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Abstract

Highly conductive solid electrolytes are fundamental for all solid-state batteries with low inner
cell resistance. Such fast solid electrolytes are often found by systematic substitution
experiments in which one atom is exchanged for another and corresponding changes in ionic
transport are monitored. With this strategy compositions with the most promising transport
properties can be identified fast and reliably. However, the substitution of one element does not
only influence the crystal structure and diffusion channel size (static), but also the underlying
bonding interactions and with it the vibrational properties of the lattice (dynamic). Since both
static and dynamic properties influence the diffusion process, simple one-dimensional
substitution series only provide limited insights on the importance of changes in structure and
lattice dynamics for the transport properties. To overcome these limitations, we make use of a
two-dimensional substitution approach, investigating and comparing the four single
substitution series NazP1-.Sb.Ss4, NasPi-SbiSes, NazPS4-,Se, and Na3SbS4.,Se,. Specifically,

we find that the diffusion channel size represented by the distance between S/Se ions cannot



explain the observed changes of activation barriers throughout the whole substitution system.
Melting temperatures and the herein newly defined anharmonic bulk modulus - as descriptors
for bonding interactions and corresponding lattice dynamics - correlate well with the activation
barriers, highlighting the relevance of lattice softness for the ion transport in this class of fast

1on conductors.

1. Introduction

All-solid-state batteries are investigated as a next generation energy storage technology,
replacing the nowadays used secondary cells that employ a liquid electrolyte. The replacement
of the liquid with a solid electrolyte is predicted to enable the implementation of metal anodes,
boosting the energy density and improving operation safety by removing the flammable
electrolyte.!? To lower the inner cell resistance, solid electrolytes with a high ionic conductivity
are necessary. This need for highly conductive electrolytes has led to the discovery of Li* and
Na" solid electrolytes with ionic conductivities which surpass those of commonly used liquid
electrolytes at and below room temperature.>® In addition to the strive for high ionic
conductivities to enable technological advancements, much basic research has targeted a deeper
understanding of ionic conduction processes of such Li* and Na® based materials. The
macroscopic activation barrier is defined by the Arrhenius like temperature dependence of the
ionic conductivity and for many fast ion conducting materials it is used as an approximate for
the migration enthalpy, i.e. the energetic needs for the ionic jump from one lattice site to an
adjacent vacant one.” Consequently, the macroscopic activation barrier is a frequently used

metric study transport properties of solid ion conductors.®1°

Various guidelines for the impact of the crystal structure on the macroscopic activation barrier
and with it the ionic transport have been derived.”!! Fundamentally, a good connectivity has
to exist between the coordination polyhedra of the mobile ion.”-!2 The connection between these
coordination polyhedra further determines the activation barrier height. Edge-sharing polyhedra
are less favorable for ion transport than face sharing polyhedra, since the diffusion bottleneck
is generally smaller in the former, and the coordination environment of the mobile ion
undergoes more changes during the jump process.”!? The diffusion bottleneck of one polyhedra
connection type can be tailored by substituting larger atoms into the structure, which generally
results in a decrease of the activation barrier (compare Figure 1), due to a widening of the

diffusion bottleneck.”!*!* These effects can be summarized under the term of static influences.



Besides static effects, the vibrational characteristics of the crystal lattice, i.e. dynamic influences
have also been suggested to impact the transport properties.'"'> These influences have been

16-18 and have recently drawn increased research focus in materials relevant

studied for decades
for solid-state batteries.!>!-2! In a simple strain-energy derived relation, an ionic jump happens,
as soon as the mobile ion is displaced from a stable lattice site beyond a specific threshold and
the activation energy should then correspond to the strain energy for this displacement, as
shown in Figure 1.22 Therefore, by altering the bonding interactions and with it the potential
wells around the migrating ion, the activation barrier can be tuned.”® This is usually achieved
by substitutions of the immobile ion framework. Following the paradigm of “the softer the
better” the introduction of ions with higher polarizability leads to a weakening of bonding
interactions, softer lattice vibrations and consequently flatter energy landscapes, which
ultimately result in lower activation barriers. Indeed, for many sulfide based materials lower

d?®23-24 and overall the

activation barriers compared to those of the harder oxides can be foun
strength of the bonding interaction between the mobile ion and its framework seems to be

paramount. %23
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Figure 1: Schematic representations for static and dynamic influences on the activation barrier
E.. Static influence: For a successful ion jump the host lattice needs to distort and generate
space for the mobile ion to jump through. This distortion comes at an energetic cost. When the



diffusion bottleneck is wider, less distortion is necessary and hence lower activation barriers
are found. Dynamic influence: considering a strain-energy derived model, the activation
barrier can be lowered by lattice softening. In a rigid lattice the mobile ion is held close to its
equilibrium position. In a soft lattice the mobile ion vibrates in a flatter potential well and can
be displaced further away from its equilibrium position. In substitution series both effects are
present. 2D substitution series are a helpful method to investigate if one of the effects is
dominating over the other. A schematic of such a 2D substitution series, presented in this work,
is shown at the bottom. Small dots correspond to intermediate compositions of the substitution
series.

Static and dynamic influences on the activation barrier have been commonly investigated in
substitution series forming full solid solutions, where correlations between changing crystal
structure or lattice softness and the altered activation barrier have been found for various
material systems.?®?” By nature however, isovalent substitution leads to simultaneous changes
of the crystal structure and lattice dynamics and in turn a simultaneous change of static and
dynamic influences occurs. This inevitable convolution and concurrent change of both
quantities makes it nearly impossible to decide to which extend the observed activation barrier
changes are caused by a static or dynamic effect. In addition, other fundamental factors may be

completely overshadowed by incomplete descriptors for the observed activation barrier

changes, potentially resulting in misleading and ineffective design guidelines.

To overcome the shortcomings of single substitution series, a “two-dimensional” (2D)
substitution approach as schematically shown in Figure 1 is used to combine investigations of
four substitution series within one structure family, which makes it possible to identify
descriptors which can explain activation barrier changes for one structure family and are not
only valid for one single substitution series. This was demonstrated in the case of the
LisGe1-xSn,Ss-,Se, system, where the comparison of four substitution series lead to a deeper
understanding on structural changes with composition and the existence of an optimal Li*

coordination polyhedral volume for ionic conductivity was found.?®

In the presented study, we investigated the NazP;-.Sb.Ss—Se, system to gain a better
understanding of how dynamic and static changes influence the activation barrier and if one
factor is dominating in this class of materials. Materials with the Na;PnChs (Pn =P, Sb; Ch =
S, Se) structure have been continuously investigated for possible application in batteries?>!
and very recently record high ionic conductivities of up to 40 mS/cm were reported for W-
doped Na3SbS4.%32 Even more important, the NazPnChs system is a perfect candidate for a 2D

substitution approach, since the building blocks of the structure — the immobile polyanionic



backbone — as well as the distribution of Na' positions barely change throughout the
investigated material system.?03%31-33 In other words, no major changes of the transport-
mechanism (near room temperature) are expected and therefore, the observed changes of the
activation barrier can be addressed to changes of static and dynamic influences. In this work,
the investigation of structural changes was carried out by X-ray diffraction and subsequent
Rietveld refinements. The dynamical properties were characterized by means of melting
temperatures and the herein newly defined anharmonic weighted bulk modulus, which can be
obtained from temperature-dependent X-ray diffraction. While the static descriptors were found
to be insufficient to explain activation barrier changes, the altered dynamic properties were
identified as the main driving force. Overall, the approach of “two-dimensional substitutions”
is a steppingstone for better understanding the convoluted influences on ionic transport in

superionic conductors.

2. Experimental Section

Experimental details for the substitution Series Na3PS4-,Se,. All crystallographic data and
transport information of the substitution series Na3PSs,Se, were taken from ref 2°. All
information for sample preparation, X-ray diffraction and impedance measurement details can
be found there. Experimental details for the three remaining substitution series NazP1-.SbySa,
NazP1-,Sb,Ses and Na3SbSs-,Se, are described below.

Synthesis. All sample preparations were carried out in an Ar filled glove box (MBraun). For
reaction, samples were placed in quartz ampoules that were dried under dynamic vacuum at
800 °C for 2h to remove all traces of water. The precursor materials Na;Se and SboSes were
synthesized beforehand for further use. Na>Se was prepared via a gas phase reaction as reported
elsewhere using elemental Na and Se.?’ For the Sb,S3 synthesis elemental Sb (99.999% trace
metals basis, ChemPur) and S (99.999% trace metals basis, Acros Organics) were mixed in an
agate mortar for 10 minutes, pelletized and sealed in an ampule under vacuum. For the reaction
the following temperature profile was applied. Heating to 650 °C (rate 100 °C/h) dwelled for
20 minutes, then cooled down to 520 °C (rate 20 °C/h) and held for 24 hours.® The obtained
product was ground into a powder for further use.

The substitution series Na3P1-xSb.S4, NaszP1-,.Sb,Ses and NazSbSs-,Se, were prepared by solid
state ampoule synthesis. As far as possible, binary salts were used for the synthesis. Elemental
precursors were used in the case of unavailability of the binaries or to balance reaction
equations. For Na3P1-.Sb.Ss the precursors were Na,S (Sigma-Aldrich), P>S5(99%, Sigma-
Aldrich), Sb (99.999% trace metals basis, ChemPur) and S (99.999% trace metals basis, Acros



Organics). For Na3Pi—SbiSes the precursors were NaxSe, P (99.995% trace metals basis,
ChemPur), Sb and Se (99.5% trace metal basis, Alfa Aesar) and for Na3SbSs-,Se, the precursors
NasS, NasSe, SbaSs, Sb, S and Se were used. The precursors were mixed in stoichiometric ratios
and hand ground in an agate mortar for 20 minutes. The obtained powders were pelletized,
loaded into quartz ampoules (12 mm inner diameter) and sealed under vacuum. The reaction
was carried out at 500 °C for 20 h (heating ramp of 30 °C / hour). After the reaction, the
ampoules were opened in a glove box and the obtained pellets were ground into powders for
further use.

Laboratory X-Ray Diffraction. Powder X-ray diffraction patterns were recorded using a
PANalytical Empyrean powder diffractometer in a Bragg-Brentano 6-0 geometry with Cu Ka
radiation (A1 = 1.5405980 A; A, = 1.5444260 A; 1(12)/1(A1) = 0.5) and a PIXcel detector. A 20
range of 10 — 90° with a step size of 0.026° and an irradiation time of 200 s per step was used.
Powder samples were placed on a (911)-oriented silicon zero background disc and sealed with
a Kapton® polyimide film (7.5 pm) in an airtight sample holder for the measurement.
Synchrotron X-Ray Diffraction. Synchrotron X-ray diffraction was measured at the 111
beamline at Diamond Light Source (Oxfordshire, UK). Powder samples of Na3PS4, Na3SbSa,
NazPses and Na3SbSes were sealed in borosilicate capillaries under argon atmosphere. The
diameter of the capillaries was 0.5 mm for sulfide- and 0.3 mm for the selenide-based samples.
The capillaries were mounted on a sample spinner for the measurements, which were carried
out in a 26 range of 0° to 150° with a step size of 0.005° and a total irradiation time of 30
minutes per measurement. Monochromatic X-rays with a wavelength of 0.826497 A were used.
Diffraction patterns were recorded using multi-analyzing crystal (MAC) detectors at
temperatures in the range from 100 to 300 K in 50 K steps, using the Cryostream Plus to adjust
the temperature.

Rietveld-Refinements. Rietveld-refinements were carried out using the TOPAS V6 Academic
software package (Coelho Software, Brisbane, Australia).>* For diffraction patterns collected
on the laboratory diffractometer data recorded for 26 angles lower than 22° were excluded in
the refinement, due to the high background caused by the Kapton® polyimide film.2° The
background was modelled with a Chebyshev polynomial function using 30 free coefficients.
The reflection shape was described by a Thomson-Cox-Hastings pseudo-Voigt function and
reflection asymmetry was considered using a simple axial model. For the synchrotron
diffraction patterns refinements were carried out between 7 and 50 © for NazPS4, NazSbS4 and
NazSbSes and between 7 and 47° for NazPSes. The background was described by manually

placed and fixed background points. A Pearson type VII function was used for the reflection



shape description and a simple axial model for the reflection asymmetry. The parameters for
all diffractograms were refined in the following order: (1) The scale factor, lattice parameters
and sample height displacements. (2) The reflection profile and (3) the reflection asymmetry.
Once a good profile fit was obtained, the structural parameters were refined: (4) Atomic
coordinates, (5) isotropic thermal displacement parameters, (6) occupancies of the P, Sb and S,
Se ions, respectively. Eventually all parameters were refined simultaneously, to ensure the
stability of the refined values.

Electrochemical Impedance Spectroscopy (EIS). AC impedance spectroscopy was used to
determine electrical conductivities using an SP-300 impedance analyzer (Bio-Logic Science
instruments Ltd.). Measurements of the three substitution series Na3P1-xSb.S4, Na3P1-.Sb.Se4
and Na3SbSs-,Se, were performed in a temperature range of 253-333 K in steps of 10 K with
an intermediate step at 297 K and 1 h equilibration time per temperature, utilizing a sinusoidal
excitation voltage signal at frequencies of 7 MHz to 100 mHz with an amplitude (V) of 10 mV.
For the measurements, powder samples were pelletized and pressed isostatically at 400 MPa
vessel pressure. Electrical contact to the pellets was ensured by thermally evaporated Au-
electrodes (200 nm thickness on each pellet side). The gold electrodes were contacted with
aluminum current collectors and the pellets were sealed in pouch bags.

Differential scanning calorimetry (DSC) was performed with a NETZSCH STA 449F3
housed in an Ar-filled glovebox (Jacomex). For the measurement sample powder was loaded
into quartz crucibles and Ar gas flow was adjusted to 40 mL/min. The temperature was

increased from 313 K to 1073 K and again cooled down to 313 K with 5 K per minute.

3. Results

3.1. Structural characterization. Three polymorphs have been observed in the NasPnChq
structure type (Pn = P, As, Sb; Ch = S, Se). The typical high temperature cubic polymorph
crystallizes in the space group /43m, in which the PnCh4> tetrahedra construct a body centered
cubic sublattice (shown in Figure 2a) and Na" occupies the octahedral voids (Wyckoff 6b

position), forming a three dimensionally interconnected Na* sublattice.

A tetragonal polymorph with space group P42ic is considered as the low temperature stable
modification of the Na3PnChs family (shown in Figure 2a). Group-subgroup relations suggest
that the phase transition from cubic to tetragonal should occur via an intermediate phase (space
group I42m),>* which however have not been observed experimentally. Due to the phase

transition, a tetragonal elongation of the c-axis results in the splitting of the Na* positions, i.e.



the Wyckoff position 65 splits into the special Wyckoff position 2a and the general Wyckoff
position 4d. Furthermore, a slight rotation of the PnChs* tetrahedra can be seen, when
observing the structure along the crystallographic [001] direction.?® In addition to these two
typical polymorphs, recently, a third polymorph was reported: at relatively high temperatures,
around 520 °C cubic Na3PS4 transforms into an orthorhombic structure (space group Fddd)

possessing plastic crystal-like properties.?’
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Figure 2: a) Cubic (space group 143m) and tetragonal (space group P42;c) polymorph of the
Na3PnChy structure family. b) 2D substitution scheme of the investigated Na3PnChy structure
at room temperature. Each dot represents a composition, where the incremental change of the
cations per dot is 0.25 and for the anions 0.5. The transition from the tetragonal to the cubic
polymorph is indicated by the dotted line. For clarity: At room temperature the phase transition
occurs between the compounds Nas3PS;Se and Nas3PS:2.5Se1.s as well as between the compounds
Na3SbSs.55e0.s and NasSbS;Se.

Considering the diffusion pathways, theoretical work suggest that sodium ion migration
happens by direct jumps between the stable sodium positions.*®3° In the case of the cubic
polymorph, this corresponds to jumps between 6b positions. In the case of the tetragonal
polymorph two different jumps can be identified, one from 25 to 4d corresponding to diffusion
in the a-b plane and one between two neighboring 4d positions, corresponding to migration
along the c-axis. As suggested by theory, 2*Na nuclear magnetic resonance experiments and
pair distribution function analyses, no substantial difference in activation barriers between the
cubic and tetragonal polymorphs are expected for NasPnChs due to the very similar Na*

substructures and average structures,33-8-40

All four substitution series - NazP1-Sb.Ss4, Na3P1-.Sb.Ses, Na3sPS4-,Sey and Na3SbSs-,Sey -
were prepared by classic high temperature solid state ampoule synthesis and obtained X-ray

diffractograms of all synthesized compounds can be found in the Supporting Information

Figures S1-S4. In the anionic substitution series, a phase transformation from tetragonal to



cubic symmetry can be observed when S is substituted by Se. In the case of the Na3PSs-,Sey
this phase transformation occurs between y = 1 and y = 1.5.!° In the Sb analogues, the phase
transition occurs at lower Se content, namely between y = 0.5 and y = 1 (compare Figure 2b),
which is in accordance with the observations of Xiong and co-workers.’® In the cationic
substitution series, no phase transformation is observed and for all compounds of the
Na3P1-.Sb.S4 series the tetragonal phase is present, while all Se analogues crystallize in the
cubic polymorph at room temperature. For some compounds, reflections stemming from minor
impurity phases could be observed (all below 3wt. %). The respective side phases are listed in
the Supporting Information Tables S1-S24.

Rietveld refinements were performed for all synthesized compounds to assess lattice
parameters, PnChs>~ tetrahedral (Pn =P, Sb ; Ch =S, Se) and NaChs dodecahedral volumes to
better understand crystal structure changes upon substitution. All refinements and the extracted
structural parameters are shown and tabulated in the Supporting Information in Figures S5-S8

and Tables S1-S24.
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Figure 3: Evolution of the unit cell volume upon a) cationic and b) anionic substitution. The
introduction of Sb and Se leads to an expansion of the unit cell due to the larger ionic radius.
A more pronounced lattice expansion is found during anionic substitution. c¢) Unit cell volume

plotted against Ruean, the averaged ionic radius of the ions which constitute the PnChs~
tetrahedra, calculated from Equation 1.



Unit cell volume expansion. As seen in Figure 3a and b the overall unit cell volume increases
linearly upon the introduction Sb and Se respectively, confirming that solid solutions are
formed. Comparing Figure 3a and b the overall larger expansion of the unit cell volume during
anionic substitution is apparent. However, a direct comparison between the cationic and anionic
substitution is complicated by the stoichiometric ratio of 1:4 between cations and anions and
the different ionic radii differences for cations (4rp-sb = 0.325 A) and anions (4rs.se = 0.14 A).#!
Taking into account the cation to anion ratio of 1:4 and the respective ionic radii one can define

an average ionic radius Rmean Of the PnChs’~ tetrahedra:?®

(D

R _ [rpnptTspNghtrsNgt se Nse
mean — 9

5

Here, r is the Shannon ionic radius*' of P, Sb, S and Se, respectively, n is the stoichiometric
number of atoms per formula unit. For clarity, ng, = 1 — np and ng, = 1 — ng. No ionic radius
is tabulated for Sb in tetrahedral coordination with the charge state of +5. Therefore the Sb
radius was calculated from the known ionic radius of S?~ (1.84 A)*! and the from Rietveld
refinement determined Sb-S bond length (2.335(2) A) in Na3SbS4 to be rsp = 0.495(2). Rmean is
found to correlate linearly with the unit cell volume, as seen in Figure 3c, showing that under

consideration of the stoichiometric ratio, the overall unit cell volume expansion can be

approximately described on the basis of the different ionic radii.
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bond length using Equation 2. The linear correlation between experimental and calculated
values suggests that the Pn-Ch bond length can be described on the basis of a hard sphere

model.

PnCh4* volume expansion. The here determined PnChs®~ volumes correspond to the volume
bound by four Ch ions which surround the central Pn ion. The corners of this tetrahedron are
defined by the crystallographic centers of the C/ ions. As in shown in Figure 4a, for the cationic
and in Figure 4b for the anionic substitution series the tetrahedral volume increases upon the
introduction of Sb and Se. In contrast to the unit cell volume, the tetrahedral volume expands
more during cationic substitution. These stronger changes may be related to the larger relative
ionic radii difference of the cations (4rp-sb = 0.325 A) compared to those of the anions (4rs-se
=0.14 A).*! To investigate the tetrahedral size changes in the context of altered ionic radii in
more detail, Pn-Ch bond lengths d(Pn-Ch), can be calculated:?®

d(Pn-Ch). = (rpnp + TspNsplpn + (

rsng+ TSeHSe)
4 Ch

2

As seen in Figure 4c a linear relationship was found between the average Pn-Ch bond distance
determined from the Rietveld refinements and the bond distance calculated using Equation 2.
This suggests that the determined Pn-Ch bond length (a crystallographic average) can be well
described and predicted by a hard sphere model in which the bond length is the sum of the
individual ionic radii.?® Additionally, bond lengths were calculated using a bond valence sum
(BVS) approach as provided in the Supporting Information. The hereby calculated bond lengths
are in good agreement with the experimentally determined bond lengths.

While Rmean correlated linearly with the unit cell volume, different PnChs®~ volumes were found
for one single Rmean value (compare Figure S10a), highlighting the insufficiency of this metric
for a description of PnChs*~ size changes.?® Vice versa, the calculated Pn-Ch bond lengths -
using either a BVS approach or Shannon ionic radii - were found to be an insufficient descriptor

for the unit cell volume changes, as shown in Figure S9b and Figure S10b.

Na-Ch polyhedra expansion. In the tetragonal polymorph, two different Na-Ch coordination
polyhedra can be defined for Na* occupying the Wyckoff 2a and the Wyckoff 4d position. In
the cubic structure only one coordination polyhedron-type forms around the Wyckoff 6a
position. For easier comparison of cubic and tetragonal phases, only similar coordination
polyhedra, namely NaChs dodecahedra were considered. Volumes of coordination polyhedra
around the Wyckoff 4d position (NaChs polyhedra) in the tetragonal phases are shown
Supporting Information Table S25. As seen in Figure 5a and b the NaChg dodecahedra expand



upon the introduction of Sb and Se respectively. Like the unit cell volume, the volume of the
NaChg dodecahedra expands more during the anionic substitution compared to the cationic,
which is not surprising, considering that the Pn ion is not directly participating in the bonds that

constitute the NaChs dodecahedron.

During cationic as well as during anionic substitution the NaChg volume expansion is caused
by repulsive interactions between neighboring Ch. The replacement of S with Se, which has a
larger electron shell, causes the expansion upon anionic substitution. During cationic
substitution on the other hand, the NaChs volume expansion is presumably caused indirectly
by the expansion of the PnCh4® units. When the central ion of the tetrahedron is replaced by a
larger one, the Ch ions on the corner of the tetrahedron are pushed away from the center as
shown in Figure 5c, which leads to a change of their relative position within the unit cell. Such
a displacement of relative positions is connected to a change of polyhedral distortions. The
angle £ (see Figure 5¢) can be used to identify distortion changes of the NaChs polyhedra. As
seen in Figure 5d this angle changes drastically during cationic and only moderately during
anionic substitution. The changing distortion associated with larger f during cationic
substitution indicates, that the NaChg volume expansion is driven by Ch ions being displaced
against each other, so that the increasing repulsive forces can only be accommodated by a

volume expansion.
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Figure 5: Volume changes of the NaChs dodecahedra upon a) cationic and b) anionic
substitution. The NaChs volume expands upon introduction of Sb and Se. This expansion is
more pronounced during anionic compared to the cationic substitution c) Connectivity of the
NaChs and PnChy~ tetrahedra. The angle  can be used to investigate changes of the
polyhedral distortion. During cationic substitution, the relative position of Ch ions changes,
which leads to a change of f and with it the NaChs polyhedral distortion. d) The NaChs-volume
shown as a function of the angle p. The angle changes drastically during cationic and only
moderately during anionic substitution. The volume expansion during cationic substitution
supposedly happens because the NaChs volume has to accommodate for the increasing
distortion.

For the NaCh and PnCh coordination polyhedra, as well as for the unit cell, a volume increase
upon cationic and anionic substitution was observed. The relative expansion of these volumes
however was different for cationic and anionic substitution. Also, within one substitution series,
the relative size changes of coordination polyhedra and the unit cell were differently

pronounced, as summarized in Figure S11. In a simple substitution series, the distinction of



relative size changes is easily overlooked. 2D substitution approaches on the other hand directly
highlight these differences and are therefore and excellent method to gain a deeper
understanding of structural changes caused by compositional change. Specifically, the
comparison of four substitution series helps to understand that the volume increase upon the
introduction of larger ions is more complex than just a uniform increase of all coordination
polyhedra and the unit cell volume, which implies that size changes of coordination polyhedra
cannot be directly deduced from size changes of the unit cell. This is especially relevant for the
discussion of diffusion channel/diffusion bottleneck sizes, where often an increasing channel
size is predicted from a growing unit cell, which may lead to wrong assumptions about the

actual changes of the channel size. Thus, the diffusion bottleneck was investigated in detail.

Structural changes of the diffusion bottleneck. The size of the diffusion bottleneck is
expected to impose a crucial structural influence on the transport properties of a solid ionic
conductor.”!%!2 During the migration process the ions that build the bottleneck need to move
from their equilibrium position to create a free path for the migrating ion. This displacement of
the host-lattice ions comes at an energetic cost and a wide bottleneck should require less
displacement and hence less energy for the diffusion process. Usually, the diffusion bottleneck
corresponds to the contact area of two neighboring coordination polyhedra of the mobile ion.
In the Na3PnChs structure, this contact area is defined by four Ch ions, which are highlighted
in Figure 6a. The resulting bottleneck can be regarded as a distorted Chs4 tetrahedron or a
distorted square.?’ The Chy tetrahedron turned out as an impractical metric for the diffusion
bottleneck size in the whole substitution series due to the susceptibility of the tetrahedral

volume to distortion changes, as further explained in the Supporting Information.

When describing the bottleneck as a distorted square, in which the corners are defined by the
crystallographic positions of the Ch ions, the size of this square can be assessed from its
diagonals. These correspond to the distance between two diagonally opposing Ch ion centers,
i.e. a Ch-Ch distance, as shown in Figure 6a. In the cubic polymorph both Ch-Ch distances
within one square are the same. In the tetragonal polymorph on the other hand, the square is
more distorted, so that for one square two different Ch-Ch distances are found. Also, different
Ch-Ch distances are found for the bottlenecks in the a-b plane and in c-direction. Consequently,
four different Ch-Ch distances are present in the tetragonal polymorph, which are shown in
Figure S14a to c. For a better comparison to the cubic structure, where only one Ch-Ch distance

is found, an average Ch-Ch distance was calculated out of the four different Ch-Ch distances



for all tetragonal polymorphs. Unaveraged Ch-Ch distances are shown in Figure S14d to f.
Upon the introduction of Sb and Se the (averaged) Ch-Ch distance was found to increase as
shown in Figure 6b and c respectively. This increase was more pronounced during the anionic
compared to the cationic substitution, suggesting that the diffusion bottleneck is more widened
upon anionic substitution. To study the influence of the changing diffusion bottleneck size on
the activation barrier, temperature dependent impedance spectroscopy measurements were

carried out.
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Figure 6: a) Diffusion bottleneck in the NasPnChy structure. The diffusion bottleneck consists
of four Ch ions marked in red, which form a distorted square. The size of this square can is
assessed from the square diagonals marked by red lines, which correspond to a
crystallographic Ch-Ch distance. For the comparison of Ch-Ch distances in the cubic and
tetragonal polymorph an average over the four different Ch-Ch distances present in the
tetragonal structure was calculated. The determined (averaged) Ch-Ch distances are shown in
b) for the cationic and c) for the anionic substitution series. An increasing Ch-Ch distance is
found upon introduction of Sb and Se, with a more pronounced increase upon the anionic
substitution.



3.2. Transport characterization. Temperature-dependent impedance spectroscopy was
carried out to evaluate the ionic conductivities, activation barriers and Arrhenius pre-factors.
Figure 7a and b show representative Nyquist-plot impedance spectra of the ternary phases
NazPS4, NazSbSs, Na3PSes and Na3SbSes. The impedance data were fit with an equivalent
circuit consisting of parallel resistor/constant phase element (CPE) in series with a CPE to
account for the observed semicircle at high frequencies and the steep impedance increase at
lower frequencies, which was attributed to the ion blocking electrodes. For the semicircle at
high frequencies ideality factors of ~0.9 for most samples were determined. Quasi-capacitances
calculated via the Brug-equation*? varied between substitution series and samples from 14 to
112 pF. With capacitances in the pF range and high ideality factors mainly between 0.8 and 0.9,
the observed semicircle at high frequencies can be viewed as a predominantly in-grain
conduction process.** All ideality factors, quasi-capacitances, relative density of pressed pellets
and representative impedance spectra of all samples are shown in the Supporting Information.
For some impedance spectra asymmetries of the semicircle and the linear spike at frequencies
close to the x-axis intercept were found, which were fitted with an additional R/CPE-element.
The determined capacitances were in the nF range and higher, indicating processes connected
to grain boundary conduction or surface roughness.*** Ideality factors ranged from 0.8 down
to 0.5. Presumably different processes are present for low ideality factors, however, a

deconvolution is not possible.

Figure 7c shows representative Arrhenius plots of Na3PS4, NazSbS4, Na;PSes and NazSbSes.
The activation barriers decrease upon the introduction of more polarizable ions, as shown in
Figure 7d, which has been observed for many other materials as well.®!*2 However, due to the
simultaneous decrease of activation barrier and Arrhenius pre-factor only a moderate increase
of the ionic conductivity is found (see Figure S27a and b). The concurrent change of activation
barrier and pre-factor is described by the Meyer-Neldel rule and is observed in many solid ionic
conductors.**’ Meyer-Neldel plots of all four substitution series are shown in Figure S28a and
determined Meyer-Neldel energies are shown in Figure S28b. Breaking of the Meyer-Neldel
rule was observed in W-doped Na3SbS4 an extremely fast ion conductor,® showing the potential

for conductivity increase through aliovalent doping or substitution approaches.

Even though the investigated isoelectronic substitutions are only suitable for conductivity
enhancements within the boundaries set by the Meyer-Neldel rule, the gathered data set is well

suited to study the influence of the crystal structure on ionic transport. Specifically, the



relevance of the diffusion channel size as a static descriptor for ionic transport was evaluated
by investigating activation barrier changes with altered channel sizes and comparing between

all four substitution series.
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Figure 7: Representative Nyquist plots of a) NasPS4, NasPSes, b) Na3SbS; and NasSbSey at
25 °C. The grey lines represent the obtained fit to the data, according to the depicted equivalent
circuits. ¢) Arrhenius plots of Na3PSs, NasSbS4, NasPSes and NasSbSeq between —20 °C and
60 °C. The Arrhenius equation is shown, with ¢ being the conductivity, oo the Arrhenius pre-
factor and E, the activation barrier. d) Determined activation barriers for all four substitution
series.

4. Discussion

4.1 Influence of bottleneck size on the activation barrier. The diffusion bottleneck is
expected to have a significant impact on the activation barrier height that intuitively should
decrease with increasing bottleneck size.””'*>* Using the (averaged) Ch-Ch distance as the

structural measure to describe the size of the diffusion bottleneck, we find a clear decrease in



the activation barriers with increasing Ch-Ch distance for each individual substitution series
(see Figure 8). However, there is not one unique relation that describes the whole substitution
system. The slope (indicated by the dotted lines in Figure 8) is much steeper for the cationic
substitution series, meaning that a widening of the diffusion bottleneck during cationic
substitution is accompanied by a larger drop of the activation barrier compared to that arising
from anionic substitution. If the changes of the activation barrier were mainly driven by the size
of the diffusion bottleneck, all of the slopes would be approximately equal but this is not
observed. In other words, if the bottleneck had a dominant influence on the activation barrier,
then the largest changes in the activation barrier should be found for the largest changes of the
Ch-Ch distances, but the opposite is found. In addition, one Ch-Ch distance can clearly lead to
two different activation barriers and therefore this bottleneck size is an insufficient descriptor
for the activation barrier. Since the geometric descriptor alone fails to fully describe the
activation barrier changes, possible influences of altered lattice dynamics on the activation

barrier were investigated in more detail.
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Figure 8: Activation barrier shown as a function of the crystallographic (averaged) Ch-Ch
distance, used as a descriptor for the bottleneck size. For each single substitution series, a clear
decrease of the activation barrier with increasing bottleneck size is found. Considering the
whole substitution series however, differences between cationic and anionic substitution series
are apparent. The activation barrier changes cannot be explained based on the diffusion
bottleneck size changes.

4.2 Influence of lattice softness on the activation barrier. Recently, Debye frequencies
determined from speed of sound measurements and average phonon frequencies were used to
determine the lattice dynamics of ionic conductors.!>!*33 While those descriptors have been

shown to be excellent descriptors for the average lattice dynamics, they are only scarcely

employed in solid electrolyte research, since measurement equipment is often not available and



calculation of phonon band centers is complex. Therefore, we propose the use of two other
metrics, the melting temperature determined from differential scanning calorimetry (DSC) and
the anharmonic weighted bulk modulus determined from temperature dependent X-ray
diffraction. Since these measurement-techniques are already used in various solid state
chemistry groups, we hope that this will lower the entry barrier to study lattice dynamical
changes in solids. In addition, melting temperatures and bulk moduli are not only attractive
descriptors due to their accessibility. Since they are both macroscopic, thermodynamic
quantities, they are well suited to capture changes of the average lattice dynamics and
correlation of the melting temperatures and bulk moduli with the activation barriers have been
reported for metals.”! The here chosen descriptors were determined for Na3;PSs, Na3SbSa,
NazPSes and NazSbSe..

The melting temperatures of materials are connected fundamentally to the forces acting
between atoms, i.e the bonding interactions. From a solid-state physics perspective, the bonding
interactions/ the bond strengths between atoms are described by force constants. For a harmonic
oscillator, the force constant is inversely proportional to the square of the displacement,
meaning that in a rigid lattice with high force constants the atoms are kept close to their
equilibrium position, i.e. only small displacements occur. In soft lattices on the other hand,
small force constants and large displacements are present, as schematically shown in Figure 9a.
The Lindemann criterion relates the atomic displacement and thereby the force constants to the
melting temperature, by stating that a solid melts once the displacement of an atom exceeds a
certain threshold value and the displaced atom starts interfering with a neighboring atom. In
rigid lattices with large force constants higher temperatures are necessary to reach this threshold
displacement, compared to softer lattices, where lower temperatures are sufficient.>?

The Lindemann criterion can be also expressed with the melting temperature as a function of
the Debye-temperature or corresponding Debye-frequency, where the melting temperature is
proportional to the square of the Debye-temperature.>® As mentioned above, the Debye-
temperature or the corresponding Debye-frequency have been used repeatedly as an average
descriptor for bond strengths in solids,?!*% further highlighting the use of melting
temperatures as a descriptor for average bonding interactions in a material. The melting
temperatures are determined from DSC measurements shown in Figure S29. From the melting
temperatures displayed in Figure 9b, we find that the lattice softens in the order NazPSs >
NazPSes > Na3SbS4 >Na3SbSes, showing that the introduction of more polarizable and heavier
ions leads to lattice softening effects. It also shows that the softening effect upon Sb substitution

is more pronounced compared to the Se substitution. In addition, the Debye frequency can be



determined from speed of sound measurements and the melting temperature is a function of the
Debye-frequency according to the Lindemann criterion, a correlation between melting

temperatures and speed of sound would be expected.
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Figure 9: a) Schematic overview of the relation between force constants/bond strength
represented by springs, the thermally excited atom displacement and the corresponding melting
temperature. b) Melting temperatures of Nas3PSs Na3SbSs Na3PSe; and NasSbSes as
determined form DSC.

As a second descriptor for lattice softness, the bulk modulus B can be used, which is the inverse
of the compressibility of the material and influenced by all present force constants in a crystal
lattice.>¢ It thereby is a suitable measure for the average bonding interactions in a solid. The
bulk modulus can be determined from speed of sound measurements,>’ but can be also extracted
from lattice expansion as determined from temperature dependent X-ray diffraction, which was
the chosen method for this study. Using the Griineisen-parameter y, the anharmonic bulk

modulus B, can be defined by the heat capacity cy and the thermal expansion coefficient a as:>®
B, =-=2. (3).

Since the heat capacity for T > 0 (Debye-temperature) converges to the Dulong-Petit limit,
cy = 3 kg n, where n is the number of atoms per volume, and a can be extracted from

temperature dependent X-ray diffraction, then B, is a modulus that can be obtained solely from

diffraction measurements. 6, of NazPS4 can be calculated from the reported Debye frequency
as being199 K.2! Since for NasPS4 T > 0, is valid at room temperature, it will also be valid for
the other three softer compounds, which justifies using the Dulong-Petit limit to calculate the
anharmonic bulk modulus. Consequently, temperature-dependent X-ray diffraction was

measured for Na3PSs, Na3SbSs, NasPSes and Na3SbSes to assess their respective thermal



expansion coefficients a at 300 K. All diffractograms, the retrieved crystallographic
information and the calculated a-values are provided in the Supporting Information. It should
be mentioned that the calculated anharmonic bulk moduli and the melting temperatures
inherently incorporate anharmonic properties of the investigated materials. For the anharmonic
bulk modulus this is directly seen from Equation (3), since B, is not only a function of the bulk
modulus but also the Griineisen-parameter. Melting itself can be described as the result of
anharmonic events, during which ions are displaced so far from their equilibrium position that
the solid configuration becomes instable. The role of anharmonicity for ionic transport
processes has recently been discussed, but is not yet fully understood.’*®! As seen in Figure
10a the determined anharmonic bulk moduli decrease together with the melting temperatures,
conforming the lattice softening effect, deduced from melting temperature changes. The
validity of the observed lattice softening effect is corroborated by the fact that the two material
properties were determined from different measurement approaches, one based on diffraction

and the second one on calorimetric measurements.

The lattice softening is expected to result in lower activation barriers, since with a weakening
of the bonding interactions - i.e. smaller force constants - the overall vibrational potentials are
flattened and less energy is necessary to displace the mobile ion towards a neighboring vacant
lattice site.® In line with the expectations, the activation barriers decrease monotonically with
the melting temperatures and the anharmonic bulk moduli, as shown Figure 10b and ¢
respectively. For the geometric descriptor i.e. the Ch-Ch distance no such single relation for the
activation barrier changes with the Ch-Ch distance was found, suggesting only a subordinate
influence of bottleneck size on the activation barrier. The monotonous change of the activation
barriers with the two dynamic descriptors on the other hand shows that lattice softening is the

dominant factor for activation barrier changes in the Na3PnChy structure.
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Figure 10. a) Melting temperatures of the ternary, unsubstituted compounds, shown against the
anharmonic bulk modulus B, as determined from temperature dependet X-ray diffraction. Both
quantities decrease simultaneously, validating the earlier observed lattice softening effect. b)
Activation barrier shown against the melting temperature and c) the anharmonic bulk modulus
B,. The decrease of the activation barrier with decreasing melting temperature and

anharmonic bulk modulus corroborates, that the activation barrier changes observed for the



different substitution series are mainly driven by the changes of the average bonding
interactions, i.e. by lattice softening.

5. Conclusion

In this work we presented a two-dimensional substitution approach for the system
Na3P1-.Sb.Ss-,Sey, to gain a deeper understanding of crystal structure changes with
composition and the impact that altered crystal structure and bonding interactions have on the
activation barrier for Na* conductivity.

Detailed structural characterizations revealed clear differences of polyhedra volume changes
between cationic and anionic substitution series and also between the different investigated
coordination polyhedra, highlighting that the volume changes upon substitution are more
complex than just a uniform expansion of all present polyhedra. In addition to the insights
gathered on structural changes as a function of composition, the 2D approach helped to gain
further insights on driving forces for activation barrier changes in the Na3PnChs structure.
Investigation of the activation barrier and bottleneck size - represented by the Ch-Ch distance
- showed that geometrical descriptors are not well suited to capture the activation barrier
changes. Although structural descriptors, such as bottleneck sizes, have been used extensively
to explain changes of the activation barrier, most of these studies only make use of a single
compositional substitution. Any single substitution series of this study may also have led to the
conclusion that the Ch-Ch distance is a suitable descriptor for the transport properties, since a
clear correlation between bottleneck size and activation barrier is found for each individual
substitution series. Only by using a two-dimensional substitution series it is clear that static,
geometric influences alone are insufficient to capture the changes in activation barrier, making
it necessary to also consider the influence of lattice dynamics. Lattice softening effects, i.e.
weakening of bonding interactions were studied on the basis melting temperatures and the
herein newly defined anharmonic bulk modulus B,. The activation barrier decreased
monotonically with those dynamic descriptors, opposed to what was found for the static
descriptors. Hence lattice softening was identified as the main driving force for the activation

barrier changes.

It needs to be emphasized again that these findings would have hardly been made by the
investigation of a single substitution series, since the convoluted structural and dynamical
changes in isoelectronic substitution series deny the assignment of activation barrier changes

to one or the other effect. The fact that the bottleneck size appeared to be good descriptor for



every single substitution series but not for the whole structure family, shows that the
comparison of different substitution series, helps to identify if a descriptor can be universally
applied to a whole structure family. In contemporary discussions, foremost structural
parameters are used to explain activation barrier changes, while lattice dynamical changes are
often overlooked, or treated as a minor effect. With the here presented work, we want to
highlight the relevance of lattice softening effects for activation barriers, and the possibilities
to uncover such effects by the use of two-dimensional substitution series also in other Na* and

Li* solid electrolytes.
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