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Configurational and Dynamical Heterogeneity in Superionic

Lis 3PS, 3Cl; ;_,Br,
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Benjamin Chen, Jue Liu, and Yan-Yan Hu*

The correlation between lattice chemistry and cation migration in
high-entropy Li* conductors is not fully understood due to challenges in
characterizing anion disorder. To address this issue, argyrodite family of Li*
conductors, which enables structural engineering of the anion lattice, is
investigated. Specifically, new argyrodites, Lis ;PS,;Cl; ;_,Br, (0 < x < 1.7),
with varying anion entropy are synthesized and X-ray diffraction, neutron
scattering, and multinuclear high-resolution solid-state nuclear magnetic
resonance (NMR) are used to determine the resulting structures. lon and
lattice dynamics are determined using variable-temperature multinuclear
NMR relaxometry and maximum entropy method analysis of neutron
scattering, aided by constrained ab initio molecular dynamics calculations.
15 atomic configurations of anion arrangements are identified, producing a
wide range of local lattice dynamics. High entropy in the lattice structure,
composition, and dynamics stabilize otherwise metastable Li-deficient
structures and flatten the energy landscape for cation migration. This
resulted in the highest room-temperature ionic conductivity of 26 mS cm™'
and a low activation energy of 0.155 eV realized in Lis ; PS, ;Cl, ;Br, where
anion disorder is maximized. This study sheds light on the complex
structure—property relationships of high-entropy superionic conductors,

the use of solid electrolytes with fast ion
conduction, and developing superionic
conductors requires an in-depth funda-
mental understanding of the composition—
structure—ion  conduction correlations.

Recent studies on thiophosphate-based
fast ion conductors have shown remark-
able ionic conductivities.>*  Among
them, Li-argyrodites continue to attract
attention,!” %) which have demonstrated
room-temperature ionic conductivities
>20 mS cm™!, superior to other superionic
conductors. In addition, the flexibility of
the anion structural framework affords
new chemistry toward tunable ionic con-
ductivities. Such structural characteristics
stem from the labile exchange of sulfur and
halogen anions over the Wyckoff 4a and 4d
sites.>1718] The anion mixing affects site
occupancies of neighboring Li* ions.”"]
More specifically, Li* can reside at T5
(Wyckoft 48 h) and T5a (Wyckoft 24 g) sites
in Li,PS,I, while it can occupy the extra

highlighting the significance of heterogeneity in lattice dynamics.

1. Introduction

All-solid-state batteries offer a promising future for advanced
electrochemical energy storage, featuring improved safety and
high energy density.l?! To achieve high power density demands
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T2 (Wyckoff 48 h) sites in Li,PS;Br and
Li,PS;CLI" These intermediate T2 sites
bridge Li-cages and facilitate inter-cage
hops!!®19291 for long-range Li* diffusion.
Moreover, theoretical studies also predicted that T4 (Wyckoff
16e) sites could provide better connectivity of the cages,'l and
Li* occupancy at these sites was experimentally confirmed in
non-halide argyrodites Li,, Al Si,_.S, and oxysulfide argyrodites
Lig 15Aly 1551, 3586, 0,217

Based on the wunique structural flexibility of argy-
rodites, many attempts have been made to enhance Lit*-
ion transport via structural engineering, including cation
doping  (Lig,,P;_ M, ScI(102%25]  and  Lig, Sb,_ M, S;I120]
(M = Si/Ge)) and anion doping (LizPSs_,Se, (Br/I)[?”28 and
Li,_ PSs_,(Cl/Br),, .. Even though high ionic conductivity
can be achieved by means of cation doping, the incorpo-
ration of redox-active elements (Si/Ge) often compromises
electrochemical stability.[??! Anion doping proves effective in
enhancing ion transport without narrowing the electrochemi-
cal stability window.*! The underlying mechanisms of anion
disorder-induced superionic behavior are not yet fully under-
stood, particularly in complex high-entropy (high structural
disorder) systems.}133 To investigate the contributions of
different structural disorder to ion conduction, we synthe-
sized the Lig,PS,;Cl,,_,Br, series with a locked Li content.
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Figure 1. The long-range structures of Lis 3PS, ;Cl; ;_,Br, determined with X-ray diffraction. a) Powder X-ray diffraction patterns of Lis 3PS, ;Cl; ;_,Br,
(0 <x < 1.7). b) Rietveld refinement of the diffraction pattern of Lis 3PS, ;CIBry ;. c) The crystal structure of Lis 3PS, ;CIBry ; obtained from the Rietveld
refinement. d) Lattice parameter as a function of x in Lis 3PS, 3Cl; ;_,Br, (0 < x < 1.7). The discontinuity of the plot between x = 0.8 and 0.9 indicates
significant structural adjustment when transitioning from Cl-rich to Br-rich compositions.

We achieved an unprecedented ionic conductivity of ~26 mS
cm™! in Lig,PS,,Cl,,Br, while maintaining nearly unchanged
long-range structural order as determined by X-ray diffraction
(XRD). However, atomic arrangements around active Li* ions
exhibited high entropy as determined by multinuclear solid-state
nuclear magnetic resonance (NMR). With NMR relaxometry and
neutron scattering, we observed novel 4d-site configurations that
contain S, Cl, and Br, and off-center 4a/4d positions, resulting in
increased mobility of Li* ions and PS,3~ polyhedra. The lattice
dynamics strongly correlate with and contribute to enhanced
Li*-ion transport, as revealed by constrained molecular dynamics
simulations.

2. Results

The anion sublattice in argyrodite structures often exhibits site
disorder between the divalent S*~ and monovalent halides (Br~
or Cl7) at Wyckoff 4a and 4d positions. Moreover, the 4a/4d-site
disorder is more prevalent between C1~/S?~ than Br~/S?~ anions.
For example, in Li;PS;X (X = Cl, Br), the exchange between Cl~
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and S?- at 4d sites is 63%, whereas for Br~ and S*~ is 43%.18
To study the influence of anion mixing on the structure and
Li* conduction, we have synthesized and characterized a series
of halogen-rich argyrodites Lis,PS,,Cl,,_,Br, (0 < x < 1.7).
Our prior work showed that Li; ;PS, X, ; (X = Cl or Br) formed
stable phases with the largest Li deficiency and exhibited the
highest ionic conductivities in respective mono-halide argyrodite
series!”®]. The isovalent substitution of Cl~ with Br~ maintains
constant lithium deficiency, thus allowing for isolating the
effects of anion mixing on structure and ion conduction. Powder
XRD is used to determine the long-range structural changes
in halogen-rich argyrodites Lis,PS,;Cl,,_ .Br,. Figure 1a
elucidates that the main phase of argyrodite (F-43m) is preserved
in all Lis,PS,5Cl,,_,Br, (0 < x < 1.7) with a minor impurity
phase LiCl,  Br, indexed to the rock salt structure (Fm-3m). The
Cl/Br ratio in LiCl, Br, is reflected in a linear variation of its
lattice parameter (Figure S1b, Supporting Information), sug-
gesting a solid-solution phase. Rietveld refinement is performed
to determine the phase purity and the unit cell parameter for
Lis 4 PS,;Cl, ;_,Br,. The Rietveld analysis on Lis;PS, ;CIBr,, is
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Figure 2. lon conduction properties of Lis 3PS, ;Cl;7_,Br, (0 <x < 1.7).
chemical impedance spectroscopy. Two maxima in conductivity, 24.3 and 25.7 mS cm~
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a) Room-temperature (25 °C) ionic conductivities determined with electro-

1, are achieved when x = 0.7 and 1.0, respectively. b) Activation

energy as a function of x in Lis 3PS, 3Cl; 7_,Br, (0 < x < 1.7). The lowest activation energies in the Cl-rich (x < 0.8) and the Br-rich (x > 0.9) regions are

0.155 (x=10.7) and 0.160 eV (x = 1.0), respectively.

shown in Figure 1b as an example, and the resulting structure is
illustrated in Figure 1c. Lis 3PS, ;CIBr, ; is composed of 96.1 wt%
of the argyrodite phase and 3.9 wt% of LiCl,Br,,. The phase
purity is high (>96%) in the middle of the series (Figure S1a,
Supporting Information) between x = 0.7-1.2, suggesting an
unusual compositional space where the argyrodite structure is
entropically stabilized by anion mixing. Bromination leads to a
linear expansion of the unit cell (Figure 1d). The discontinuity
in the linear pattern between x = 0.8 and 0.9 can be ascribed to
nonuniform structural changes, supported by the irregular shifts
of diffraction peaks at different angles as a function of x (Figure
S1d, Supporting Information). The discontinuity separates the
compositional space into distinct Cl-rich (x = [0, 0.8]) and Br-rich
x = [0.9, 1.7] regions; these two regions exhibit contrasting
structure-property correlations, as discussed below.

The ionic conductivities of Lis;PS,;Cl,,_ Br, are deter-
mined with electrochemical impedance spectroscopy (EIS).
Figure 2a shows the room-temperature (25 °C) ionic conduc-
tivities calculated based on Nyquist plots of halogen-rich ar-
gyrodite Lis,PS,,Cl,,_  Br, (Figure S2, Supporting Informa-
tion). Bromination of Cl-rich Lis;PS,,Cl, ,_.Br, (¥ < 0.8) gen-
erally increases the ionic conductivity, and the highest con-
ductivities for the Cl-rich and the Br-rich compositions are 24
and 26 mS cm™! achieved with x = 0.7 (Lis;PS, ;ClBr,,) and
1.0 (Lis 3PS, 5Cl,,Br, ), respectively. In the intermediate region
(¢ = 0.8 and 0.9), a slight drop in ionic conductivity is observed.
When the Br content becomes greater than 1, the conductivity de-
clines rapidly. Figure 2b reveals that doping Br into the structure
leads to lower activation energy in the Cl-rich side from x = 0
to 0.7, with the lowest value of 0.155 eV obtained for x = 0.7
(Lis 3PS, ;ClIBr,,). Such a decrease in E, originates from a soft-
ened lattice and increased disorder in the local structure when
the relatively more polarizable Br replaces less polarizable Cl in
the anion framework.[">l However, on the Br-rich end, the change
in E, is smaller because the increase in Br content leads to a softer
lattice but a more ordered structure, which has the opposite ef-
fects on the activation energy for ion transport.
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To further probe the structure-ion conduction correlation
in Lis,PS,;Cl, ;_,Br,, multinuclear high-resolution solid-state
NMR is applied to determine structural disorder and ion dynam-
ics. Similar to Liz_,PS;_ Br,,, and Li,_,PS._.Cl,, ® two °Li
NMR resonances are observed, assigned to Li at 24 g and 48 h
sites, respectively (Figure 3a). In the Cl-rich region (x = [0, 0.8]),
with the increase in Br content, the °Li signal shifts toward a
lower field, that is, larger ppm values (Figure 3b). From x = 0.8
to 0.9, the shift toward a higher field in the °Li resonances of
Lis 4 PS,;Cl, ,_,Br, signifies the onset of the transition from CI-
rich to Br-rich subseries. The Br-rich region (x = [0.9, 1.7]) ex-
hibits smaller changes in the °Li resonance positions with re-
spect to Br content compared with the Cl-rich region (x = [0,
0.8]). The observation from °Li NMR echoes the changes in the
observed lattice parameter (Figure 1d). In the Cl-rich region (x =
[0, 0.8]), the lattice expansion leads to reduced volumetric Li* den-
sity, often yielding the shifts of Li resonances to a lower field.”*]
When the argyrodite structure transitions from Cl-rich to Br-rich
at x = 0.8 and 0.9, the shrinkage in the lattice parameter and
Li-cages produces increased volumetric Li* density, thus result-
ing in the shifts of Li resonances to a higher field. In the Br-rich
region (x = [0.9, 1.7]), the lattice parameter increases at a slow
rate; thus °Li resonances shift toward the lower field again with a
much smaller magnitude than in the Cl-rich region (x =[0, 0.8]).
XRD and NMR consistently reveal the impact of Br — Cl replace-
ment on average structural changes in Lis ;PS,;Cl, ,_ Br,.

°Li NMR further unveils changes of Li* site occupancy in
Lis 4 PS,;Cl, ;,_,Br,. The relative areal integrals of Li(24 g) and
Li(48 h) °Li NMR resonances (Figure 3a) are quantitative mea-
sures of Li* site occupancies over 24 g and 48 h sites. Figure 3c
shows the normalized fraction of Li (24 g) as a function of x in
Lis ,PS,,Cl, ,_,Br,. In our prior studies!”?®], the 24 g sites in argy-
rodite structures constitute much of the Li*-ion transport path-
ways, and Li occupancy at 24 g sites is closely correlated with
the observed ionic conductivity. Similarly, in Lis ,PS,,Cl,,_ Br,,
the trend of conductivity is in accordance with that of Li (24 g)
fraction, showing two maxima at x = 0.7 and 1.0. The slight
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Figure 3. Li site occupancies in Lis3PS,3Cly;_,Br, (0 < x < 1.7), determined with 5Li magic-angle-spinning (MAS) NMR. a) ®Li NMR spectra of
Lis 3PS, 3Cly ;_,Br, (0 < x < 1.7), the two resonances are attributed to Li at Wyckoff 24 g (orange) and 48 h (blue) sites, respectively. The Wyckoff 24 g
and 48 h sites in the argyrodite structure are illustrated in Figure 1c. b) ®Li NMR shifts of Li(24 g) and Li(48 h) in Lis 3PS, 5Cl;,_,Br, (0 <x<17)asa
function of x. The dashed line drawn near x = 0.85 separates the Cl-rich and the Br-rich regions. The inset displays the relative locations of Li(24 g) and
Li(48 h) in the argyrodite structure. c) The fraction of Li residing at Wyckoff 24 g sites, based on the spectral areal integrals of the ®Li NMR resonances
shown in (a). The ionic conductivity of Lis 3PS, 3Cly ;_,Br, (0 <x < 1.7) as a function of x is shown for reference, which tracks the fraction of Li occupying

Wyckoff 24 g sites.

deviation at x = 1.7 is due to the significant fraction of less con-
ductive byproduct LiCl Br, .

As the host of the active Li* cations, the anion sublattice of-
ten determines Li distribution and dynamics.[”?°! To understand
the origin of Li redistribution in Lis ;PS,;Cl, ,_ Br, and fast Li*
conduction, interrogation of its anion sublattice is carried out
with multinuclear 3'P, 3°Cl, and 7Br NMR. 3'P NMR is a sen-
sitive probe to uncover the local disorder within the anion sub-
lattice induced by other anion species.l”#! As shown in Figure 4a,
the complexity of the 3'P NMR spectra reveals the intricacy of
the anion sublattice in Lis ;PS, ;Cl, ;_,Br,. The two-end members
of the series-Lis ;PS, ;Cl, ; and Lis ;PS, ;Br, ;-show well-resolved
1P resonances, attributed to different nS(4—n)X combinations
occupying 4d sites of the argyrodite structure.l’l As expected,
with anion mixing, the possibilities of nS(4—n)X combinations
occupying 4d sites increase (more X~ at 4d sites), especially in
the middle of the Lis,PS,,Cl, ,_ Br, series. The new 3!P reso-
nances are attributed to PS,*>~ near 4d sites with configurations
of 2S1Cl1Br, 1S1CI2Br, 1S2Cl1Br, 3Cl1Br, 2CI2Br, and 1Cl3Br.
An overall increase in 3'P NMR shift is observed with increas-
ing the Br content in Liy ;PS, ;Cl, ,_, Br,. Fifteen possible 4d-site
configurations are found and their *!P shifts are summarized in
Figure 4b. It shows that all the peaks have the tendency to shift
away from 0 ppm with increasing x in Liy;PS,;Cl, ,_ Br,. This
change in the *'P shift is greater at the Cl-rich side (x < 0.8)
than the Br-rich region, which echoes the observations from XRD
(Figure 1b) and °Li NMR (Figure 3a). The probability of different
4d site configurations is a result of statistical co-occupancy of S,
Cl, and Br at 4d sites. Therefore, the probability calculationl”! on
Li;_,PSs_,Br,,, demonstrated in our previous work is adopted to
understand the mixing of S/Cl/Br. The result (Figure 4c) shows
that in the middle of the series, the fractions of S, Cl, and Br at 4d
sites are close to their compositional quota, indicating maximum
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site disorder in the anion frameworks, that is, no site occupancy
preference over 4a/4d for S, Cl, and Br. Figure 4d reveals that
the maximum fractions of 2S1Cl1Br, 1S2Cl1Br, and 1S1CI2Br are
reached at x = 0.7 t0 0.8, 1.0 to 1.2, and 1.0, respectively, which
again shows the Lig;PS,;Cl,,_ Br, (x = [0.7, 1.2]) exhibits the
maximum anion mixing at 4d sites. The random distribution of
S?=, Cl~, and Br~ over 4a/4d sites suggest a unique compositional
space within Li¢ ;PS,;Cl, ,_ Br, (x =[0.7, 1.2]), within which the
energy penalty for site exchange of anions is nearly zero,?! thus
no preference in site occupancy is observed. This is further cor-
roborated by experimental evidence from *Cl and 7Br NMR.
35Cl NMR is used to examine anion mixing by probing the
local environments of Cl. *Cl (spin-3/2) NMR exhibits large
quadrupolar coupling interactions for disordered structures,
which causes significant spectral broadening and compromises
spectral resolution. Three-quantum (3Q) magic-angle-spinning
(MAS) NMR is employed to achieve high resolution by produc-
ing purely isotropic resonances along the F; dimension, unveil-
ing chemically inequivalent sites.**] Figure 5a (right) shows the
triple quantum magic-angle-spinning (3QMAS) 3*Cl NMR spec-
trum of Lis 3PS, ;Cl,4Bry, and the cross sections extracted from
the 2D spectra at the resonance positions indicated by the grey
dashed lines are shown to the left. Projections of the 2D spectra
are displayed on top and left, respectively. In particular, the pro-
jection on the left of the 2D spectrum is the isotropic spectrum
free of effects from quadrupolar coupling interactions, which ex-
hibits one broad resonance centered around —40 ppm and one
sharp resonance at 11 ppm with a broad shoulder to its left. The
red dashed line on the 2D spectrum denotes C, = 0; resonances
appearing along the C,, = 0 line have no quadrupolar coupling
interactions, suggesting highly symmetric environments or fast
motion on the order of MHz that averages out the quadrupo-
lar coupling interactions; resonances below the C, = 0 line has
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Figure 4. Anion entropy at Wyckoff 4d sites of Lis 3PS, 3Cly ;_,Br, (0 < x < 1.7) determined using high-resolution 3'P NMR. a) 3'P MAS NMR spectra
of Lis 3PS, 3Clq 7_,Br,. The Wyckoff 4d sites in the structure are near PS,3~ units, thus 3'P NMR is very sensitive to changes of local structures at 4d-
sites. Spectral analysis reveals 15 possible combinations of anions occupying the four Wyckoff 4d sites around PS,3~, that is, 4S, 3S1Br, 3S1Cl, 252Br,
2S2Cl, 2S1CINBr, 1S3Br, 1S3Cl, 1S1CI2Br, 1S2CI1Br, 4Br, 4Cl, 3CI1Br, 2CI2Br, and 1CI3Br. b) 31p NMR shifts of PS43‘ associated with distinctive 4d-site
configurations as a function of x in Lis 3PS, ;Cl; ;_,Br,. The perturbation to the local structure caused by Br-incorporation is more prominent in the Cl-
rich region compared with that in the Br-rich region, consistent with lattice parameter changes shown in Figure 1and ®Li NMR in Figure 3. c) Fractions
of the Wyckoff 4d sites occupied by Cl (cyan, filled square), Br (orange, filled rhombus), and S (blue, open square), respectively, in Lis 3PS, 3Cly ;_,Br,
based on the analysis of the 3'P NMR spectra in (a). The highlighted area shows that the maximum anion entropy is found in Lis 3PS, ;Cl; ;_,Br, with
0.7 <x < 1.0, in which S, Cl, and Br nearly randomly distribute over 4d and 4a sites. d) Fractions of 4d configurations that contain all three elements S,
Cl, and Br (from top to bottom: 2S1CI1Br, 1S2CI1Br, and1S1CI2Br) as a function of x in Lis 3PS, 5Cl; ;_,Br,.

non-vanishing quadrupolar coupling interactions. The *Cl res-
onance from the 4a sites is located close to the Cy, = 0 line but
with a large breadth striding across the C, = 0 line, indicating
that Cl,, stays close to the highly symmetric center of the 4a sites.
The significant broadening of the resonance is a result of fast re-
laxation (Figure S6 and Table S1, Supporting Information), likely
induced by Cl~ ion dynamics. Cl,4; shows one sharp resonance
and one broad shoulder, both of which locate below the C, = 0
line, suggesting non-vanishing C, induced by asymmetric local
environments at the 4d sites. The sharp resonance closer to the
Cqy = 0 line with a relatively smaller C,, and slower relaxation
(Figure S6 and Table S1, Supporting Information) is attributed
to Cl at the center of 4d sites. While the broad shoulder with a
faster relaxation ((Figure S6 and Table S1, Supporting Informa-
tion)) is assigned to Cl at off-center 4d sites®; the cross-section
taken at this resonance can be accurately simulated using the
Czjzek model,**! suggesting a distribution of C, values gener-
ated as a result of a very disordered local environment.

To investigate the effect of bromination on Cl site occupancy,
1D *Cl NMR spectra of Lis;PS,;Cl,,_ Br, (Figure 5b) are ac-
quired and analyzed based on the assignment from 2D 3QMAS
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and T, results. It shows that Cl moves to off-center 4d sites when
x is greater than 0.3 in Lis,PS,,Cl, ,_,Br,, suggesting that Br
leads to the displacement of Cl. With more Cllocated at off-center
4d sites upon bromination, Cl (off-center 4d)/Cl (4d) ratio reaches
its maximum at x = 1.0 (Figure 5c). Figure S8a, Supporting In-
formation, shows nearly no change in the position of the 3°Cl
resonance for off-center 4d in the Br-rich region, which is consis-
tent with the trends revealed by °Li (figure 3a) and *'P (figure 4a)
NMR. Figure 5d summarizes the fraction of 4d sites (including
off-center sites) occupied by Cl, which decreases with increasing
Br content, consistent with results obtained from 3!P NMR.
79Br (spin-3/2) NMR is used to independently examine the lo-
cal environments of Br in Lis;PS,;Cl, ;_ Br,. The broad range
of 7Br NMR shifts is further expanded by large quadrupo-
lar interactions due to structural disorder. Thus, a quadrupo-
lar Carr—Purcell-Meiboom-Gill (QCPMG) sequence is employed
for broadband excitation with enhanced sensitivity. Br sig-
nals at 4d and 4a sites are resolved with characteristic pow-
der patterns (Figure 6a).”l In addition, the 7"Br T, relaxation
times of Br (4d) and Br (4a) in Liy;PS,;Cl)4Br,, are deter-
mined as 42.5 and 24.1 ms, respectively (Figure S9, Supporting

© 2023 Wiley-VCH GmbH
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Figure 5. a) 3°Cl 3QMAS NMR spectrum of Lis 3PS, ;Clg gBrg . The red dashed line denotes Cq = 0. Projections along the Fy and F, dimensions are
shown on the left and top of the 2D spectrum, respectively, where the projection along F; is the isotropic spectrum without effects from quadrupolar
coupling interactions. Cross sections, displayed to the left of the 2D 3QMAS spectrum, are taken at the isotropic positions indicated by the grey dashed
lines, corresponding to Cl occupying Wyckoff 4a, 4d, and off-center 4d sites. The simulated spectra (blue dashed lines) are superimposed with the
extracted cross sections (black solid lines). b) 3*Cl MAS NMR spectra of Lis 3PS, 3Cl; ;_,Br, (0 < x < 1.4). ¢) Quantitative analysis of the 1D **CI NMR
spectra of Lig 3PS, 3Cly 7_,Br, (0 < x < 1.4) shown in (b). The ratio of off-center 4d/4d reaches its maximum value when x = 1.0, manifesting that the
effect of Br doping on the displacement of Cl is the greatest in Lis 3PS, ;Cl ;Br. d) Fractions of Cl occupying 4d sites (including off-center 4d) based on
the analysis of 3>Cl spectra shown in (b), consistent with the values obtained from 3'P NMR shown in Figure 4, showing that the fraction of Cl occupying
4d sites decreases with increasing the Br content in Lis 3PS, 3Cl; ;_,Br,. Dashed lines are for guiding the eyes only.

Information); the distinct relaxation behavior allows spectral sep-  nal positions within Li, PS;Cl, which suggests the limited motion
aration of Br (4d) and Br (4a) with high confidence. The ?Br spec-  of PS,3~. However, with increasing the Br content, the distribu-
tra of Lis 3PS, ;Cl, ,_,Br, exhibit increased line width (Figure 6a)  tion of S nuclear density becomes more delocalized (Figure 7c,d),
attributed to larger quadrupolar coupling interaction constants  suggesting enhanced PS,*>~ reorientation. The PS,>~ motion is
(Cq) in the middle of the series (Figure S10, Supporting Informa-  also revealed by the S trajectories based on ab initio molecular
tion), indicating the lowering of local structural symmetryaround  dynamics (AIMD) simulations, which become more delocalized
Br. Semi-quantitative analysis on 7Br NMR spectra shows that  from Li;PS,Cl (Figure 7e) to Lis 5 PS, ,sCl,4,5B1y 475 (Figure 71).
the fraction of 4d sites occupied by Br increases with Br content  Therefore, increased Br content in Li;_,PS,_, ClBr, facilitates
(Figure 6b), which echoes the trend from *'P NMR. PS,% reorientation motion.

The substitution of Br for Cl in Liy,PS,;Cl,,_ Br, also af- To examine the PS,3~ motional rate and its potential correla-
fects neighboring PS,*~ reorientation motion. Maximum en-  tion with Li* transport in Li;_,PS,_ ClBr,, NMR relaxometry is
tropy method (MEM) analysis on neutron total scattering of  employed. According to the Bloembergen, Purcell, and Pound
Li;_,PSs_,ClBr, is used to examine the effect of bromination on  relaxation model, the relation between NMR T, relaxation and
PS,3~ reorientation. Figure 7a shows the argyrodite structure of ~ motion correlation time (z,), an indicator of mobility, can be de-
the (11-1) plane, which passes through Li and S atoms only. Since  scribed by
Li has a negative neutron scattering length, the positive scattering
arises from S alone. Therefore, the distribution of nuclear den-

sity revealed from MEM plots can be used to analyze S delocaliza- .
T T

[ 1 7 2 * 1+ 4 " 2 @

+ ! + 4wy T;

tion and the associated motion of PS,3~. Figure 7b shows that the < 1 ) _ e

time-averaged S nuclear density is relatively localized in its origi- T,) 10r§
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Figure 6. a) 7°Br static QCPMG NMR spectra of Lis 3PS, ;Cl; ;_,Br, (0.3 <x < 1.7). 7°Br resonances from Br at the Wyckoff 4d and 4a sites are highlighted
in green and orange, respectively. The increased line width of Br (4a) and Br (4d) between x = 0.7 and 1.2 signifies decreasing local symmetry around Br.
b) Fractions of Br occupying 4d sites calculated based on the spectral areal integrals of 7°Br resonances shown in (a). It shows increased Br occupancy at
4d sites as increasing x in Lis 3PS, 5Cly 7_,Br, (0.3 < x < 1.7), which is in accordance with the information obtained from 3'P NMR. Equal Br occupancy

at 4a and 4d sites occurs at x = 1.0.

where y is the magnetogyric ratio, # is the reduced Plank’s con-
stant, r, is the interatomic distance, and wy= y B,, is the Larmor
frequency, and B, is the external magnetic field strength. When
w,7. << 1 (fast motional region), Equation (1) can be simplified
to

1 3},4712
—)=2 2
(%)=35 @

which means that T, is proportional to 7.7! and field-
independent; When w,z. >> 1 (slow motional region), Equa-
tion (1) can be approximated to

1\ _3rm (3)
T,) 5 1% ol

0 C

where T, is proportional to w,?z, and thus field-dependent.
Figure 7g shows a positive correlation of T, versus T(K), thus
T, increases with the motional rate (Tl) (Equation (2)), as 7.(T)

has an Arrhenius behavior.

Ea
T =T exp ﬁ (4)

Therefore, PS,*~ motion in Lis,PS,,Cl,,Br falls in the fast-
motion region where w,7r. <<1. This is also supported by weak
field dependence of 3P T;: the ratio of 3'P T, values measured
at w, = 336 MHz versus 202 MHz is ~1.1 for Lis,PS,;Cl,,Br
(Figure S12a, Supporting Information), implying that the field
dependency is weak (Equation (2)). This value is around 1.1
+ 0.05 for all compositions (Figure S12a, Supporting Informa-
tion), meaning that PS,*>~ motion of all Liy,PS,,Cl,,_ Br, is
within the fast-motion region, where faster motion is indicated
by larger T, values. Figure S12¢, Supporting Information, shows
that the maximum T, of Li;_ PS;_, CIBr, occurs within the range
of x = [1.0, 1.4], which confirms that the Br incorporation leads
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to faster PS,*~ reorientation, which agrees with the neutron
diffraction and AIMD simulation results (Figure 7 a—f). To ex-
plore the origin of fast PS,3~ reorientation in the compounds in
Lis,PS,,Cl, ,_,Br, forx=[1.0, 1.4], the *'P T} of P in different en-
vironments (Figure 4a) is closely examined. Figure 7h shows that
the PS,3~ surrounded by more halide ions and correspondingly
fewer S ions in the second coordination shell exhibits longer T,
thus faster motions. Furthermore, Figure 7i shows mixed halo-
gens result in faster PS,3>~ motion. Notably, the Wyckoff 4d-site
configuration, 2C12Br, delivers the fastest PS,*> motion, and its
fraction among all compositions is the highest in the range x =
[0.8, 1.0] (Figure S5, Supporting Information), indicating a possi-
ble correlation among X-anion site ordering, polyanion rotation,
and Li*-ion conduction. Figure S13a—d, Supporting Information,
summarizes the fractions of 4d-combinations (4X, 1S3X, 252X,
and 351X, X = Cl/Br) as a function of x in Li;_,PS;_ ClBr,. It
shows that in the range of x = [1.0, 1.4], the halogen-rich com-
binations, 4X (Figure S13a, Supporting Information) and 1S3X
(Figure S13b, Supporting Information) are abundant, while the
halogen-deficient combinations, 252X (Figure S13c, Supporting
Information) and 3S1X (Figure S13d, Supporting Information)
are scarce. Therefore, multiple (n > 2 for (4—n)SnX) halide ions
at the local coordination sphere seem to facilitate the reorienta-
tion of neighboring PS,3~.

The interfaces between the Li and the S trajectories indicate
potentially correlated motion of Li* and PS,>~ (Figure 8a). To
investigate the effects of PS,?>~ motion on Li* diffusion, mean
square displacements (MSD) of Li in the Lis ,sPS, ,5Cl; 575B1( 575
structures with different anion dynamical constraints are calcu-
lated based on AIMD simulations. Without constraints, a high
overall MSD is observed with nearly equal MSD in all three di-
mensions (Figure 8b). When the PS,*~ units in the unit cell
are immobilized, the overall Li MSD plummets to around half
of the initial value (Figure 8c). The structure with all anions
immobilized was investigated to include the effects from other
anions, such as $*~ and X-, which shows that the overall Li

© 2023 Wiley-VCH GmbH
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Figure 7. PS,3~ motion in Lis 3PS, ;Cl; ;_,Br, examined with neutron total scattering and NMR relaxometry. a) Crystal structure of argyrodite through
the (11-1) plane. Element density maps of S generated based on the neutron total scattering of LigPSsCl and Lis 3PS, 3Cl; ;_,Br, forx=0, 0.3, and 0.5,
using the maximum entropy method (MEM): b) LigPSsCl; c) Lis ;PS, ;CIBrg3; d) LissPS,5CIBrgs. Delocalized density of S across the plane qualita-
tively signifies PS,3~ motion, which increases from LigPSgCl, to Lis ;PS, ;CIBry 3, and further to Lis s PS, sCIBry 5. AIMD simulations of S trajectories in
e) LigPSsCl and f) Lis 55 PS, 55Clg g75Brg 575 Delocalization of S manifests enhanced PS,3~ motion in Lis 25 PS4 5 Clg 75 Brg 875 compared with LigPSsCl.
g) 3P and Li NMR T, relaxation times as a function of temperature for Lis 3PS, ;Cly 7Br. The similar trend indicates that the motional rates of Li* and
PS,3~ are comparable on the timescale. h) Variable-temperature 3'P T, of the PS,3~ units surrounded by different 4d-combinations (4S, 3S1Br, 2S2Br,
1S3Br, and 4Br) in Lis 3PS, 3Br ;. It indicates that the PS,3~ motion increases with the Br content of the 4d-shell. i) 3TP T; of PS,3~ in different 4d-
combinations for Lis 3PS, ;Cly 7_,Br, (x= 1.2, 1.4, and 1.7). It reveals the heterogeneity of lattice dynamics and Cl/Br mixing facilitates PS,>~ rotational

motion.

MSD under this constraint is almost the same as the one with
only PS,*~immobilized, implying that the anion motion of PS,*-
bears dominant relevance to Li transport. To explore the rela-
tionship between Li*-ion conduction and anion motion from a
different perspective, the MSD of Li,PS;Cl is calculated (Figure
S11c, Supporting Information), which is much smaller than that
of Lis,sPS, ,5Clyg7sBryg7s; this echoes with limited PS,*~ mo-
tion determined with 3P NMR T, (Li;PS;Cl: 3.98 s'* versus
Lis ;PS, ;Cl, ,Br: 4.5 s) and neutron scattering (Figure 7b).

3. Conclusion

In summary, we present new findings on argyrodite superionic
conductors with compositions of Lis ; PS, ;Cl, ,_,Br,, which were
synthesized to investigate the effects of anion entropy on Li* con-
duction. Our study systematically explores the impact of local an-
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ion disorder on ionic conductivity, leading to the highest room-
temperature ionic conductivity. Combining XRD, neutron scat-
tering, and multinuclear solid-state NMR, we demonstrate the
middle members of the Lis ;PS, ;Cl, ,_,Br, series (x = [0.7, 1.0])
display the maximum anion disorder without significant changes
in long-range structure. This high entropy of the anion sublat-
tice is manifested by the random distribution of S, Cl, and Br
over Wyckoff 4a/4d sites. We identify 15 atomic configurations
of the Wyckoff 4d sites neighboring PS,*~ polyhedra, which yield
a wide range of PS,3~ rotational motion as evidenced by both
MEM analysis of neutron scattering and NMR relaxometry. The
PS,3 rotational motion is on the same time scale as Li* motion,
and constrained AIMD simulations suggest that such motion
promotes Li* transport. Overall, the compositional, structural,
and dynamical entropy in the anion sublattice stabilizes struc-
tures otherwise metastable and regulates cation transport by re-
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Figure 8. The effects of PS,3~ motion on Li*-ion diffusion. a) Superimposed trajectories of Li (green) and S (yellow) in Lis ,5PS, 25Clo 375Bro.g75 based
on AIMD simulations. Mean square displacements (MSD) of Li in the Lis 55 PS4 55Clg g75Bro 75 structures with different dynamical constraints: b) no
dynamical constraints; c) only PS,3~ immobilized; d) all anions immobilized. The results reveal that PS,3~ plays a key role in facilitating fast Li diffusion.

shaping the energy landscape. Our study offers valuable insights
into the intricate structure-property relationships of high-entropy
superionic conductors. Moreover, it illuminates the significance
of lattice dynamics heterogeneity for ion transport, an area that
has been considerably understudied.

4. Experimental Section

Synthesis:  The powder with the corresponding stoichiometric ratio
required for Lis3PS,3Cly;_,Br, was prepared by mixing Li,S (99.98%,
Sigma-Aldrich), P,Ss (99%, Sigma-Aldrich), LiCl (99%, Sigma-Aldrich),
and LiBr (99%, Sigma-Aldrich) using an agate mortar. Then, the hand-
ground mixture was sealed in a 40 mL ZrO, jar and ball-milled for 30 min
with a speed-fixed Spex mixer (two 12 mm ZrO, balls and ~2 g powder
were used). The as-milled powder was transferred to an air-tight quartz
tube. The powder was fired at 300 °C for 12 h with a ramp of 1°C min~!
in a box furnace (Thermo). The color of the powder turned light grey af-
ter sintering. The pretreated powder was hand-ground again and pressed
into a 6 mm pellet with a thickness of around 1 mm using a stainless-
steel mold. Finally, the pellet was sintered again at 450-460 °C for 12 h
with a ramp of 1°C min~! under vacuum. All the steps mentioned above
were conducted in an argon-filled glovebox (Mbraun) to avoid exposure to
air. The same as-synthesized materials were used for diffraction, EIS, and
solid-state NMR measurements described below.

X-Ray Powder Diffraction: Room-temperature X-ray powder diffraction
measurements on Lis 3PS, 3Cl; ;_,Br, were performed on a Rigaku Smart-
lab powder X-ray diffractometer using a copper source (4 = 1.54 A). Pow-
dered samples were finely packed into zero-background X-ray holders
sealed with Kapton polyimide films to avoid exposure to air. Data acqui-
sition was performed with 26 changing from 10 to 120°. The acquisition
time was around 1 h with a step size of 0.03° and a rotating speed of 2°
min~". Structure analyses (unit cell and phase) on the X-ray Bragg diffrac-
tions of Lis 3PS, 5Cl; ;_,Br, were accomplished using GSAS Il software.[36]
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Neutron Diffraction: Room-temperature neutron total scattering ex-
periments on the LigPSsCl, Lis ;PS4 7CIBry 3, and Lis 5PS,5CIBrys were
performed at the Spallation Neutron Source at Oak Ridge National Lab-
oratory at the NOMAD beamline (BL-1B). The data collection was de-
scribed by the previous studies.[*®] The MEM was employed to obtain
the maps of the nuclear density distribution of Li-Argyrodites using the
limited-memory BFGS algorithm (L-BFGS) in Dysnomia.[*’] The input file
(:mem) was derived from Jana2006!3%] based on the refined crystal struc-
ture generated by TOPAS (v6).13°] The Lagrangian multiplier was 0.001,
and the number of voxels in the unit cell was 128 x 128 x 128. The co-
efficients ¢ and E (see Dysnomia’s manual) were optimized to satisfy the
constraints (central moments). The output file (.pgrid) was directly exam-
ined in VESTAI*®l without further processing.

Electrochemical Measurements: Room-temperature ionic conductivity
was determined with EIS. AC impedance measurements were performed
using Gamry Reference 600+ with a frequency range of 1 Hz to 5 MHz.
The sintered pellets (6 mm in diameter and 1 mm in thickness) were
used for the measurements. Indium foils were pressed onto both sides
of the pellet as blocking electrodes. The sandwiched electrolyte pellet
was then sealed in a cylindric cell for measurements with an applied
voltage of 10 mV. The temperature-dependent impedance measurements
were conducted using a CSZ MicroClimate chamber. The temperature
was changed with a step size of 20 °C within the range of 20-120 °C.
The EIS spectra were measured 30 min after the set temperatures were
reached.

Solid-State NMR Measurements:  Li and 3P MAS NMR experiments
were performed on a Bruker Avance 111-500 spectrometer with a magnetic
field of 11.75 T, which translates to the Larmor frequencies of 73.58 and
202.4 MHz for 5Li and 3'P, respectively. The powdered electrolyte samples
were packed tightly into 2.5 mm rotors spun at 25 kHz. The ®Li spectra
were collected with a /2 pulse of 4.75 us. The SLi shifts were referenced
to LiCl; at —=1.1 ppm. For 31P NMR, a rotor-synchronized spin-echo se-
quence of 4.2-8.4 us (z/2-x) was used, and the 3'P shifts were referenced
to 85% H; PO, solution at 0 ppm. ’Li and 3P spin-lattice relaxation times
(T;) were measured using inversion recovery experiments with 9 and 14
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increments of delays between the z and the z/2 pulses for ’Li and 3'P,
respectively.

35¢Cl and 7°Br NMR experiments were carried out using a home-built
probe in a 19.6 T superconductive magnet. The powdered samples were
packed in 3.2 mm rotors that spun at 16 kHz. A 3QMAS spectrum of
Lis 3PS, 3ClggBrgg was acquired using an excitation and a conversion
pulse of 7 and 3 ps, respectively. The length of the selective 7 /2 pulse was
20 ps. 2400 scans were acquired for each rotor-synchronized ¢, increment.
The 1D spectra of Lis 3PS, ;Cl;_, Br, were collected using a spin-echo pulse
of 2.9-5.8 s (z/2-x). The 3°Cl T; of Lig 3PS, 3ClygBroo was measured
using a saturation recovery method. The 3QMAS spectrum was acquired
with a recycle delay of 0.1s and processed using the Q-shearing method[!
to avoid peak aliasing. ?Br QCPMG NMR experiments were performed
under static conditions. The QCPMG sequence consists of an excitation
pulse of 1.6 us and a train of refocusing pulses of 3.2 us. The duration of
half echo was optimized to 0.15 ms. The 7°Br T, of Lis 3PS, 3Clg gBrg g was
determined using a saturation recovery pulse integrated with a QCPMG
sequence. All >Cl and 7°Br shifts were referenced to LiCl( and KBr ) at
9.9 and 54.5 ppm, respectively.

Computational Approach: All density functional theory (DFT) energy
calculations and AIMD simulations were carried out using the Vienna
ab initio simulation package (VASP).[?] The projector augmented wave
(PAW) approach!*3] was used and Perdew—Burke—-Ernzerhof generalized-
gradient approximation (GGA-PBE) was chosen as the exchange—
correlation functional.[*4l The VASP pseudopotential set of Li (PAW_PBE
Li 17)an2003), P (PAW_PBE P 17Jan2003), S (PAW_PBE S 17Jan2003), Br
(PAW_PBE Br 06Sep2000), and Cl (PAW_PBE Cl 17Jan2003) was used. To
optimize the structure of Lis 55 PS4 55Clyg75Brogzs, Python Materials Ge-
nomics (pymatgen) packagel*l was adopted. 20 Li,,P3S3,ClgBrg super-
cells with different structures were generated based on the 2 X 1 X 1 su-
percell of LigPSsBr from the Materials Project!*¢! (ID: mp-985591). Atom
coordinates and unit cell parameters were then optimized using DFT cal-
culations. The final structure with the lowest total energy was obtained
witha=19.915A b =9.938 A, c =10.076 A, and a = f = y = 90°. All the
other parameters used for geometry optimization were kept the same as
the default in Pymatgen, with a grid density of 787 atom™". The structure
of LigPSs Cl was acquired from the Materials Project (ID: mp-985592). The
AIMD simulations[*’] were performed based on the canonical ensemble
for at least 80 ps with a step size of 2 fs. The temperature ramp starting
from 100 K to the desired value was finished in the first 2 ps. In order to
examine the motional correlation between different atoms, some atoms
were immobilized by applying dynamical constraints.
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