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ABSTRACT: Fundamental understanding of ionic transport plays a
pivotal role in designing and optimizing fast ionic conductors. Here,
through a systematic neutron scattering and theoretical investigation,
we discovered new insights about how anion sublattice affects Li*
distribution and transport in Li-argyrodite. We found that the
promotion of Li* conductivities is strongly correlated with a previously
overlooked Li* interstitial site (16e), which is critical for realizing
intercage Li* migration. More isotropic Li* migration pathways with
higher Li* occupancies on the interstitial 16e site are found to be the
underlying reason for the much higher Li* conductivity in LisPS;Cl
relative to the Br- and I-based analogues. We further confirm that they
are also the universal driving force for the ultrahigh Li* conductivities in
both anion-substituted Li-poor (Lis_,PS;_ X, X = Cl and Br) and

cation-substituted Li-rich argyrodite (e.g., Lig,,Ge,P;_,SsI and Lig, ,,Si,Sb;_,SsI). It is expected this strategy can be generally adopted

to improve the ionic conductivity of the broad family of Li-rich argyrodite and beyond.

B INTRODUCTION

Li*-conducting solid electrolytes play the key role in all-solid-
state Li-ion batteries that offer the potential for higher energy
density and improved safety as next-generation energy storage
devices." Among the wide spectrum of solid electrolytes,”
researchers draw particular attention to the thithosphate—
based Li-argyrodite (Li;PS;X, X = Cl, Br, or )% owing to
facile processability,”® acceptable electrochemical stability, ™’
and their competitive Li* conductivity (>1 mS/cm at
r.t.).”'%"" Due to the vast compositional space of Li-
argyrodite,*"* the Li* conductivity has managed to increase
above 10 mS/cm at r.t."™*° Such dramatical enhancement in
Li" conductivity raises an intuitive question: what is the origin
of fast Li* conduction in Li-argyrodite?

y-Argyrodite Li;PS;X (X = Cl, Br, and I) crystallize in space
group F43m, with lattice parameter increases with the increase
of the ionic radii of halogen anion (from Cl to I). There are
four isolated PS,*” units in one unit cell, which are connected
with corner-, edge-, and face-shared Li(S/X), tetrahedra, as
can be seen in Figure 1. While S*~ on the 16e sites are shared
between PS, and Li(S/X), tetrahedra, the two halide or
halide/sulfur mixing sites (4a and 4d) are solely bonded to Li".
Among the six plausible positions on which the Li*(S*"/X"),
tetrahedra can reasonably locate in the }/—argyrodite21 (Figure
1), three positions have been broadly reported except for the
16e’ site (type 1: face-sharing with one PS,’” unit), 4c site
(type 3: corner-sharing with four PS,*” units), and 16e site
(type 4: face-sharing with four PS,*” unit). In general, 48h (for
Cl and Br analogues) or 24g (for I analogue) site (type S or Sa:
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face-sharing double tetrahedra) secured the majority of Li*
population, forming the backbone of the Li-cages (Figures 1
and 2)."%""** 4¢ (type 3) site and 48h’ site (type 2: edge-
sharing with one PS,*” unit) have recently been proposed/
identified based on Rietveld refinements’”*’ and maximum
entropy method (MEM) analysis'> of neutron powder
diffraction (NPD) data in y-argyrodite with various chemical
compositions. On the other hand, a temperature-dependent
(150—350 K) NPD study”* revealed that Li* can also occupy
the 48h’ site (type 2) even in the absence of “excess” Li*, e.g,,
in LigPS;Cl. While these reports””*>** highlight the function
of the 48h’ site (type 2) and support the idea* that the cage-to-
cage Li* jump may be achieved by the 48h—48h'—48h'—48h
migration pathway (type S—type 2—type 2—type S, Figure 2),
relatively little is known about the potential contribution of the
interstitial 16e sites (type 4) to the Li* migration (Figures 1
and 2), despite some very recent bond valence sum (BVS)
analysis on this site.””

Pioneering works, experimentally'®'” and computation-
ally,”>*° proposed that the fast Li* conduction in Li-argyrodite
is strongly correlated with the degree of anion site-disorder,
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Figure 1. Crystal structure of Li-argyrodite (LigPSsX, X = Cl, Br, and I). All possible lithium positions (48h, 48h’, 24¢, 16¢’, 16e, and 4c) are shown
in (a—f). For clarity, local Li* environments are individually displayed in the bottom panel for each position. Note that the 24g (type Sa) site sits on

a trigonal plane in between two 48h (type S) sites.

Figure 2. Plausible Li* migration pathways in Li-argyrodite. (Left) Intracage Li* migration is connected through the intracage 48h—48h’ jump
(black arrow) and the doublet 48h—24g—48h jump (pink arrow). (Right) Broadly proposed direct intercage 48h’—48h’ jump and 48h—48h jump
are shown in blue and orange arrows, respectively. The currently proposed intercage 48h’—16e—48h’ jumps are shown in red arrows. The potential
Li* jump between the 16e site and 4c site is shown in purple. The cyan iso-surface represents the residual Li scattering length densities obtained
from Fourier difference map (FDMs) (F,p, — F.,, threshold of —0.085 fm/A®) calculation of LigPS;Cl (against neutron diffraction data at 320 K).
The assigned Li* positions are obtained from Rietveld refinement against corresponding neutron diffraction data. Lithium on the 48h (type S), 24g
(type Sa), 48h’ (type 2), 16e (type 4), and 4c (type 3) sites are shown as orange, gray, green, red, and black balls.

i, mixing of $*~ and Cl7/Br /I” on the Wyckoff site of 4a/
4d. It is broadly believed that high degrees of anion site-
disorder can facilitate fast Li* migration”’ by altering the
energy landscape for different Li* sites. In addition, the
concept of lattice softness”® " (or phonon softening)®' was
applied to explain the interplay between cationic hopping and
anionic lattice dynamics. It is also worth mentioning that,
despite unsettled consensus, rotational motion of the PS,*~
motifs via the paddle-wheel mechanism®> was also pro-
posed’** to explain the fast Li* conduction in Li-argyrodite.
Together, these insights collectively laid the foundation for the
argument over the modes of Li* jumps, i.e., doublet, intra-, and
intercage (vide infra), that create connected three-dimensional
Li* migration paths in Li-argyrodite (Figure 2). While the

importance of intercage Li* jump (Figure 2) to the overall high
Li" conductivity in Li-argyrodite has been broadly acknowl-
edged,'”"" there is still a great controversy regarding the
detailed intercage hopping mechanism. For instance, some
reports proposed the direct hopping between 48h sites from
neighboring Li-cages (orange arrow in Figure 2). More
recently, experimental investigations in nominal®® (6 Li* per
formula unit, with the general formula of LicPS;X) and Li-
rich****” (more than 6 Li* per formula unit) argyrodite
advocated that the intercage Li* migration actually stems from
an alternative Li" migration pathway via the 48h’'—48h’
jump.””*® In addition, the previously overlooked intercage
48h—16e pathway has recently been proposed in the Li—Al—
Si—S—O based argyrodite by Huang et al.'>*’ (Figure 2).
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Figure 3. Determination of potential lithium positions in LigPS;X (X = Cl and Br) at 100 K and LisPSI at 180 K. (a) Distribution of negative
nuclear density (—0.25 fm/A*) by MEM analysis. For simplicity, halogens are omitted and only PS, units are shown. Potential Li* sites 48h (24g),
16e, and 4c are identified. (b) Mismatch of BVS, in which three levels of iso-surface (from red to purple to blue) are shown to differentiate the
energy thresholds for Li*. The smaller the iso-surface threshold is (i.e., red), the lower the site energy is, and hence more suitable for Li* to occupy.

(c) Rietveld refinement results of NPD data from NOMAD (Bank S; center 20 = 154°).

However, these different “inter-cage Li* jump” modes are often
found to be strongly correlated with different anion/cation
compositions. This controversy over the intercage Li* hopping
models arose from the assignment of Li* to available positions
(type 1—S5; see Figures 1, 2 and ref 21) in the crystal structure
of y-argyrodite (S.G. F43m).>>%°

These unsettled arguments motivate us to investigate the
impact of structural attributes, e.g., Li* distribution, Li*
migration paths, and their relations with anion/cation
sublattices, on the mechanism of Li* conduction in halide
substituted Li-argyrodite. Here, we employ NPD, MEM
analysis, BVS calculations, electrochemical impedance spec-
troscopy (EIS), and ab initio molecular dynamics (AIMD)
simulations to probe temperature-dependent (100—350 K)
structure—property relationship in LizPS;X (X = Cl, Br, or I).
Particularly, the measured Li* conductivity is rationalized on
the basis of three sites (16e, 48h’, and 48h/24¢) participating
in Li" migration within and between Li-cages. We found that
(1) there is appreciable amounts of Li* occupancies on the 16e
sites (type 4) in the nominal LigPS;Cl and LigPSBr, which is
accompanied by high degrees of anion site-disorder, (2) the
48h—16e—48h Li" jump offers a much lower migration energy
pathway (relative to the previously reported direct intercage
48h—48h or 48h’—48h’ jump), leading to a much faster three-
dimensional cage-to-cage Li* migration, and (3) Li" site
energies and distributions can be effectively tuned by anion/
cation substitution, which can be used to further increase Li*
conductivities in halide substituted Li-argyrodite. These
findings are further confirmed by both anion-substituted Li-
poor (Lig_,PS;_,CIBr,) and cation-substituted Li-rich superi-
onic argyrodites (Lis,,P,_.Ge,Ssl and Lig,,Si,Sb;_,SI). We
found that both substitution strategies can effectively regulate
the relative Li* site energies on the 16e, 48h (24g), and 48h’

sites, leading to higher Li" population on the interstitial 16e
site relative to their parent compounds. It also helps create
more isotropic Li* migration pathways and hence higher
overall Li* conductivity by reducing the average energy barriers
(and their differences) among the two critical migration
pathways, i.e., the intracage doublet 48h—24g—48h jump (pink
arrows in Figure 2) and the intercage 48h—16e—48h jump (red
arrows in Figure 2). These findings provide useful insights on
how to further improve the Li* conductivity of the broad
family of Li-argyrodite and beyond.

B RESULTS AND DISCUSSION

Identification of Plausible Li* Sites. To determine the
plausible Li positions (Figure 1) in Li-argyrodite with high
ionic conductivity,”’ >’ we employed FDMs to examine
potential Li* sites (coherent nuclear scattering length: —1.9
fm)*" against NPD data, and the results are presented in
Figures S1—S5 and Tables S1—S3. Accordingly, potential
positions, 4c site (type 3), 16e site (type 4), 48h (type S), and
48h’ site (type 2), are observed in LigPS;X (X = Cl, Br, and I),
whereas the 24g site (type 5a; trigonal plane)™ is vaguely seen
in LigPSsCl or LigPS;Br but becomes pronounced in LizPSsl.
The le%itimacy of those positions is further examined by the
MEM*" analysis.

Figure 3a shows the distribution of the nuclear scattering
density over 4c site (type 3), 16e site (type 4), 48h’ site (type
2), and 48h site (type S) in LizPS;X (X = CI, Br, and I) by
MEM analysis. Several features are observed: (1) 48h site
(type S) and 4c site (type 3) are captured in all compounds,
(2) 16e site (type 4) is seen in LigPS;Cl but is vacant in
LigPS;Br and LigPS,l, and (3) 48h’ site (type 2) is barely
observable in all compounds. While our MEM result
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Figure 4. Li* migration paths in Li-argyrodite. (a) BVSE landscapes of Li;PS;Cl (100 K), LisPS;Br (100 K), and LizPSI (180 K). The BVSE
landscape is shown at an isosurface value of —1.87 eV for all. Red, blue, and black arrows represent the 48h—48h doublet, 48h—16e intercage, and
48h’'—48h’ intercage jump, respectively. (b) Illustration of four Li* jumping modes and their migration pathway bottlenecks in Li-Argyrodite. (c)
Li" migration energies as a function of migration paths. The length of migration paths in three compounds is slightly different due to different

lattice parameters.

qualitatively echoes with the variations in free enthalpies of
these potential sites obtained by MD simulations,”" it provides
a stark contrast to the available sites to Li" from the
experimental point of view. This observation enforces us to
verify the authenticity of the 4c site (type 3) and 16e site (type
4) in case they are mistakenly considered potential positions
for Li*. Therefore, calculations of bond valence site energy
(BVSE),** which is a useful tool for searching hidden
posmons béy predicting the energy landscape of mobile
cations,"*™*° are conducted.

The 16e site (type 4) in LigPS;Cl is considered a reasonable
position for Li* because it has the lowest site energy (cf. red
iso-surface) (Figure 3b). Accordingly, the tendency toward
finding Li* on the 16e site (type 4) attenuates in the order of
Li¢PS;Cl > Li,PS;Br > Li,PS;I (see also Figure S6 for
temperature dependency). In contrast, the 4c site (type 3) has
lower site energy in LisPSsBr and LigPSI than in LisPS;ClL
The opposite trend in altering the preference for Li* to take up
the 4c site (type 3) or the 16e site (type 4) is likely due to the
effect of anion site-disorder on the 4a/4d site (Figure 1) and
differences in the unit cell dimensions. These results are similar
to the situation where the Li* density on the 24g sites (type Sa;
single position) grows at the expense of Li* occupancy on the
48h site (type S; split positions) in Lig,,P,_,Ge,SsI."” Turning
to the 48h’ sites (type 2), the predicted site energy is the
highest among all four positions (4c, 16e, 48h’, and 48h;
Figure S6), confirming its metastability.

The growing evidence gathered from the FDMs, MEM
analysis, and BVSE of Li;PS;X (X = Cl, Br, and I) eventually
led us to assign Li* to four (4c, 16e, 48h’, and 48h) tetrahedra
and one (24g) trigonal plane environments using the Rietveld
refinement against our NPD data (Figure 3c). The fit quality is
examined by R,, (Table S4), and it shows that the Li'
sublattice in LigPS;X (X = Cl and Br) is better described
with the 48h’ site (type 2), 48h site (type 5), and the
previously overlooked 16e site (type 4). The Li* occupancies
are found to be very small on 4c¢ and 24g sites for both Br and
Cl analogues. In accord, these positions have been identified in

monovalent Cu- and Ag—zirg}rrodit<e,'47’48 therefore, our results

show that the Li" distribution in LigPS;Cl and LigPS¢Br is
more complex than what was previously perceived.'®'*>%*7*%
For LigPS;l, however, the 48h site (type S) and 24g site (type
5a) together are, in line with literature,'” sufficient to yield the
best fit. Notably, there are also small amounts of Li* on the 4c
site (type 3) in LigPS;l.

Understanding the Li* Migration Pathway. To
examine the function of the interstitial 16e site (type 4) to
diffusion mechanisms, Li* migration paths and their projected
energy barriers in in Li-argyrodite are studied using the BVSE
landscape.‘m_46 As shown in Figure 4a,b, the BVSE landscapes
of LigPS;X (X = Cl, Br, and I) indicate that the cage-to-cage
Li* migration pathways are connected in LigPS;Cl and
LisPSsBr with reasonably low energy barriers. In contrast,
LigPS,I merely conducts Li*; the movement of Li* is mainly
connected through the 48h—24g—48h doublet jump (type S—
type 5)' or the 48h—48h’ (type S—type 2) jump, both of
which are confined to isolated Li-cages due to the very large
energy barrier for the intercage jump (Figure 4c). More
importantly, the Li* migration path that bridges Li-cages is
established by the 48h—16e jump (type S—type 4, red arrows
in Figure 2) rather than the broadly proposed direct intercage
48h—48h (type S—type$, orange arrow in Figure 2) or 48h'—
48h’ jump (type 2—type 2, blue arrow in Figure 2). This
motivates us to further evaluate the significance of the 16e site
(type 4) for Li* migration by comparing the energy barriers for
different modes of Li" jump.

In the three-lithium-model [16e, 48h’, and 48h (24g)]
proposed in this work, the overall Li* hopping consists of four
possible modes of Li* jump, two of which are the 48h—16e
jump (red arrow in Figure 2) and 48h’—48h’ jump (blue arrow
in Figure 2) that enable the cage-to-cage Li* migration
(Figures 2 and 4b). However, the estimated Li* migration
energy barrier of the 48h’—48h’ jump (from BVSE, which
provides qualitative estimation of the migration energy barrier)
exceeds that of the 48h—16e jump by ~100 meV in LiPS;Cl
(Figure 4c). Such a difference becomes even more substantial
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Figure S. Probing site preference and hopping statistic by AIMD. (a) Site energy in 16e, 24g, and 48h’ with respect to 48h. (b) Statistics of number
of intercage jumps at 300 K. The Ny,,,™"® is normalized as per Li ion and per ns. The statistics are obtained from an AIMD trajectory of 2 ns at 300
K. It should be noted that only three intercage hopping amounts are plotted in (b) as only three types of intercage hopping are observed from
AIMD simulations. (c) AIMD simulation at 300 K, which shows intercage 48h—16e jump. For Cl- and Br-argyrodite, it can be clearly seen that Li
diffuses (percolates) through the 16e site. In I-argyrodite, intercage hopping is absent in the simulated period of 2 ns. The Li atoms shown (green
spheres) in (c) are only 16e Li sites for Cl- and Br-argyrodite. The Li atoms shown for I-argyrodite are 24g Li sites (colored in orange). Note: the
hopping amounts are computed as #iyq, = Spop/dhop The Sy, here is the moving distance of Li* during the AIMD simulations, dy, is the distance
for each Li hop, which is approximated by the shortest Li—Li distance in a relaxed argyrodite structure.

in LigPS;Br and LisPSI. Taking the intracage (48h’—48h,
black arrows in Figure 2) Li* jumps into consideration, their
energy barriers for Li* hopping between two adjacent sites are
all inarguably smaller than the energy required for Li* to jump
between two neighboring cages via 48h’ sites. Therefore, a
complete cage-to-cage Li* migration can be achieved without
the direct intercage 48h’'—48h’ jump (Figure 4c). The
evidence presented here therefore supports that the interstitial
16e site is an important saddle point to facilitate the long-range
Li" migration in the Li-argyrodite. The other significant
observation is that the doublet (48h—24g—48h) jump has
slightly higher energy barrier (~0.25 eV) than the intercage
48h—16e—48h jump energy barrier (~0.21 eV) in LizgPS;Cl,
but they are opposite in LigPSsBr and LisPSg]l, both of which
have much higher intercage jump energy barriers (Figure 4c).
It is also worth pointing out that the 4c site (type 3) has much
lower site energy (—0.2 eV) than the 16e site in LigPS;l, and
the energy barrier for the 16e to 4c jump is very small (~0.1
eV, Figure $32). This may lead to the potential trap of
interstitial Li* into the inactive 4c site (type 3, Figure 1),
resulting in a much sluggish intercage Li" hopping in LisPS;l.
This is fully consistent with experimental observations, where
the measured Li* conductivities follow the trend of LigPS;Cl >
LigPSBr > Li,PSI (see Figures S7—S11 and Tables SS, S6).
Since the scanned frequency (5 MHz to 1 Hz) in impedance
measurements mainly probes the long-range Li" diffusion, this
result reflects that the magnitude of the highest migration
energy barrier and the relative site energies is strongly
correlated with the overall ;. This also indicates that soft
anion sublattice (Figure S11) and expanded crystal lattice
(Figure S12) seem to have limited effect in improving the
overall oy;". Instead, it suggests that different strategies are
needed to improve Li* transport in the Cl/Br- and I-based Li-
argyrodite: (1) for the Cl/Br-substituted analogues, decreasing
the energy barrier for the intracage doublet (48h—24g—48h)
pathway (pink arrow in Figure 2) while maintaining fast

intercage Li* migration through the interstitial 16e site (red
arrow in Figure 2) is critical. In contrast, decreasing the energy
barrier for the intercage (48h—16e—48h) jump while
increasing the energy barrier between the interstitial 16e site
and the inactive 4c site (purple arrow in Figure 2) is the key for
achieving fast Li* transport in the I-substituted analogues
(Figure 4).

Thermodynamic Origin of Li Distribution and Li*
Dynamics. To understand the thermodynamic driving force
for Li occupancy in 16e (type 4), 48h’ (type 2), and 24g (type
Sa) sites, we have performed first-principles density functional
theory calculations (DFT) on Li site energies for three sites
with the reference to the situation when Li is on 48h site (type
S). We first performed electrostatic enumeration to identify the
top 10 orderings with only 48h site occupied for further DFT
relaxation. During the enumeration, we also enumerate the Cl/
S, Br/S, and I/S ordering following the experimental
occupancy. Based on the lowest energy structure from this
step (denoted as s;), all Li atoms on 48h site are enumerated
and swapped into the nearest neighboring 16e, 48h’, and 24g
site, respectively (denoted as s;). Each of the swaps will yield
one additional structure for DFT relaxation. The energy
difference between the reference structure s, and s, with a
collection of site energy differences, leads to the violin plot
shown in Figure Sa. It can be inferred from Figure Sa that both
16e sites and 48h’ sites give reasonable energetics compared
with the 48h site, suggesting that the simultaneous occupancy
of 16e, 48h’, and 48h sites is reasonable at room temperature.
The thermodynamic driving force is even more pronounced
for LigPS;Cl, as negative E — E,g, is observed for 16e and 48h’
sites. On the other hand, for LisPSI, the 24g site will be
energetically more favorable, as shown by the close energetics
in Figure Sa. In summary, our DFT calculations of Li* site
energies in Li;PS;X (X = Cl, Br, and I) agree well with the
BVSE analysis and the structure refinement results.
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Figure 6. Temperature-dependent structural evolution of Li;PS;X (X = Cl, Br, and I). (a) Li* distribution over four crystallographic sites (16e, 24g,
48h’, and 48h) derived from neutron diffraction data. (b) Li* jumping bottleneck areas through 48h—16e and 48h’—48h’ intercage, and 48h—24g—
48h doublet migration paths derived from neutron diffraction data. Open symbols in L¢PSI indicate a virtual case with computed areas assuming
Li* occupies 16e and 48h’ sites. (c) Hopping rates vs different migration mechanisms (from AIMD).

The kinetic process of Li* migration in LigPS;X (X = Cl, Br,
and I) is then investigated using the experimentally refined Li*
and halogen occupancies (Figure Sb,c) and with AIMD
simulations. Room temperature (300 K) AIMD simulations
are performed to obtain the simulated Li migration pathway to
be compared with neutron diffraction observations. AIMD
simulations for 2 ns are performed to make sure we have
enough statistics for hopping for good conductors LisPS;Cl
and LigPSBr. As shown by Figure Sb, the average amount of
hopping through 48h’ — 16e, 48h — 16e, and 48h’ — 48h’
are extracted separately from the AIMD simulations. It can be
reflected by Figure Sb that for both LigPS;Cl and LisPSBr, a
large number of the intercage jumps occur through 48h — 16e
path rather than through 48h’ — 48h’. On the other hand,
LigPS;I shows much lower ionic conductivity so that no
intercage jump is observed. The percolation of Li through 16e
can further be supported by visualizing the Li" probability
distribution extract from the 2 ns trajectory of AIMD
simulations in Figure Sc. For both LigPS;Cl and LigPSsBr,
very significant Li* probability density can be observed, which
is absent in LigPSI. The AIMD simulations thus confirm the
experimental observations and support the argument that Li*
intercage diffusion through 48h — 16e is actually a
pronounced mechanism at room temperature.

Effect of Structural Attributes on Li* Conductivity. Li*
Distribution. Following the results discussed in the first
section, we employed the three-lithium-site model (16e, 48h’,
and 48h) in the Rietveld refinement to assess the temperature-

dependence of Li* distribution in Li-argyrodite (Figure 6a).
While the occupancy of Li* on 48h site decreases with
increasing temperature, an opposite trend is found with 16e
and 48h’ sites. In addition, Li* preferably occupies the 16e site
and its occupancy is greater in LigPS;Cl than in LisPS;Br. For
the 24g site, large occupancies are observed in LigPS;I but
barely present in the Cl and Br analogues, presumably due to
expanded crystal lattice (LigPSsI > LigPSiBr > LisPS;Cl)."
These findings resonate with the AIMD simulations (see also
Figures S14—S7), and it further stresses the importance of the
16e site in promoting fast Li* conduction (cf. Figures 4 and §).

The distinctive distribution of Li* in LisPS:X (X = CI, Br,
and I) can be further understood, in addition to considering
the size of Li-cages (see Figure S18),”* by examining the
average ratio of inter- and intracage jumping distance (Djy,/
Dyya) (see Experimental Section), which reflects the overall
Li"* migration energy landscape. In fact, Dy../Diyy, Wwas
employed to characterize Na-argyrodite and it was found
that fast Na-ion conduction can be computationally achieved
when D,/ Dina & 1.* Intuitively, the variations in Dj,, and
Dy are believed to be halogen-dependent—in other words,
the distribution of different anions (X~ or $*7) on 4a/4d sites
and its attraction toward Li" play a pivotal role in modifying
the D, and Dy,,,,. However, it should also be stressed that the
unit cell dimensions, and bonding environments are similar for
the framework (particularly the high valent cations bonded to
S, e.g., P* in PS>~ motifs). Since Li-cage,, and Li-cage,, are
directly connected, the most favorable condition for Li"
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migration can be achieved when there is equal jumping
distances between the two neighboring cages, i.e., Diyter/Digra
~ 1. In this scenario, both Li-cage,, and Li-cage,q are expected
to present similar sizes with comparable Li*-(4d/4a) distances.

Li* Jumping Pathway Bottleneck. Figure 6b illustrates the
temperature-dependent Li* migration pathway bottlenecks. A
larger area of the saddle point is observed in the 48h—16e path
than that in the 48h’'—48h’, indicating that the former
intercage jump may better facilitate the Li" migration. Besides,
we notice that the Liygh’(S/X), tetrahedron is markedly more
distorted than the Lijg/4s,(S/X), one (Figure S19). This
finding implies that the deviation from the ideal geometry of a
tetrahedron could be another factor that imposes a structural
constraint to restrict the 48h'—48h’ intercage Li" jump.
Notably, although the Li* jumping cross-section for the 48h—
16e path in LigPSBr expands more than in LisPS;Cl, LisPS;Cl
still outperforms LigPSsBr on oy (Figure S7). Likewise, the
same argument holds true for LigPSiI assuming that Li*
virtually occupies the 16e and 48h’ sites. This suggests that
the ideal Li* jumping bottleneck depends on the specific halide
anion and site energies of different Li* interstitial sites. The
absolute values of the areas of the jumping bottleneck areas are
not directly related to the energy barriers. Additionally, we
have performed —ICOHP calculations for Li—X interaction
within LigPS;X (X = Cl, Br, and I). As shown by Figure S20,
there is no obvious difference among the —ICOHP values for
three types of argyrodite, suggesting that the halogen-
dependent Li distribution is majorly a strain (lattice
dimension)-induced phenomenon, which is less relevant to
the electronic structure of X /S*” ions. Taken together, this
suggests that reducing the energy differences between the 48h
and 16e sites while simultaneously maintaining an appropri-
ately sized bottleneck for the 48h—16e jump seems to be one
of the key factors for realizing fast Li" migration in Li-
argyrodite. This argument is further supported by the AIMD
simulations (Figure 6¢) and BVSE calculation (Figure 4c).
This result indicates that the 48h—16e hopping dominates the
intercage Li" migration for Cl- and Br-based argyrodite. In
contrast, the AIMD simulation found that there is very limited
intercage hopping for I-based argyrodite even at 600 K, which
indeed shows much lower o;* relative to the Cl and Br
analogues.

Tuning Li* Distribution is the Key to the Promotion
of Fast o;;* in Li-Argyrodite. The abovementioned neutron
diffraction, BVSE calculation, and AIMD simulation results
suggest that the intercage 48h—16e—48h Li" migration
pathway plays a pivotal role in promoting fast Li* transport.
Since Li* on 48h (type 3) and 16e (type 1) sites are bonded to
three S*~ (corner shared with PS, tetrahedra) and one anion
(halide or S*7) on the 4a or 4d site, it is expected that the site
energy differences between the 48h and 16e sites will highly
depend on anion environments on the 4a/4d sites, ie., the
types of anions and the Li-anion bonding distances. In this
section, we will show that a few commonly implemented
strategies to improve Li* conductivity are universally achieved
by tuning the Li* distributions on different interstitial sites,
particularly those on the 48h and 16e sites. This redistribution
can not only result in fast intercage Li* migrations via the
newly discovered 48h—16e—48h pathway, but also lead to
flatter intercage and intracage migration energy landscape.

One common strategy to improve the Li* conductivity in Li-
argyrodite is by substituting S*~ with halogen anions (CI~ or
Br7), forming Li-poor Lis_,PS;_.X;,, (X = Cl or Br).

Particularly, dramatic improvement of Li* conductivity has
been reported in the mixed halogen-substituted
Lig_,PS;_,CIBr,.”" Other than the increased carrier (vacancy)
concentration (due to the creation of Li* vacancy), we found
that this type of substitution can also dramatically lower the
energy barriers for both intracage doublet 48h—24g—48h jump
and intercage 48h—16e—48h jump (Figures S22 and S23). We
also found that from the structure point of view, this approach
is realized by increasing the Li* occupancies on the interstitial
16e site and achieving equal intercage and intracage Li"
jumping distances (Djer/Dinera ~ 1)-

Here, we use Lis,PS,,ClBry; as an example (which is
chosen because phase pure sample can be synthesized without
large amounts of impurities and the relatively small increase of
the Li* vacancy concentration, Figure $22) to demonstrate the
effectiveness of this approach. By sacrificing a small portion of
Li* on the 48h site (Figure 7a), the occupancy of Li* on the
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Figure 7. Demonstration of the importance of the interstitial 16e site
and equal intercage and intracage jumping distances in promoting fast
Li* transport in Cl- and Br-based Li-argyrodite. (a) Temperature-
dependent Li* occupancy in Lis;PS,,ClBry; derived from the
Rietveld refinement against NPD data. The Li* occupancy in
LigPS;Cl at 100 K (open symbols) is added for comparison. Much
higher Li* occupancies on the interstitial 16e site have been observed
in Lis,PS,,ClBr,; relative to the parent compound. (b) Correlation
of negative charge distribution (ratio R, and difference Auy_,,)
with X7/S*” disorder on the halide substituted Li-argyrodites. (c)
Correlation of Li* conductivity with Ryy4, and Dy.;/ Do Reported
data from literature'”'®** are added for comparisons. It should be
noted that both carrier concentration and the redistribution of Li* can
affect the overall oy

16e site (type 4) increases relative to the parent LisPS;Cl. By
contrast, the increase in Li* density for the 48h’ site (type 2) is
marginal when taking errors into consideration. The increased
disorder (~70%) in Lis,PS,,ClBry3 can be statistically
quantified by summing individual contribution from Clys~ +
Bry,~ over So5>~ on the 4d site (Figure 7b). More importantly,
the negative charge ratio (R,q.,) turns closer to 1, and the
difference in the negative charge (A,4_,,) reduces further to
0.1. Similarly, an almost unity of R,y can be achieved,
although it was not originally documented in a recent work,>
in Lig¢PS,CIBrys and Lig3PS,;CIBr,, (which contains
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Figure 8. Li* conductivity in Lis,PS,,CIBr,;. (a) Representative Nyquist plot of Li,PS,,CIBry; (—21 °C). (b) Temperature-dependent Nyquist
plots of Lis,PS,,CIBry;. The inset shows the same set of data collected at high temperatures. (c) Arrhenius plot of Lis,PS,,ClBr, .

relatively large amounts of impurity phases relative to the x =
0.3 phase used for the current study).”® Finally, we examine the
distribution of intra- and intercage Li* jumping distances
(Dinter/ Dintra) With negative charge ratio (R,q/4,) and their
correlation with Li* conductivity. As shown in Figure 7¢c, when
Ryq/4. shifts to 1, the averaged Dy../Dj,,, ratio decreases
significantly. Upon slight bromination, the Dj,./Djy,, ratio
varies from slightly <1 in L¢PS;CI to ~1 in Li,PS, ,CIBrg,
(similar trend in Lis PS,ClBrys and Lis;PS,;CIBr,,),”""
indicating homogeneous Li* jumping distances within and
across neighboring Li-cages.

The redistribution of Li* over 16e, 48h’, and 48h (24g) sites
is central to the observed improvement of Li* conductivity in
Lis,PS,,ClBry;. A higher fraction of Li* on the 16e site
suggests that the 16e site is more frequently accessed by Li* via
48h—16e jump with relatively low activation energy.
Comparable change in this structural attribute, conversely,
cannot be identified in other reported “mono-halide” Li-
argyrodite even with high magnitude (>60%) of X /S~
disorder on 4d site (Table S8). Indeed, this observation
suggests that extensive anion site-mixing over 4a and 4d sites is
not the determining factor for fast Li* conduction. In addition,
the effect of expanding unit cell dimension on Li* conductivity
can be minimal since only 0.3 mol of Br™ p.fu. was employed
(Figure S22e), which is also reflected in the fact that
Lis,PS,,CIBry; has similar Li* jumping bottlenecks (Figure
$22f) as those in LigPS;Cl (Figure 6b).

It should be noted that the absolute degree of anion (X7/
S§*7) disorder is not necessarily the governing factor for fast Li*
conductivity. For example, despite comparable extent of Cl™/
§*~ disorder and Li* vacancy concentration in Lig PS, Cl, s'®
(Tables S9 and S10), the Li* conductivity is much smaller than
those reported in the LisPS,;CIBrys.’" Indeed, the Li*
occupancy on the 16e site in LigPS,Cl, s is refined to be
0.12(1) (Figures S24, S2S and Table S9), much lower than
that in Lig sPS, sCIBros (0.17(1)) (Figures S26, S27 and Table
S10). It is also worth pointing out that the energy differences
between the intracage (doublet 48h—24g—48h) jump and the
intercage (48h—16e) jump in Lis sPS, sCIBr, is much smaller
than those in the LisPS,sCl; 5 (Figure S23). Taken together,
these findings suggest that besides creating higher carrier
concentration (Li* or vacancy), simultaneously increasing Li*
occupancies on the interstitial 16e site, is a critical factor for
promoting fast Li* transport in Cl/Br substituted Li-argyrodite.
From the structure point of view, this is reflected in forming a
more homogeneous intercage and intracage jumping distances
(with Dyyr/Dingra ~ 1). As a result, the room-temperature Li*
conductivity improves from ~6 mS cm™" in LisPS;Cl to near

10 mS cm ™! in Lig,PS, ,CIBry; (Figures 7c, 8, and Table S8).
Further increasing the carrier concentration (e.g., Li*
vacancies) while regulating Djer/Dinira to unity can drastically
increase the Li* conductivity to over 20 mS/cm (Figure 7(:).50

Finally, we notice that cation-substituted I-based argyr-
odite'”*” (Figure S28) with negligible I7/S*~ disorder also
shows very high Li* conductivity (Figure S29 and Table S11).
These Li-argyrodites'”*" typically have cation mixing occurs
on the 4b site involving the replacement of P>* with Si**, Ge*",
and/or Sb®*. This cation substitution modifies the local
environment of the original PS,*>” units, which in turn affects
the site energies of different Li interstitial sites and hence
affects the neighboring Li" distribution. Particularly, those on
the 48h site and 16e site have noticeable changes after
introducing cation substitution. Here, we use LigsSbgsSig sSs]
as an example to demonstrate the importance of tuning Li*
distribution on the interstitial sites, particularly on the 16e site,
in promoting Li" conductivity. The refined structure of
Lig sSbysSigsSsI is shown in Figures S30, S31, and Table
S12. The refined Li site occupancy on the 16e site is 0.12(1).
The estimated energy barriers (from BVSE) for the 48h—16e
jump decrease from ~0.3 eV in LigPS;I to ~0.25 eV (Figure
$32) in LigsSbysSig sSsL, leading to a lower Li* hopping energy
barrier in this cation substituted compound. More importantly,
the cation substitution dramatically increases the estimated
migration energy barrier between the 16e site and the 4c site
(Figure S32), effectively preventing entrapment of Li* in the
inactive 4c site (purple arrow in Figure 2) during the intercage
jump. This increase of the energy barrier between the 16e site
and the inactive 4c site also confines the overall Li* hopping to
those among the intracage doublet 48h—24g—48h jump, 48h—
48h’ jump, and the intercage 48h—16e—48h jump, leading to a
flattened energy landscape for Li* migration (Figures S23 and
S32). As a result, similar to the Cl- and Br-based argyrodites,
this flattened energy landscape is also reflected in the
formation of more uniform distribution of intercage and
intracage jumping distances, i.e., with Dyyer/Dipera ~ 1 (Figure
S28). Almost identical structure features have also been found
in the Ge-substituted LisGegsPo4SsI (Figures $32—S34 and
Table S13). Lastly, it is worth pointing out that noticeable
amounts of halide vacancies (I7) are refined on the anion 4d
site (Tables S12 and S13) in these cation-substituted
argyrodites, while the anion 4a sites are found to be fully
occupied by S*>7. The presence of halide vacancies on the 4d
site is expected to play an important role in increasing Li"
occupancies on the 16e site (which is an interstitial site with
very high site energy in the parent compound, LicPS;I).
Further theoretical investigation, similar to the work by Gorai

https://doi.org/10.1021/acs.chemmater.3c02269
Chem. Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02269/suppl_file/cm3c02269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02269/suppl_file/cm3c02269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02269/suppl_file/cm3c02269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02269/suppl_file/cm3c02269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02269/suppl_file/cm3c02269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02269/suppl_file/cm3c02269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02269/suppl_file/cm3c02269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02269/suppl_file/cm3c02269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02269/suppl_file/cm3c02269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02269/suppl_file/cm3c02269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02269/suppl_file/cm3c02269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02269/suppl_file/cm3c02269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02269/suppl_file/cm3c02269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02269/suppl_file/cm3c02269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02269/suppl_file/cm3c02269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02269/suppl_file/cm3c02269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02269/suppl_file/cm3c02269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02269/suppl_file/cm3c02269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02269/suppl_file/cm3c02269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02269/suppl_file/cm3c02269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02269/suppl_file/cm3c02269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02269/suppl_file/cm3c02269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02269/suppl_file/cm3c02269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02269/suppl_file/cm3c02269_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02269?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02269?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02269?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02269?fig=fig8&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c02269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

etal,’’ is needed to understand how these halide vacancies on
the 4d site affect the overall Li* transports.

B CONCLUSIONS

Through a variety of structure analysis (FDM, MEM, and
BVSE) and computational (DFT and AIMD) tools, we
clarified the role of Li" site distribution and its effect on Li"
migration in Li-argyrodite. We found that the promotion of Li*
conductivities is strongly correlated with a previously over-
looked Li* interstitial site (16e), which is critical for realizing
the fast intercage Li* migration. A more isotropic Li" migration
pathway (Diyer/Dina ~ 1) and higher Li* occupancies on the
interstitial 16e site are found to be critical factors for achieving
high Li" conductivity in Li-argyrodite. These findings provide
useful insights to further improve the ionic conductivity of the
broad family of Li-argyrodite and beyond. They also highlight
the importance of lithium sublattice engineering in promoting
fast Li* conductivity.

B EXPERIMENTAL SECTION

Synthesis. We performed the synthesis of Li-argyrodite following
literature.'® In this work, LisPS;Cl, LigPSsBr, LigPSl, Lis ;PS,sCl, ,
Lis ;PS4 7CIBry 3, LigsSigsSbosSsl, LigSigeSbosSsl, LisaGegaPosSsk
Lig 4Ge4PoSsI, and LigsGey Py ,SsI were synthesized. Depending
on compositions of Li-argyrodite, a stoichiometric mixture of Li,S
(Sigma-Aldrich, 99.99%), P,Ss(Macklin, 99%), LiCl (Macklin, 99%),
LiBr (Macklin, 99%), Lil (Macklin, 99%), Si (Sigma-Aldrich, 99%),
Sb,S; (Sigma-Aldrich, 99.995%), and GeS, (Kojundo, 99.99%) were
placed in an argon-filled zirconia jar (25 mL in volume) with zirconia
balls (12 mm in diameter). The mixture was mechanically milled
using a planetary ball mill apparatus for S h at a rotating speed of 550
rpm. After that, the as-mixed precursors were sealed in a glass tube in
vacuum and transferred to a quartz tube furnace for heat treatment
that was first heated to 300 °C with a ramp of 5 °C min™’, then
maintained at 300 °C for 12 h, and cooled down to room
temperature. Last, the product was heated to 500 °C with a ramp
of 5 °C min™', maintained at 500—550 °C for 12 h, and cooled down
to room temperature. After sintering, pellets of Li-argyrodite were
cracked into powders for neutron diffraction experiments. Sample
handling was conducted under Ar (Mbraun, H,O < 0.5 ppm, O, < 0.5
ppm).

Neutron Powder Diffraction. Time-of-flight (TOF) neutron
diffraction patterns of Li-argyrodite were acquired at the NOMAD
(BL-1B) at the Spallation Neutron Source at Oak Ridge National
Laboratory. Each powdered sample (~300 mg) was sealed into a 3
mm quartz capillary. Four 24 min scans were collected at each
temperature points (from 100 to 350 K) and then summed to
improve the statistics. The background signal (empty quartz) was
subtracted from multibank neutron diffraction data, which then were
normalized against the scattering signal from a 6 mm vanadium rod.

The Rietveld refinement was performed in TOPAS (v6).”> The d-
spacing of TOF neutron powder patterns (NPDs) was computed by
TOF = zero + Difc*d + Difa*d”. Zero and Difc were obtained by
refining the NPD of the NIST standard Si 640e and then fixing them
as constants. Difa was open for refinement in all four banks (#2 to #5)
to account for sample displacements and peak shifts induced by
absorption. Absorption correction was made by employing an
empirical Lobanov formula.*® Peak profiles for low-resolution banks
(#2 and #3) were described by a convolution of a back-to-back
exponential function and a symmetrical Gaussian function. For high-
resolution banks (#4 and #5), modified Ikeda—Carpenter—David
function was employed to compute the moderator-induced peak
profiles. The reported structure of LicPSJI® (S.G. F43m) was
constructed as the starting model for refinements. Anionic sublattice
composed of P**, $>7, and X~ (Cl, Br, and I) was first refined over site
occupancies and isotropic atomic displacement (B,,) parameters at
100 K (LigPS,Cl, LigPS;Br, and Lis ;PS, ,ClBr,5) or 180 K (LigPS;I);

below 180 K, LizPSI experiences phase transition from cubic phase
(S.G. F43m) to monoclinic phase (S.G. Cc).*' Then, Li* was
tentatively assigned to only the Wyckoff site of 48h (since it is the
most favorable position as suggested by MD simulaitons®), in which,
step-by-step, the atomic coordinates, the site occupancies, and the
isotropic atomic displacement parameters were refined. The FDM (F,
— F.) was examined at this stage to seek potential Li* positions by
visualizing the residual negative nuclear density in TOPAS (v6). To
enhance the confidence of the Li* position assignments (i.e.,, 16e and
48h’), the refined structure was also examined using MEM and BVS,
both of which are capable of identifying the potential Li" positions
despite different working principles. After assigning Li* to all the
possible positions, all the structural parameters were refined at the
same time and no unrealistic results were detected (e.g, negative
atomic displacement parameters). The quality of the Rietveld
refinement was assessed by R,, and GoF (goodness-of-fit).
Constraints that were applied to lithium positions, site occupancies,
and isotropic atomic displacement parameters are shown in Tables S1
and S2. It should be noted that the fit indicator, R,,, responds to the
Li" position assignments, in which a reduction of R, is observed if Li*
resides at appropriate positions (see Table S3).

The inter- and intracage Li*—Li* distance (noted as D, and
Diyea) Was calculated based on the refined structure against NPD
results. 48h—16e path and 48h’—48h’ path are considered intercage
jump, whereas 48h—48h path (through 24g) and 48h—48h’ path are
considered intracage jump. A Detailed definition of intercage and
intracage jump can be found in Figure 2. Each type of jumping was
counted, and then the weighted averaged values were computed. The
distribution of jumping distances was characterized as D,/ Dintra-

Electrochemical Impedance Spectroscopy. For the variable
temperature AC impedance measurements, the as-synthesized Li-
argyrodite powders were pelletized at 3 tons and then sandwiched in
between two pieces of indium foils in a home-built PEEK cell. The
PEEK cell was then hand tightened before measurements. Variable-
temperature AC impedance measurements were carried out on a
Gamry Reference 600" from —27 to 60 °C in a frequency range from
S MHz to 1 Hz under a perturbation of 50 mV. The contact area and
thickness used for converting impedance to conductivity was 0.173
cm? and 0.1 cm. Additional room temperature (25 °C) AC
impedance measurements (for LigPS;Cl, LigPSiBr, Lis(PS,Cl,s,
LigSigSbo4SsI, and LigsGePo4SsI) were carried out using steel
blocking electrodes to mitigate the potential interfacial impedance
contributions. Fifteen ~20 MPa pressure was applied during the room
temperature EIS measurements. The analysis of EIS data were
performed on a Gamry Echem analyst and Biological EC-Lab. The
EIS data (<25 °C) were analyzed with the equivalent circuit
(Reotal Qeotat) Rinterface Qinterface) (Qer), Where the subscripts total, inter-
face, and el refer to total resistance (grain and grain boundary), Li—In
interface, and blocking electrodes. Instead of using capacitor (C), the
constant phase element (Q) was employed in the equivalent circuit to
represent the nonideal behavior of EIS spectra. Also, the contribution
of the Li—In interface was added to accommodate the interfacial
decomposition,” which was not the main interest in this work. At T >
25 °C, inductance (L) was introduced, and the equivalent circuit was
simplified to (L)(RiQiotal) (Qe)- In general, the order of Li*
conductivity follows Lis,PS,,ClBry; > LigPSsCl > Li,PSBr >
LigPSsI. LisPS,sClis, LiggSigsSb4SsI, and LigsGeggPo4SsI all
showed very high room-temperature Li* conductivity (>10 mS/cm,
see Table S13).

Electrochemical Stability Window Tests. The stability of
LigPS¢X (X = Cl, Br, and I) during oxidation and reduction processes
was investigated with cyclic voltammetry (CV) measurement. The
LigPS;X/Super P carbon black (70/30 in weight ratio) mixture was
ball-milled in a rotating speed of 200 rpm and worked as a cathode
material. In brief, 200 mg of LisPS;X powder was cold-pressed into a
pellet under 360 MPa, and 10 mg of the as-prepared cathode was cast
onto the pellet with a pressure of 180 MPa. Finally, 30 mg of the Li—
Si anode was pressed onto the other side of the pellet with a pressure
of 360 MPa to form solid-state cells. CV curves were performed on
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the solid-state cell at a scan rate of 0.5 mV s™' in a range of 0.5—4.5 V
(vs Li—Si).

Fabrication and Test of All-Solid-State Li Metal Battery. For
the cathode, LiCoO,, LizPS;X (X = Cl and Br), and Super P carbon
black were mixed at the weight ratio of 70/30/0.3 in a stainless steel
jar. The mixture was then mechanically milled for 1 h at a rotating
speed of 200 rpm. Then, 200 mg of solid electrolyte powder was
pressed into a pellet with a diameter of 10 mm under 360 MPa. 8 mg
of the as-prepared cathode was pressed onto the pellet, and 30 mg of
the Li—Si anode was pressed onto the other side. The mass loading of
LiCoO, was 7.13 mg cm™". To fully utilize LiCoO,, an activation
process was performed at 0.1 C for the first two cycles. Cells were
maintained stably for 220 cycles at 0.3 C.

Maximum Entropy Method. The distribution of nuclear density
of Li-argyrodite was computed using the MEM using the zeroth order
single-pixel approximation algorithm (ZSPA) in Dysnomia.”* The
input file (.mem) was prepared in Jana2006,”> from which the
neutron scattering structure factors and standard deviations were
computed for the refined crystal structure generated by TOPAS (v6).
The Lagrangian multiplier was 0.002, and the number of voxels in the
unit cell was 128 X 128 X 128. The coefficients t and E were
optimized to satisfy the constraints as documented in Dysnomia’s
manual.® The output file (.pgrid) was examined in VESTA>® and
compared with the refined crystal structure as well as the FDM and
the BVSE landscape.

BVSE Analysis. The BVSE of Li-argyrodite was performed using
softBV(v1.2)."»* The crystallographic information file (CIF),
obtained through the Rietveld refinement of the NPD of Li-argyrodite
in TOPAS, was assessed in softBV, and the global instability index
(GII)? was found to be no larger than 0.22 in all refined crystal
structures; hence, the validity of the CIFs was confirmed. The input
file (.cube) was generated in softBV, and the BVSE landscape was
plotted in VESTA® to visualize the Li-ion migration paths across 16e,
48h’, and 48h site and was compared with the FDM and the
distribution of nuclear density probed by the MEM analysis.

DFT Calculations and AIMD Simulations. DFT, as imple-
mented in the plane-wave-basis-set Vienna ab initio simulation
package,”” was used to calculate the total energy of different Li-
argyrodite. Projector-augmented wave potentials with a kinetic energy
cutoff of 520 eV were employed in all the structural optimizations and
total-energy calculations, and the exchange and correlation functionals
were described using the Perdew—Burke—Ernzerhof generalized
gradient approximation.”® In order to understand the site energy
difference at different identified Wyckoff positions, we have
performed enumeration of different Li-vacancy and S-halogen
ordering at considered materials compositions. For each examined
site occupancy, we have enumerated all possible atomic ordering and
picked up 20 structures with the lowest electrostatic energy for DFT
calculations. For all the calculations, a reciprocal space discretization
of 25 k-points per A™! was applied, and the convergence criteria were
set to 107 eV for electronic optimization and 0.02 eV/A for ionic
optimization. AIMD, initialized from the lowest-energy atomic
configurations, was used to investigate the ionic conductivity and
kinetic evolution of site occupancy. All the AIMD calculations used an
NVT ensemble with a time step of 1 fs and a Nosé—Hoover
thermostat®™ with a period of 2 ns. A minimal I-point-only k-point
grid was used with spin-polarized calculations. The AIMD simulations
were run at 300, 400, and 600 K, respectively, to approximate the
experimental condition.
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