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The understanding of transport in Li* solid ionic conductors is critical for the development of solid-state
batteries. The influence of activation volumes on ion transport in solid electrolytes has recently garnered
renewed research interest, due to the need to control the ion dynamics that influence the ionic conductivity
in solid electrolytes. Microscopic activation volumes are believed to correspond to the volume change in the
atomic structure of a material that occurs during an ion jump and can be determined thermodynamically
from pressure dependent conductivity measurements. However, it remains unknown if and how this external
pressure can affect the structure and transport properties of Li* solid electrolytes. The lithium argyrodites
LigPSsBr have shown high ionic conductivities, influenced by their Br~/S?~ site disorder, which is associated
with more spatially diffuse lithium-ion distributions. Herein, impedance spectra were acquired over a pressure
range of 0.1 GPa to 1.5 GPa and revealed the activation volumes for Li* migration. Specifically, activation
volumes for Li* migration increase with increasing degrees of Br/S?~ site disorder in LigPSsBr and with more

Received 30th August 2023,
Accepted 2nd October 2023

spatially distributed lithium-ions. Furthermore, estimations of the corresponding migration volumes, which are
thought to be a constant of the diffusing mobile ion in the structure are here found to change significantly
DOI: 10.1039/d3ya00424d among different Br=/S?~ site disorders. These observations motivate further investigations on how the

thermodynamic activation volume in superionic Li* conductors may provide novel insights to the influences
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1. Introduction

Inorganic solid ion conductors with high ionic conductivities
have the potential for application in solid-state batteries (SSBs),
which are investigated as a next-generation energy storage
technology."” The aim of the solid-state electrolytes is to
replace the conventional liquid electrolytes;>* as the perfor-
mance of the lithium-ion batteries will eventually approach a
limit. The high ionic conductivity of lithium thiophosphates
combined with their low mechanical moduli are the reasons
why sulfide-based composites play a dominant role in the
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34%) Br /S>" site disordered LisPSsBr there are plots of the neutron diffraction

data with the corresponding Rietveld refinements, Nyquist plots at three different

pressures, pressure-dependent ionic conductivity measurements, Heckel plots

upon compression, graphs of the triplicate measurements of the ionic conduc-

tivity vs. pressure and the formulas used for the calculation of the Griineisen

parameter y. See DOI: https://doi.org/10.1039/d3ya00424d

© 2023 The Author(s). Published by the Royal Society of Chemistry

of structure on ion transport in fast ionic conductors.

development of SSBs for room-temperature operation.” Among
them, lithium ion conducting argyrodites LigPSsX (X = Cl, Br, I)
have been extensively studied and have attracted considerable
attention due to their high ionic conductivity, their electroche-
mical stability and processability.®® The conductivity of LigPS;Br
can be controlled synthetically, as demonstrated by Gautam et al.,
who showed that different Br /S*~ site disorders (and thus
different ionic conductivities) can be obtained through quench-
ing LigPSsBr from different annealing temperatures.” The dis-
order is considered to introduce charge inhomogeneity into the
anionic sublattice - the higher the disorder, the larger the charge
inhomogeneity - resulting in a more diffuse (or spread out)
lithium ion density across the different crystallographic Li
sites."® The changes in charge inhomogeneity result from the
change of the average anionic charge in the center of the Li"
cages and have been shown to lead to different Li*-Li" jump
distances. The easier Li" jumps due to the shorter Li'-Li"
distance and the more diffuse distribution of Li" are thought to
be the two main reasons why the ionic conductivity in LigPSsBr is
increased with higher disorder.’

While the temperature dependence of the ionic conductivity
is well understood in the LigPS;X argyrodites,'"'* the relation
between applied pressure and the ionic transport properties
was yet not investigated. Pressure, as another thermodynamic
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Fig. 1 Schematic representation of the (a) activation energy (E,), (b) activation volume (AV,) and (c) the activation volume as a local volume change in the
atomic structure of the material associated with ion migration. (a) The temperature-dependence of ionic conductivity corresponds to the activation
energy (E,) and (b) the pressure-dependence of ionic conductivity reveals the activation volume (AV,) in solid electrolytes. (c) The typically reported

interpretations of AV, in the literature are presented here.

variable can affect ion dynamics and with that alter the ionic
conductivity of solids.”® In addition, solid state batteries are
studied under constant pressure, therefore, knowing the effect
of pressure on the solid electrolytes is important and the
understanding of the pressure-transport properties is crucial.
The pressure dependence of ionic conductivity can be defined
by a characteristic activation volume for ion transport (Fig. 1b),
the activation volume AV, which is analogous to the activation
energy E, of Arrhenius transport with temperature (Fig. 1a)."* ™

The activation energy has been extensively studied in the last
decade compared to the activation volume. This may be par-
tially due to the need to optimize temperature operation for
energy applications. In addition, a variable-pressure impedance

1916 | Energy Adv, 2023, 2,1915-1925

spectroscopy setup is more challenging to be built, since the
requirements of the simultaneous control of pressure and
temperature and the in situ densification of the sample need
to be satisfied.!” Therefore, the activation volume of Li* solid
electrolytes still remains a poorly explored area and the funda-
mental influence of external pressure on ionic conductivity and
their correlations have not been properly analyzed yet.

The activation volume AV, as a thermodynamic quantity is
defined as the variation of the change in Gibbs free energy AG
with pressure p (at constant temperature 7T), as:

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The activation volume is related to volume changes occurring
during the migration process of the mobile ion'® and can be
expressed by the pressure dependence of the ionic conductivity
o (see ESIT for the derivation of the following equation), as:

0
AV, = %(—kBT[ln(o—T) —In(a9)])7- 2)
By using the isothermal compressibility (inverse bulk modulus)
f and the Griineisen parameter y to consider the pressure
dependence of the Arrhenius prefactor ¢,, the activation
volume can be written as

w5 (),

In most cases, f§ and y contribute only as a small correction
term (~10%) and eqn (3) can be simplified as"’

AVa ~ _kBT{M} ,
op T

4
which is especially suitable for capturing trends in AV, since f
and y are not expected to change strongly within the same
materials’ family.

Although the activation volume is a thermodynamic quantity,
it is often discussed in terms of a microscopic picture as a local
volume change associated with ion transport. Here, it should be
noted that there are two common perspectives of how the local
volume change can be described:

(1) The activation volume can be viewed as the total (net)
volume change when the jumping atom is transferred from the
ground position (or equilibrium position) to the transition state
(or saddle point).**>*

(2) In contrast, the activation volume may be considered as
the local volume change at the saddle point, namely to be a
measure of the degree to which the lattice must expand as the
mobile ion passes through the transport bottleneck.”>>* In this
case, AV, is defined as the difference between the volume an
ion needs at the transition site during ion migration (V,,) and
the already available free crystallographic volume (V;) in the

structure at the same site,>"?*?%>2% explicitly

AV, = Vi — Vg (5)

Based on this definition, for a given crystallographic structure
and mobile ion, the migration volume, V,,, should have a
constant value.'® Note that, in this context, the microscopic
activation volume V,, is defined as the volume change at the
transition site associated with the migration of an ion and should
be distinguished from thermodynamic definitions of “migra-
tion” volume (see ESIT) that include the formation volume of
defects.” This distinction is important at this point since there
are inconsistent definitions for the activation volume in the
literature as well as the two - partially conflicting - perspectives
on the microscopic meaning of the migration volume as well.
In general, the value of the activation volume strongly depends
on the material, the migrating ion and the composition.>” Depend-
ing on the size of the mobile ion in the same structure, for instance
in B-alumina® (Fig. 1c), there are three different possibilities for

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the motion of ions in the structure, which result in three different
values of activation volume. The interpretation of the activation
volume in B-alumina follows eqn (5), leading to the possibility of
positive, negative and zero values of activation volume as
schematically demonstrated in Fig. 1c. More specifically, the
activation volume for Na" migration is found to be zero (Fig. 1c-
ii), leading to the interpretation that the Na* can be transferred
easily through the planes in f-alumina. When larger alkali ions
(K") are inserted into the structure, the activation volume
becomes positive (Fig. 1c-i), because the alumina planes need
to be expanded to allow this migration (V,,, > V;). However,
in Li-B-Al,O3, the activation volume is found to be negative
(Fig. 1c-iii) because the Li' is attracted by the planes, which need
to be contracted to allow the Li" migration (V;, < Vp).*?

So far, activation volumes have not been widely studied in
superionic materials, and especially not for high-performance
solid conductors which aim for application in solid-state
batteries.'”” Some studies of activation volumes have investi-
gated the effects of chemical substitution,>>2 general changes
in the composition,>*?® the effect of doping®® and the impact of
different synthetic approaches on the structure of the studied
material.'” Mezaki et al., studied the influence of Ca®>" addition
in LiBH, which results in a decrease of AV,, attributed to the
contribution of defect formation due to the large amount of
vacancies introduced by Ca®" substitution.”® Ingram et al.,
studied AV, in doped AgPO; glassy electrolytes and found that
AV, has a strong coupling with the activation energy, E,, which
suggests that the free volume plays a dominant role in con-
ductivity enhancement.”* Famprikis et al, studied AV, in
Na;PS, prepared in two different synthetic routes (high tem-
perature annealing and ball milling synthesis) and found that
the synthesis procedure has an important role on AV,."” In this
case, we may question the assumption that in superionic con-
ductors, the free energy of defect formation, AGq ~ 0, as synthesis
has shown to have a strong influence on the defects in this class of
materials.*® It is important that activation volumes should be
related to a specific structure and migration mechanism."” Positive
activation volumes have been reported for polymers,"® inorganic
compounds,* and ionic conductors.'>" Activation volumes have
also been measured for a variety of ion-conducting glasses, in
which the pressure is found to reduce the number of free ions
capable of moving in a glass.>»**?*° Negative activation volumes
have been reported for Ag" conductors (B-Agl and y-Agl) and are
thought to be related to their negative thermal expansion
coefficient.'® Zeolites also have negative AV, as a result of the
interaction between the mobile cations and the anion framework.
In general, the origin of negative activation volumes is related to
the complex interaction between defects or impurities and ionic
migration.”>"

Nevertheless, often the influence of chemical composition and
structural changes on the activation volumes cannot be deconvo-
luted. Therefore, in this study, we use pressure-dependent mea-
surements to investigate the activation volumes for four different
(10%, 18%, 28% and 34%) Br /S>~ site disordered LigPSsBr
compounds. Here, the chemical composition remains constant,
and hence only the structural changes due to disorder and the

Energy Adv, 2023, 2,1915-1925 | 1917
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application of pressure affect the transport and no convolution
with the chemical composition will exist. We report larger activa-
tion volumes with increasing Br™/S>~ site disorder and decreasing
unit cell volumes, which motivates us to search how the activation
volume for Li" migration is correlated to the structure of LigPSsBr.
By considering the known lithium diffusion mechanism for
lithium argyrodites, we estimate the available crystallographic
volumes (V5) in LigPSsBr for ion jumps and calculate the migra-
tion volume for Li'. As a result, we find that - contrary to
expectation - the migration volume V;,, of LigPSsBr is not constant
within different Br /S*~ site disorders. This finding is unex-
pected in the current microscopic understanding of activation
volume, which suggests the local volume change at the saddle
point and brings us to the question of how activation volume
data should be interpreted in solid electrolytes. Nevertheless,
pressure is found to be an effective variable for probing funda-
mental influences of ion transport in Li" superionic conductors.

2. Experimental
2.1 Synthesis of Br/S>” site disordered LigPSsBr

All synthesis steps of LigPSsBr were carried out under an inert
Ar atmosphere (O, < 0.5 ppm and H,O < 1 ppm). Lithium
sulfide (Li,S, Alfa-Aesar, 99.9%), phosphorous pentasulfide
(P4S10, Merck, 99%) and lithium bromide (LiBr, ultradry, Alfa-
Aesar, 99.99%) were mixed in the appropriate stoichiometric
ratio and hand-ground in an agate mortar. For the ball-milling
synthesis, the obtained composition was inserted in a 80 mL
zirconia ball milling cup with 5 mm diameter milling media
(40: 1 mass ratio of milling media to precursor) and was milled
for a total of 150 cycles with intermediate cooling time (10 min
milling time and 10 min resting time). During the 150 cycles of
milling, the milling set was opened twice to remove caked
powders from the walls of the milling cups. The obtained
powder was pressed into a 1 cm diameter pellet and filled into
carbon-coated quartz ampoules. The ampoules were preheated
at 1073 K for 2 hours under dynamic vacuum, to remove any
traces of H,O. Then, the ampoules were sealed under vacuum
and transferred into a tube furnace that was already preheated
at 823 K. The ampoules were annealed for 30 minutes and left
to cool down with a cooling rate of 4 K h™", which results in low
(10%) Br~/S>~ site disorder. An optimization in the synthesis
procedure can be found elsewhere,** shown that this process
results in a material with high crystallinity. To prepare four
different disorders, the material was hand-ground again,
pressed into pellets and loaded into carbon-coated ampoules.
Then, the ampoules were inserted into a tube furnace that was
already equilibrated at 623 K, 673 K and 723 K, respectively. The
reactions were performed for 2 hours and then the ampoules
were quenched into liquid N, to stabilize the disorders
occurred from the different annealing temperatures.

2.2 Neutron powder diffraction and Rietveld analysis

High-resolution neutron powder diffraction data were collected
at the Heinz Maier-Leibnitz Zentrum (research reactor FRM II,

1918 | Energy Adv, 2023, 2,1915-1925
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Garching b. Miinchen Germany) using the high-resolution
diffractometer SPODI operating with monochromatic neutrons
(wavelength of 1 = 1.54820(2) A). Approximately 2.5 g of each
material was filled into a 10 mm diameter cylindrical vanadium
container (wall thickness 150 um) under argon atmosphere and
then sealed using an indium wire to prevent air exposure
during the measurement. Reference measurement data of an
empty can was also collected for background correction. Rietveld
refinements were performed using the TOPAS-Academic V6 soft-
ware package. The structural information obtained from the
neutron diffraction refinement of LigPSsBr from Minafra et al.*°
and the structural information of the Br /S>~ site disordered
samples was obtained from Gautam et al.’

2.3 Potentiostatic electrochemical impedance spectroscopy
(PEIS)

AC impedance spectroscopy was used to determine the elec-
trical conductivities using an SP-150 impedance analyzer (Bio-
Logic Science instruments Ltd). The measurements were per-
formed at room temperature (298 K) with an equilibration time
of 2 hours, utilizing a sinusoidal excitation voltage signal at
frequencies of 1 MHz to 100 mHz with an amplitude of 150 mV.

2.4 Pressure dependent measurements

The CompreDrive setup (rhd instruments) was used for the
pressure-dependent experiments and 100 mg of LizPSsBr were
loaded into the 6C CompreCell (6 mm inner diameter). The
pressure was applied uniaxially and was kept constant with a
high accuracy (0.5%). A heating mantle was used externally
from the CompreCell which kept the temperature constant at
298 K throughout the entire measurement, controlled via a
Presto A40 thermostat (Julabo).

The material was initially pressed at 370 MPa for 5 minutes
(to ensure better contact between the steel electrodes and the
material) and then for each measurement a pressure range
from 0.1 GPa to 1.5 GPa (with a step of 0.05 GPa) was used upon
compression and decompression of the material. The resulting
impedance spectra were evaluated with RelaxIS 3 software (rhd
instruments). The uncertainties of the conductivity are calculated
from triplicate measurements. The activation volumes were
calculated from the logarithm of the ionic conductivity during
the decompression step from 1.5 GPa to 0.8 GPa, where the
needed linear behavior is observed and the pellet is already fully
densified (Fig. S12, ESIY).**

2.5 AIMD simulations

Ab initio molecular dynamics (AIMD) simulations have been
performed in the NVT ensemble using the Vienna ab initio
simulation package (VASP)**3® with projector-augmented
pseudopotentials®”*® and the Perdew-Burke-Ernzerhof (PBE)*°
exchange—correlation functional. The energy cut-off for the plane
wave basis set was taken as the highest default value of 499 eV
and only the gamma-point was treated. Temperatures of 700 K,
800 K and 900 K were used and the time step was set to 1 fs. The

utilized models were constructed as a v/2 x v/2 x 2 supercell of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the conventional cubic unit cell (16 formula units, 208 atoms). Br~/
§*~ site disorder of 12.5% and 25% were introduced. For both
disorders, four different models with differently distributed Br~/S*~
ions were considered. The cell vectors of these models were
uniformly rescaled with the smallest model size of 14.037 x
14.037 x 19.851 A® and the largest model size of 14.691 x 14 x
691 x 20.777 A%, Data for energy-volume curves were obtained from
AIMD simulations, which allows to sample over realistic Li distribu-
tions. To this end, we first allowed for 1 ps of equilibration, which
was checked to suffice for the given system and setting. Next, the
average free energy Eanp Was computed over approximately 5 ps,
and the data was fitted with the Birch-Murnaghan equation of
state’>" to obtain the bulk modulus. The atomic trajectories were
further used to compute the average volume of the T2 sites.

3. Results and discussion

3.1 Influence of the synthesis on the structure

LigPSsBr with different Br/S>~ site disorder have already been
synthesized and analyzed in the previous work of Gautam et al.’
The influence of the Br /S> site disorder into the lithium
substructure was studied by using Rietveld refinement against
neutron data that can be found in Fig. S1-S4 (ESIT). All other
structural parameters and further analysis can be found in the
previous work.’ The crystal structure of LigPSsBr can be seen in
Fig. 2a. The quenching in liquid N, from different annealing

View Article Online
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temperatures results in different Br /S>” site disorders in
LisPS5Br (Fig. 2¢). Higher annealing temperature results in higher
Br /S* site disorder. The Br /S>~ site disorder is the critical
factor which affects the unit cell volume and the lithium sub-
structure (Fig. 2d and e). Higher Br™/S>~ site disorder leads to a
more homogeneous charge distribution of lithium ions through
the structure, which results in the shrinkage of the unit cell due
to electrostatic interactions (Fig. 2e).” The shortest distance
between the Li* and the anion at the center of the cage (Wyckoff
4d position), designated as average distance is describing the
changes in the Li" occupancy and positions (Fig. 2b). The average
distance between the three different Li" sites away from the
center anion at Wyckoff 4d, weighted by the number of Li" ions
located on the specific sites within one cage has been calculated
and is referred to 7.>'° The increase of the site disorder leads to a
decrease in the average charge on 4d as the divalent sulfide is
replaced by the monovalent bromide and as a consequence 7
increases. The volume Vjyuqqi+ is introduced here, to relate
possible changes between the volume that the radial distribution
F(4d-Li") occupies within the various site disorders (Fig. 2d). The
values of Vyq.1i were calculated by using 7(4d-Li*) as the radius,
weighted by the number of Li" ions and their occupancies located
on specific sites (T5, T5a, T2) within one cage. It is observed in
Fig. 2d, that the volume Vjuq.i is increasing upon increasing
disorder. The volume Vyy4qr1i+) captures the changes in the
lithium-ion substructure with varying site disorders and will be
related to the activation volumes in the next part of the results.
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Fig. 2 The crystal structure of LigPSsBr and the impact of the annealing process in the Br~/S~ site disorder. (a) The crystal structure of site disordered
LigPSsBr. (b) Li™ substructure showing T5 (Wyckoff 48h), T5a (Wyckoff 24g), and T2 (Wyckoff 48h) sites, with T2 to offer the shortest inter-cage jump
distance. (c) The influence of annealing temperature on Br~/S2~ site disorder. (d) The change on the V; and (e) unit cell volume with changing Br~/S2~ site

disorder.
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3.2 Evolution of ionic conductivity under applied pressure

The influence of external pressure applied on the Br /S>~ site
disordered LigPSs;Br compounds is probed by potentiostatic
electrochemical impedance spectroscopy at constant room
temperature (298 K). Fig. 3a shows a representative Nyquist
plot of the 28% Br~/S>~ site disordered LigPSsBr upon decom-
pression (at representative pressures), in the applied pressure
range from 1.5 GPa to 0.1 GPa. The lines represent the obtained
fit to the data, according to the depicted equivalent circuit. The
grey-shaped data points represent the data that were not
included in the fitting process after evaluating the data quality
using the Kramers-Kronig analysis. The impedance data were
fit with an equivalent circuit consisting of a resistor in series
with a constant phase element (CPE) that represents the low
frequency tail resulting from the blocking electrode setup.
While generally, a semicircle in the Nyquist plot is expected
for processes related to in-grain conduction of ions (that can be
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fitted by a CPE/resistor element), here only a simple resistor
describes the corresponding resistance contribution. This is
because the semicircle is shifted to higher frequencies, outside
the measurement range, given the high ionic conductivity (low
resistance) of the investigated materials.

The impedance data for the 10%, 18% and 34% Br /S~ site
disorders under decompression can be found in the ESI¥
(Fig. S5-S7, ESIt), as well as the evolution of the ionic conductivity
under applied pressure (Fig. S8-5S10, ESIt). The material was pre-
compacted to 370 MPa to ensure a better contact between the
sample and the steel electrodes prior to the measurements. When
pressure is applied on LigPSsBr, an initial increase in ionic
conductivity is observed as the consolidation of the pellet takes
place.*> During the initial increase of the external applied pres-
sure, the gaps between particles are filled and particle-particle
contact is enhanced during the pellet formation®*** (Fig. 3b). The
pressure range up to approximately 0.7 GPa is considered to be
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Fig. 3 Determination of activation volumes from pressure dependence of ionic conductivity. (a) Representative Nyquist plots of 28% Br=/S% site
disordered LigPSsBr upon decompression. (b) The corresponding change of ionic conductivity upon compression and decompression for a pressure
range from 0.1 GPa to 1.5 GPa. (c) The relationship between the logarithm of ionic conductivity with the pressure upon decompression for all the Br/S%~
site disordered lithium argyrodites. (d) Activation volumes for all disorders calculated according to the extended equation (egn 3) using the slope obtained
from a linear regression of the data shown in panel c with = 1/23 GPa~*and y = 1.7, as determined computationally. Uncertainties of the values reflect
the standard deviations obtained by triplicate measurements.
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the densification regime of the material, where the density
increases to the theoretical density at 0.7 GPa. Because of the
pre-compaction procedure there is a feature in the ionic conduc-
tivity data during densification at 370 MPa, which is absent when
the material is not pre-compacted before the measurement
(Fig. S11, ESIY). For pressures higher than 1.0 GPa, the powder
is fully consolidated with a relative density of 99% (Fig. S12, ESIt)
and applying more pressure primarily acts to compress the atomic
structure. In this regime, there is an approximately linear relation-
ship between the pressure and the ionic conductivity up to the
maximum applied pressure of 1.5 GPa. Since the material is
already fully densified, the linear relation is observed over a larger
pressure range during decompression. Considering the impact on
ionic conductivity we find that the pressure change of ~1.0 GPa
has a change in ionic conductivity of ~1.0 mS em™ . The change
in the ionic conductivity with the application of pressure is similar
to the change from compositional/disorder effects,** and statisti-
cally significant.

The linearity of the ionic conductivity with applied pressure
about decompression is characterized by the activation volume
(AV,). The activation volumes are related to the slope of In(aT)
vs. p according to eqn (3). Here, the approximately linear region
of the decompression data was utilized (1.5 GPa to 0.8 GPa) to
evaluate the slopes needed to calculate AV, for each of the
different site disorders (Fig. 3c). The slope of the decompres-
sion curve was found to be reproducible within 10%. This is
shown in Fig. S13 (ESIT) representing the values of In(a7) with p
and their uncertainties extracted from triplicate measurements
for each disorder. The activation volumes were also calculated
using the simplified equation (eqn (4)) and the errors are also
in a range of 10% (Fig. S14, ESIf), with the values of the
simplified equation about 10% lower than those calculated
using eqn (4). For the calculation of the activation volumes
including the Griineisen parameter y and the compressibility
(Fig. 3d), the f and y values were extracted from the Burch-
Murnaghan fit of the energy — volume relation (Fig. S15, ESIY)
obtained by the ab initio molecular dynamics simulations at
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three different temperatures (700 K, 800 K and 900 K). Speci-
fically, the bulk modulus B = 23 + 3 GPa was calculated by
averaging the bulk moduli found for the three different tem-
peratures (700 K, 800 K, 900 K) for all the disorders. Any
differences in the bulk moduli between different disorders is
within the uncertainty of the simulations, so we used a constant
value of f = 1/B for all AV, calculations. The reported bulk
modulus B = 29 GPa® is comparable with the one found herein.
The pressure derivative of the bulk modulus can be utilized to
estimate the value of the Griineisen parameter, determined
here to be approximately y = 1.7. Notably, this value is compar-
able to the one obtained from the phonon pressure model,*®
where the reported bulk and shear moduli from the literature
were utilizied,"” resulting in y = 2, (see eqn (S14) and (S15) in
the ESIT). Hence, for the purposes of this study, the values of
B =234 3 GPaand y = 1.7, calculated by the ab initio molecular
dynamics simulations, are employed for the calculation of AV,.

3.3 Influence of Br/S>~ site disorder on the activation
volumes

The activation volume for Li" conduction seems to be influ-
enced by the Br/S>~ site disorder in the LigPSsBr, as it increases
monotonically from 0.96 A* atom™ (0.58 cm® mol™*) for 10%
Br/S*~ site disorder to 1.80 A atom™" (1.08 cm® mol™?) for the
34% Br /S>” site disorder (Fig. 4a), as calculated using eqn (3).
Activation volumes are typically reported in the literature in
units of cm® mol™?, in this work they are given in units of A atom ™
to directly compare them with crystallographic volumes.

When comparing the activation volume to the unit cell
volume (Fig. 4a), we arrive at the seemingly intuitive result that
structures with more available volume per mobile ion have
ionic conductivities that are less sensitive to changes in pres-
sure. In other words, having more free volume in the unit cell
provides a buffer to any changes in volume due to changes in
pressure. At the same time, there is an opposite correlation of
the activation volume with the volume occupied by the Li* cage
substructure (Fig. 4b), suggesting that the more spatially
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Fig. 4 Correlations of the activation volume with crystallographic descriptors. (a) Apparent decrease in AV, with increasing unit cell volume for all the
Br~/S?~ site disordered materials, suggesting that more free volume in the structure may buffer the effects of pressure. (b) The expanding lithium
substructure results in increasing AV, suggesting that the more volume is needed for the Li* mobile ion to jump between sites.
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distributed Li" and the shorter distances, which are responsible
for the inter-cage jumps, the more volume is needed for the Li"
mobile ion to jump between sites. In other words, a weaker
bonding environment'® for the lithium ion within the cage
results in higher values of activation volume. Importantly, this
analysis shows that larger crystallographic volumes (V) may not
always relate to lower activation volumes, as is suggested by
eqn (5) depending on which crystallographic volume is used.
These considerations motivate the need for further study of the
microscopic origins of activation volume.

3.4 Migration volume for Li*

Here, we specifically consider the two main factors related to
the high ionic conductivity in LigPS;Br as they pertain to the
microscopic activation volume according to eqn (5). It is known
that Li* jumps between T2-T2 sites are responsible for long-
range Li" transport, while the diffuse distribution of Li* in the
cages is also linked to better Li* mobility.” Both factors con-
tribute to the continuous three-dimensional diffusion pathway
of inter-cage transport through the argyrodite structure.'® Thus,
for our analysis of migration volumes we separately utilize the
T2 tetrahedral volume and Li* cage volume to designate the
nominal free volume V; in the structure. Because activation
volume has units of A atom™, the crystallographic volumes are
also normalized by the respective number of atoms contained
within them. To investigate the effect of pressure on the T2
tetrahedral volumes, ab initio molecular dynamics simulations
are employed for the 12.5% and 25% Br /S*~ site disorder
(Fig. 5a). The T2 volumes are found to be approximately
constant within uncertainty across the applied pressure range
(—0.5 GPa to 1.5 GPa). The computationally determined T2
volumes (V¢ = 7.2 + 0.8 A® atom ™) are in excellent agreement,
within the uncertainty, with those obtained experimentally for
all Br~/S>~ site disorders (V; = 6.8 & 0.2 A* atom ') indicating
that neither disorder nor pressure significantly affect the T2
volume. Thus, we use the experimental value to estimate the
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migration volumes V,, for the four different disorders (Fig. 5b)
according to eqn (5). This calculation suggests that the migra-
tion volume V,, increases with increasing disorder (Fig. 5b),
which is unexpected since V,, is expected to be constant for a
given mobile ion passing through nominally the same struc-
tural bottleneck (taken here to be the T2-T2 jump). This
analysis suggests that the T2-T2 jump may not dominate the
pressure dependence of ionic conductivity, which is itself
unexpected since this jump dominates the long-range Li"
transport relevant to impedance measurements. Nevertheless,
it is possible that another crystallographic volume should be
considered as V;.

The other logical microscopic choice for V¢ should be related
to the lithium cage sub-structure, where the volume can be
determined from the 7 distance. Given that the size of the Li"
cages centered around the 4d site changes as a function of Br~/
$>~ disorder, quantified by the 7 distance, we also consider that
the free volume V¢ may be represented by this structural para-
meter. In this case, we calculate the migration volume V,,, by
using the volume per atom defined by the 7 distance between the
Li" and the Wyckoff 4d position, as the crystallographic volume
V. However, because the size of the Li" cage increases with
disorder, as does the activation volume, the net result is also
an increase in V;, (Fig. 5¢).

Thus, the two crystallographic volumes most pertinent to Li"
transport (T2 and Li" cage substructure) both suggest that V,
increases with increasing disorder. Furthermore, the relative
increase of V,, with disorder is similar in both cases. According
to eqn (5), the interpretation of this result is that the space Li"
occupies at the transition state is not constant among these
materials, even though the T2 site geometry is unchanged among
the different Br />~ site disorders and, if anything, there is more
free volume in the Li* cages with increased Br~/S>~ site disorder.
If the microscopic interpretation of the activation volume being a
change in the transition state volume is correct, then the migra-
tion volume for a given mobile ion (here Li*) is supposed to be
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Fig. 5 The migration volume for Li*. (a) Change of T2 volumes under pressure calculated from ab initio molecular dynamics simulations for the 12.5%
and 25% site disorders, for three temperatures (700 K, 800 K and 900 K). The two rectangular points at p = 0 GPa represent the experimental values of T2
volumes for the 2 disorders, respectively. (b) Change of migration volume V,,, with disorder by using the experimental value of the T2 volume for every
disorder, as the available crystallographic volume in the structure. (c) Change of migration volume V,, by estimating the crystallographic volume
calculated from F distances between the Li* and the Wyckoff 4d position, which is constant under pressure, as a function of site disorder.
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constant and we would expect to find the same migration
volumes among the different disorders for the Li" migration in
LigPSsBr. One possible explanation for the different and increas-
ing migration volumes in LigPS;Br is that eqn (3) cannot be
applied in highly defective superionic conductors. However, as a
thermodynamic relationship this seems highly unlikely, although
the possibility of a non-zero AG4 should be generally considered.
Another possible reason is that using the free volume of the
transition state is an incomplete description of the relevant
microscopic volume change when the jumping ion is trans-
ferred from the ground position (or equilibrium position) to the
transition state (or saddle point).”® In the end, it may very well
be that a thermodynamic relationship that carries the unit of a
volume may not be directly related to a real crystallographic
volume (change). Nevertheless, these findings suggest that it is
important to carefully consider how to interpret the pressure
dependence of ionic conductivity, both thermodynamically and
microscopically, and motivates us to further investigate and
rationalize the thermodynamic activation volume and its
potential correlation to structural factors in ion transport.

4. Conclusion

In this work, we have studied the influence of applied pressure
on Br /S*>” site disordered LigPSsBr argyrodite and found that,
after initial consolidation, the ionic conductivity decreases with
increasing applied pressure. The magnitude of this effect is
quantified by the thermodynamic activation volume, which
increases monotonically with site disorder. When the activation
volumes are related to microscopic structural descriptors, ie.,
the Li" tetrahedral volume and the Li' cage substructure,
however, an unexpected result is obtained. Namely, the migra-
tion volume changes by approximately 10-15%, even though
the mobile ion (Li") is the same, suggesting that the Li* volume
at the transition site is not constant. Thus, this work motivates
the use of pressure-dependent measurements to further inves-
tigate microscopic influences on ion transport in Br /S*~
disordered argyrodites.

Even if AV, - as a real thermodynamic quantity - does not
relate to a specific microscopic volume, characterizing the
thermodynamic activation volume in other superionic Li" con-
ductors may provide novel insights to the influences of atomic
structure and bonding on fast ionic transport.
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