concentration N, to which ¢’ is
proportional, is different for the two processes.

The fact that region II is composed of several processes is
further underpinned by the fact that regions II and III cannot be
well approximated with a single Jonscher-type power law.”’
Here, we analyzed the dispersive garts of the isotherms with
power laws of the following form.’

P

v

(V) =0c'(v—>0) x|l +|—
i (1)
p represents the power law exponent and vy is the so-called
crossover frequency connecting region II, with region IIL

Reasonable fits are only possible for the Ca-bearing
Na, ;3Cay35PS, sample yielding exponents p ranging from 0.7
to 0.8. These values point to 3D charge transport™ as also
suggested by others for Na;PS,.*""*>** For the other samples, the
seemingly lower exponents when parametrizing the complete
isotherms result from a depressed slope originating from
“hidden” type-II plateaus in the dispersive regions.

Finally, by analyzing the impedance data within the frame of
the Nyquist plots, the overall response can only be understood as
a combination of at least two depressed semicircles; see
Supporting Information, Figure S3a. As an example, para-
metrizing the Nyquist location curve of the disordered, cubic
Na;PS, sample with two circuit elements results in electric
capacitances ranging from 24 to 800 pF. These values clearly
show that region II comprises both bulk properties (24 pF) and
ion—b}socking contributions from grain boundary regions (>800
pF).”

In summary, considering the features seen from the modulus
peaks, the shape and characteristics of the dispersive regions
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(III) as well as the Nyquist analysis, we believe that several
dynamic processes are needed to describe the full responses in
both Ca-free and Ca-bearing Na;PS,. Only for Na, ;;Cay35PS,
are these processes distinctly seen even in the o'(v)
representation; see Figure 8b. Most likely, resistive grain
boundary regions lead to an additional drop of the isotherms
6’'(v) in the low-frequency region.

Before discussing the sample-specific ¢'T values deduced
from region II as a function of temperature, we need to
determine the contribution of any electronic charge carriers, i.e.,
other than ionic species, to the total conductivity. For this
purpose, we carried out chronoamperometric polarization
experiments.”>” After polarizing the Na,,;Cay35PS, sample
for t = 45 h at a potential of U = 0.1 V, the current I reached a
final value of 98 pA, see Figure S4 in the Supporting Information.
This value translates into a specific electronic conductivity o,,,
of 83 X 107" S cm™". Compared to ¢’ = 1.36 X 107> S cm™
(region II), this value is 6 orders of magnitude lower than the
total conductivity leading to a transference number ty,* of almost
1 (0.999994). Accordingly, the electronic contribution to the
total electric response in Na;_,,Ca,PS, is negligible here.

To determine activation energies that characterize ion
transport in Na;PS,, we analyzed ¢'T from region II as well as
determined the characteristic electric relaxation frequencies
from the modulus peaks M” (). Assuming

2,0

kg T (2)

6'T =0,(1/T — 0)exp

with kg being Boltzmann’s constant, ¢'T is expected to follow a
linear behavior when plotted as a function of 1/T. The
corresponding Arrhenius lines for Na;_,,Ca,PS, are shown in
Figure 9a.

While the disordered, cubic phase prepared through milling
and the soft annealing step shows the lowest (total) conductivity
in our series, the tetragonal, undoped phase reveals the highest
ionic conductivity at room temperature. However, at temper-
atures higher than 120 °C, the ionic conductivity of the Ca-
doped samples exceeds that of undoped, tetragonal Na;PS,. This
behavior mirrors the mutual influence of activation energies E,
and Arrhenius prefactors ¢, on ionic transport over such a large
temperature range. As mentioned above, for cubic
Na, ;3Cay135PS,, two distinct 6'T values are obtained referring
to regions A and B. The values of B, corresponding to lattice ion
dynamics, are at least 1 order of magnitude higher than those
belonging to A and, thus, they are comparable to that from
region II of Ca-free tetragonal Na,PS, at low temperature (see
cross symbols in Figure 9a).

To extract information on pure bulk ionic conductivities also
for the other samples, we used the characteristic frequency v,
of the main peak of M” to read off 6’ (1/,,,), which we analyzed in
the frame of an Arrhenius plot; see Figure 9c. As expected, 6’ T of
tetragonal Na;PS,, is even higher than ¢'T of region B, revealing
the superior properties of this sample in terms of bulk ion
conductivity. Only at high temperatures, 6'T belonging to
region B of the isotherms of Na,,;Cag35PS, will substantially
exceed ¢'T of the tetragonal sample (see Figure S3b). Both a
higher value of E,, ,(V;na) (0.39 eV vs 0.34 eV) and a larger
prefactor o, cause this behavior. Moreover, the activation
energies derived from the bulk regions (see Figure 9c) are
slightly lower compared to that describing the total conductivity,
cf. Figure 9a. This finding points to facile ion diffusion within the

crystallite regions and an ion-blocking character of the grain
boundary zones, which lead to a lower total conductivity.

In addition to investigating o’T (regions II and A) and
0’ (Upax) T, we directly looked at the temperature dependence of
the modulus peak frequencies v,,,,, see Figure 9b, to understand
the bulk ion dynamics further. For v, we again assume
Arrhenius behavior

En
Vpox = LeXp——
Uy i considered to be on the same order of magnitude as the
hopping rate of the mobile ions vy. Since it is a temperature-
activated property, it is associated with an effective attempt
frequency v, and an activation energy E,; related to charge
carrier migration. As is shown in Figure 9b, in principle, the same
trend as for ¢'T is obtained. Again, at sufficiently high
temperatures, the higher activation energy of Na,,3;Cay35PS,
(0.38 eV) combined with a higher prefactor v, (see Figure 9d)
will lead to electrical relaxation frequencies clearly exceeding
those of tetragonal Na;PS,. In agreement with the trend seen for
o'T, increasing disorder in cubic NajPS, seems to be less
favorable for ion migration as the sample prepared by milling
and annealing at 250 °C has to be characterized by the lowest
conductivities.

Besides the activation energy and the Arrhenius prefactor,58
another crucial parameter determining ionic transport is the
charge carrier concentration N, Combining the Nernst—
Einstein equation,” relating the ionic mobility with the diffusion
coefficient and N_, with the Einstein—Smoluchowski rela-
tion®”®" describing the diffusion coeficient by means of the
jump distance a and the jump rate 14y, we obtain the following
expression. Strictly speaking, this expression is only valid for the
dilute regime of charge carriers with no strong correlation effects

kT o' (y
I\TCXIZZ:BTX (max)
ey Vn (4)

Here, ¢ is the elemental charge, and y is a geometrical factor
related to the dimensionality of the diffusion process. The
product of N, with the hopping distance squared a” is shown on
top of Figure 9c. Since N, & ¢’ /vy, this parameter depends on
temperature if the difference between total and migration
activation energy, so-called activation energy for charge carrier

creation, E. =E, ) — Ey # 0. As mentioned above,

E, /() means here that it refers to the 6 (Vo) T(1/T)

isotherms. We find that the cubic, disordered sample and the
cubic-appearing Na, ,3Cag 135PS, show a weak change of N with
temperature: E_ is given by approximately 0.014 eV, which is
similar to that of other compounds such as glasses.”” For the
samples with tetragonal symmetry, E_ does not change much and
amounts to 0.02 eV. In crystalline samples, such a temperature-
dependent charge carrier concentration is usually related to the
existence of “trapped” ions.”®” In Figure S3b, we analyzed N of
region II, which is not only affected by bulk but also by the
influence of grain boundary effects. Although fraught with
difficulties, one might speculate that especially for the sample
with a higher amount of Na vacancies (x = 0.135), a situation
with fewer trapped Na ions is created. Indeed, N.a* of
Na, 3Cag135PS,, which corresponds to region A, shows a rather
temperature-independent behavior.

Moon et al.*® addressed the aspect of mobile and trapped ions
by calculating mean square distances of the mobile Na ion by
molecular dynamics simulations. They found the role of dopant
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ions to be secondary as a Na-deficient phase of Na, g,sPS,
showed higher mean-square displacement values compared to a
Ca-doped structure with the same vacancy concentration.
Indeed, as we even see rather high hopping rates, vy, for
tetragonal Na;PS,, the vacancy concentration cannot be the only
crucial parameter. We need to consider structure and
crystallinity as a result of processing conditions equally as
influential regarding the ion-hopping processes in Na;PS,.

In Figure 9d, we summarized the various activation energies
and prefactors for the different samples studied. A complete
summary of all fitting parameters from Figure 9 can be found in
Tables S1 and S2. The superiority of tetragonal Na;PS, over the
other samples at ambient temperature lies in the very low
activation energies for both total conductivity 6’ T and electrical
relaxation frequency vyy. Higher activation energies seen for
cubic, disordered Na;PS, are most likely a consequence from
remaining defects and strain introduced by ball milling, which
were not removed by the annealing step at 250 °C.*”

The prefactors v, and especially o, of tetragonal Na;PS,
turned out to be lower than those found for samples with dopant
levels ¥ > 0. By comparing tetragonal Na;PS, with
Na, ,3Cag135PS,, we see that o, has decreased by 2 orders of
magnitude. This decrease is in line with the so-called Meyer-
Neldel rule®* predicting that lower prefactors are associated with
lower activation energies.

Interestingly, the relatively high activation energies probed for
the Ca-doped samples (Figure 9d) were also observed by Moon
et al.”® According to our 144 analysis, we believe that the high
prefactors o, of these samples do not result from higher charge
carrier concentrations but to increased attempt frequencies v,
since the two vary in a rather similar way from sample to sample;
see Figure 9d. Altogether, higher activation energies and larger
prefactors are both quantities responsible for the superior
performance of the Ca-doped Na;_,,Ca,PS, samples at elevated
temperatures.

Finally, in order to find out whether the *Na NMR SLR rates
of Na, ;;Ca ;35PS, detect the same dynamic process as seen by
electric measurements, we compared the NMR jump rate of 1/
7(373 K) = 2.0 X 10° s™" with that of v;;(1/T) from impedance
spectroscopy after an extrapolation to 373 K. Such an
extrapolation yields 3.1 X 10° s, which is a factor of less than
2 in perfect agreement with 1/7(373 K). This striking agreement
emphasizes that the rate peak in NMR does in fact mirror the ion
dynamics of the overall bulk, although the activation energies of
the two methods are affected by further length-scale-dependent
parameters (see above). As mentioned above, in the low-T
range, E, of NMR SLR is likely to be influenced by correlation
effects yielding apparent values that are lower than expected.
Unless the high-T flank of a given NMR SLR peak is accessible,
only at the rate maximum, an almost model-independent access
to jump rates (and diffusion coefficients) is given.

The motional exchange rate, which has been deduced by **Na
MAS NMR (see above, 1/7,, =~ 2 X 10° s™! for x = 0.135)
underestimates Na* diffusivity, as v,,,, would suggest rates as
high as 10° s at —60 °C for Na, 565Cag 0675PS4 (Figure 9b). We
conclude that also jump processes between (magnetically)
equivalent sites, most likely using interstitial positions,
contribute to overall ion dynamics in Na;_,,Ca,PS, to a non-
negligible extent. On the other hand, we believe that also
localized (unsuccessful) forward—backward jump processes
affect v, Such events would hardly manifest as a coalesced line
in NMR.

3. CONCLUSIONS

To evaluate the effects of doping and processing conditions on
local structure and ion dynamics in sodium thiophosphate
Na,PS,, we synthesized Na,_,,Ca,PS, with different Ca®*
dopant levels. Most importantly, even for the Ca-rich sample
(x = 0.135) showing cubic XRD characteristics, low-temper-
ature **Na magic angle spinning NMR revealed two Na sites,
which are expected for a tetragonal geometry. Hence, on the
local, that is, the angstrom scale, tetragonal symmetry is directly
probed. A third, Gaussian-shaped NMR line shows exchange
processes between the two regularly occupied Na sites. This line
points to Na* exchange rates with values in the kilohertz range
already activated at —60 °C. Electric modulus data does reveal
even faster dynamic processes, clearly positioning Na;PS, as an
extremely fast ion conductor.

Tetragonal Na;PS, turned out to be a fast ion conductor with
a lower conductivity activation energy than those probed for the
Ca-bearing samples. The activation energies both for local and
(macroscopic) long-range transport in tetragonal Na;PS, are
even lower than those in the defect-rich cubic sample. However,
at higher T, the conductivity of tetragonal Na;PS, suffers from a
lower Arrhenius prefactor. For the disordered cubic sample, we
found that the lower crystallinity, resulting from the lower
annealing temperature to retain the cubic phase, is detrimental
for ionic transport and highlights the importance of processing
conditions for the performance of Na;PS, as an ionic conductor.

Interestingly, the incorporation of Ca** ions leads to an
increase rather than a decrease in activation energies seen by
both NMR and electrical measurements, that is, on a wide time
and length scale. In particular, we observe a diffusion-induced
NMR relaxation rate maximum for Na,,;Cay 35PS, revealing
rather fast Na* exchange processes on the angstrom length scale.
These processes might be even faster than those in tetragonal
Na;PS,, where the peak maximum could not be reached up to
450 K.

Relatively high activation energies combined with larger
Arrhenius prefactors and attempt frequencies will cause the
overall ionic conductivity of vacancy-rich Na,,;Ca,;35PS, to
exceed that of the tetragonal sample at temperatures higher than
350 K. Hence, processing conditions and substitution strategies,
as exemplarily studied in the case of Ca doping, will affect a range
of length-scale dynamic parameters including the Arrhenius
prefactor, in particular. We were able to show that Ca-doping in
Na;_,,Ca,PS, leads to an increase of the Arrhenius prefactors.
The energy barriers for ionic transport are, however, also
critically influenced by the processing steps such as the
annealing temperature affecting local structure and the overall
degree of crystallinity. It turned out that Ca-bearing
Na, 73Cay 35PS, with local tetragonal symmetry will outperform
tetragonal Na;PS, only at elevated T. This fact along with higher
attempt frequencies and disorder effects introduced by the
doping makes Na,,;Cag3sPS; a promising candidate as Na-
conducting material.

To conclude, we were able to show that Ca doping in
Na;_,,Ca,PS, strongly increases prefactors for the diffusional
processes, but the energy barriers are also critically influenced by
the processing steps like the annealing temperature and the
resulting structure and degree of crystallinity. It is crucial to
understand all steps along the chain to really tune ionic
conductivity in Na3PS, structures. Our study will help in better
designing future-related Na-solid electrolyte materials.
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4. EXPERIMENT

4.1. Preparation of the Samples. For the solid-state
synthesis, stoichiometric amounts of Na,S (Alfa Aesar, no
specification on purity), P,S (Sigma-Aldrich, 99%), and Ca$S
(aber, 99.9%) were used. For undoped Na;PS,, no CaS was
used; for the doped samples, the, respective, amount of CaS
(0.0675 and 0.135 mol equ.) was used on the expense of Na,S.
The powder was mixed in a zirconia beaker (volume of 45 mL)
together with 180 ZrO, balls (5 mm diameter) and milled for 20
h at 400 rpm. Three grams of precursor material were used, so
the ball-to-powder ratio was 11:1. The resulting powder was
pelletized in S mm tablets and fire-sealed in Duran glass (for heat
treatment below 500 °C) or quartz glass tubes. For cubic
Na;PS,, the samples were heated to 250 °C (heating rate 50 K/
h) and annealed for 12 h, followed by natural cooling. For the
tetragonal and the Ca-doped samples, the heat treatment was
conducted at 700 °C (heating rate 300 K/h) for 12 h, again
followed by natural cooling. All steps were carried out under
exclusion of air and moisture.

4.2. X-ray Powder Diffraction. Powder diffractograms
were measured using a Rigaku MiniFlex X-ray diffractometer
equipped with a Cu X-ray tube with Ag,;, = 1.54059 A and a D/
teX Ultra silicon strip detector. The measurements covered a 20
range staring from 10° to 60°. The scanning speed was 0.1°/s.
We used an airtight sample holder by Rigaku for the
measurements.

4.3. MAS Nuclear Magnetic Resonance. For enhanced
resolution, »*Na spectra of selected samples were measured at an
ultrahigh field of 19.9 T corresponding to a Larmor frequency
for Na of v, = 224.88 MHz. All spectra were referenced to the
»Na signal of NaCl (0 ppm). Spectra were recorded at four
different temperatures reaching as low as —60 °C to improve
resolution of the Na lines of Na;PS,. The spectra were fitted with
TopSpin 4.1.4 using the software package “sola”. The *'P spectra
were recorded at a magnetic field of 14 T corresponding to a
Larmor frequency of 242.9 MHz. The spectra were referenced to
1 M H;PO, using BPO, as a secondary reference with the
isotropic NMR chemical shift 6 at —29.6 ppm.

4.4. NMR SLR Measurements. All samples were fire-sealed
in quartz glass tubes under dynamic vacuum to permanently
protect them from air or moisture. Measurements were
performed with a Bruker Avance III spectrometer that is
connected to cryomagnet (Bruker) with a nominal magnetic
field of 7.05 T, which corresponds to a **Na Larmor frequency of
79.39 MHz. We used a commercial Bruker probe with a sample
chamber made of Teflon and performed variable-temperature
NMR measurements within the temperature limitations of the
probe, that is, from —100 °C up to 180 °C. NMR SLR rates in
the laboratory frame (1/T,) were determined by the well-known
saturation recovery pulse sequence.’” The lengths for 7/2 pulses
ranged from 2.4 to 5.0 s at power levels of 140—200 W. The
magnetization transients were fitted by stretched exponential
functions. For the sample with a Ca content of x = 0.0675, a
double-exponential behavior was found at temperatures below
10 °C. The logarithm of the rates 1/ T was plotted vs the inverse
temperature 1/T to construct an Arrhenius plot. Activation
energies were derived from the accessible low-T flanks of the
NMR SLR rate peaks.

4.5. Conductivity Spectroscopy. For the impedance
analysis, the annealed polycrystalline samples were ground in a
mortar and then uniaxially cold pressed into pellets of 5 mm
diameter with a thickness in the range of 1 mm. The exact height

of each sample was determined after the measurement by a
micrometer dial gauge with an accuracy of 0.01 mm. The
geometry of each pellet was used to calculate and consider the
cell stray plus spacer capacities in the impedance data. Both sides
of the pellets were sputtered with ion-blocking layers of gold
(50—100 nm). We recorded complex impedance data in a
frequency range from 10 mHz to 10 MHz. A temperature
window from —120 to 180 °C was covered with a set of
measurements every 20 K. The measurement device was a
Novocontrol Concept 80 broadband analyzer that is operated in
combination with a QUATRO cryosystem to precisely control
the temperature inside the sample chamber. During the
mounting procedure of the sample in the active cell, the sample
was exposed to air for a few seconds. During the measurement,
the sample is excluded from any reaction with air or moisture
because the sample is placed in a constant stream of freshly
evaporated N,.

4.6. Potentiostatic Polarization Measurements. For the
Ca-doped sample with x = 0.135, the same pellet used for
impedance spectroscopy was studied to determine the electronic
conductivity by using a Versa STAT3 potentiostat with a so-
called low current interface. We applied a potential U of 0.1 V
and left the sample to polarize for a duration t of 45 h until a
plateau of the final current signal I(t - o0) was reached.
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