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Abstract: Superionic solid electrolytes (SEs) are essen-
tial for bulk-type solid-state battery (SSB) applications.
Multicomponent SEs are recently attracting attention
for their favorable charge-transport properties, however
a thorough understanding of how configurational en-
tropy (ΔSconf) affects ionic conductivity is lacking. Here,
we successfully synthesized a series of halogen-rich
lithium argyrodites with the general formula
Li5.5PS4.5ClxBr1.5-x (0�x�1.5). Using neutron powder
diffraction and 31P magic-angle spinning nuclear mag-
netic resonance spectroscopy, the S2� /Cl� /Br� occupancy
on the anion sublattice was quantitatively analyzed. We
show that disorder positively affects Li-ion dynamics,
leading to a room-temperature ionic conductivity of
22.7 mScm� 1 (9.6 mScm� 1 in cold-pressed state) for
Li5.5PS4.5Cl0.8Br0.7 (ΔSconf=1.98R). To the best of our
knowledge, this is the first experimental evidence that
configurational entropy of the anion sublattice corre-
lates with ion mobility. Our results indicate the possi-
bility of improving ionic conductivity in ceramic ion
conductors by tailoring the degree of compositional
complexity. Moreover, the Li5.5PS4.5Cl0.8Br0.7 SE allowed
for stable cycling of single-crystal LiNi0.9Co0.06Mn0.04O2
(s-NCM90) composite cathodes in SSB cells, emphasiz-
ing that dual-substituted lithium argyrodites hold great
promise in enabling high-performance electrochemical
energy storage.

Introduction

All-inorganic solid-state batteries (SSBs) are regarded as a
possibility to boost energy and power density of recharge-
able Li batteries. To achieve this, solid electrolyte (SE)
materials with a high ionic conductivity, good
(electro)chemical stability and some mechanical softness
(for processing reasons) are needed.[1–3] And indeed, the
ongoing quest for advanced SEs has led to the discovery of
ceramic materials, either crystalline or amorphous, that
show conductivities exceeding those of liquid (organic)
electrolytes.[4,5] These highly conducting materials are solely
sulfide based, which in turn is favorable for maintaining
good contact with the other electrode constituents, as they
are relatively soft.[6–10] However, their (electro)chemical
stability window is narrow,[11–14] and therefore an artificial
interface is typically required to avoid direct contact with
the cathode and/or anode material (to allow for reversible
SSB operation).[15–18]

Some highly conducting SEs reported in the literature
are, unfortunately, of limited practical relevance, as they
contain scarce elements,[19–23] thus the continuing need for
further exploration of novel conductors made from more
abundant materials. In this regard, lithium argyrodites,
originally reported for Li6PS5X with X=Cl, Br, I, have
emerged as an important class of materials.[24–26] To increase
the ionic conductivity in this structure type, the phosphorus,
sulfur and halide sites have been substituted with other
elements and, in some cases, room-temperature conductiv-
ities beyond 10 mScm� 1 were achieved.[20,22,27] This increase
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in ionic conductivity by about an order of magnitude is
usually a result of an altered Li sublattice (presence of
additional Li sites, shortened Li+-Li+ jump distances, etc.)
and an increased S2� /X� site disorder, both of which leads to
facile lithium diffusion. Another approach to boost ionic
conductivity in lithium argyrodites is the substitution of
sulfur with a halogen (Cl� or Br� ), leading to an increase in
Li vacancies and more pronounced S2� /X� site disorder.
Recently, such halogen-rich, lithium-deficient argyrodites
(e.g., Li5.5PS4.5Cl1.5) are attracting interest, as they not only
possess a high ionic conductivity but also show a better
(electro)chemical stability than the parent Li6PS5Cl.

[28–34] It
has also been shown that a second halogen can be
introduced, and with that, the conductivity further
improves.[35–37] From a structural perspective, it has been
recognized that anion disorder induced by halogen mixing
and varying the halogen content can have a profound effect
on ionic conductivity.[29,35,36,38–41]

Introducing a large anion and/or cation disorder into the
host lattice of polyanionic SE materials, referring to high-
entropy ion conductors, has been garnering a lot of attention
lately, due to potential improvements in conductivity and
(electro)chemical stability.[21,42–47] In principle, high-entropy
materials (HEMs) refer to materials with a shared occupa-
tion of several different elements on a single crystallographic
site. This increases the configurational entropy (ΔSconf),[48–50]

and can either lead to the emergence of new and/or
improved properties or help stabilize metastable phases
through the entropy contribution to the Gibbs energy of the
multicomponent phase.[51–53] HEMs are usually referred to as
having a ΔSconf>1.5R. In recent years, various HEMs have
been synthesized, including oxides, sulfides and carbides,
and employed as electrode materials in batteries, catalysts
and as dielectric capacitors, among others.[54–56] However,
only a few examples of high-entropy Li-ion conductors
adopting different structures and being suitable for applica-
tion in batteries have been reported so far.[21,42,45,46] Regard-
ing lithium argyrodites, recently, a multicationic substituted
HEM, Li6.5[P0.25Si0.25Sb0.25Ge0.25]S5I, showing an ionic con-
ductivity of>10 mScm� 1 at room temperature, along with a
very low activation energy for lithium diffusion of 0.20 eV,
has been reported. However, the correlation between the
degree of disorder and the ionic conductivity remains
unclear.
To shed light on this, we prepared a series of (dual-

substituted) halogen-rich lithium argyrodite samples with a
total halogen content of 1.5 moles and systematically varied
the Cl� to Br� ratio in Li5.5PS4.5ClxBr1.5-x (with x=0, 0.2, 0.4,
0.6, 0.8, 1.0, 1.2 and 1.5). Their crystal structure was probed
using a combination of neutron powder diffraction (NPD)
and 31P magic-angle spinning (MAS) nuclear magnetic
resonance (NMR) spectroscopy, indicating that a maximum
anion-disordered sublattice is achieved with
Li5.5PS4.5Cl0.8Br0.7. Using complementary electrochemical im-
pedance spectroscopy (EIS) and 7Li pulsed field gradient
(PFG) NMR measurements, it is shown that this particular
material also possesses the highest ionic conductivity among
all prepared samples. Overall, we demonstrate, to our
knowledge for the first time, that there is a direct correlation

between ΔSconf and ionic conductivity in this class of ion
conductors. Finally, the Li5.5PS4.5Cl0.8Br0.7 SE was also tested
in pellet-type SSB cells and found to allow for stable cycling
over 700 cycles.

Results and Discussion

To understand the impact of halogen substitution on the
charge-transport properties, eight samples with varying
composition were synthesized. An initial structural assess-
ment using laboratory X-ray diffraction (XRD) revealed
their phase purity, with the patterns showing a gradual shift
of the reflections to higher 2θ values with increasing
bromine content (see Figure S1a and b). Le Bail analysis
further indicated that the patterns can be indexed to the F
�43m space group and showed, as expected, a linear decrease
in the a lattice parameter (and therefore unit cell volume)
with increasing chlorine content (see Figure S1c), confirming
solid-solution behavior over the whole compositional range.
This is due to the smaller ionic radius of Cl� compared to
Br� ,[57] as the nominal sulfur, phosphorus and lithium
contents remain unchanged. The calculated lattice parame-
ters are given in Table S1. Because XRD is not able to
differentiate between chlorine and sulfur, due to very similar
X-ray scattering cross sections, and neither provides insight
into the Li substructure, high-resolution NPD data were
collected at room temperature from selected samples,
namely Li5.5PS4.5ClxBr1.5-x with x=0, 0.4, 0.8, 1.2 and 1.5. A
representative diffraction pattern for Li5.5PS4.5Cl0.8Br0.7,
along with the corresponding Rietveld plot, is presented in
Figure 1a. Note that the lattice parameters derived from
XRD and NPD are in good agreement (see Figure S1c). The
calculated crystal structure is shown in Figure 1b, with the
“free” S2� and halogen ions forming a face-centered cubic
anion sublattice (Wyckoff positions 4a and 4d) and addi-
tional S2� ions being located in half of the tetrahedral voids
(16e) around the octahedral sites (4b), thereby forming
[PS4]

3� tetrahedra. Moreover, in the argyrodite structure, S2�

(4d) and halogen anions (4a) are known to mix over the
respective Wyckoff positions, referring to anion site inver-
sion. Comparable ionic radii of the respective anions (e.g.,
S2� and Cl� ) or structural distortions usually enable a high
level of halogen anions occupying the 4d Wyckoff position,
i.e., high sulfur/halogen site inversion. As mentioned
previously, Rietveld analysis of the NPD data enabled us to
quantify the shared S2� /Cl� /Br� occupancy on both the 4a
and 4d sites. The results are shown in Figure 1c and d. For
Li5.5PS4.5Br1.5 (x=0), the 4a and 4d sites were found to be
occupied by 89% and 61% bromine, respectively. If the
bromine is gradually replaced by chlorine, the overall
halogen occupancy on 4a decreases (see Figure 1c), while
that on the 4d site increases (see Figure 1d). This, for
instance, leads to a chlorine occupancy of 63% and 90% on
the 4a and 4d Wyckoff positions, respectively, for
Li5.5PS4.5Cl1.5 (x=1.5), in agreement with literature data.[28]

Moreover, for the mixed chlorine/bromine-containing sam-
ples (i.e., Li5.5PS4.5ClxBr1.5-x with x=0.4, 0.8 and 1.2), bromine
apparently prefers to be situated on 4a, whereas chlorine
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predominantly occupies the 4d site. This leads to a decrease
in average ionic radius with increasing chlorine content (see
Figure S2a).
The halogen distribution in the crystal structure also

affects the Li sublattice. In particular, two occupied Li
positions, namely 48h and 24g, were identified for
Li5.5PS4.5ClxBr1.5-x with x=0, 0.4 and 0.8, showing a similar
distribution with 18% for 24g and 82% for 48h (see
Figure 1e). Interestingly, we found that when the 4a and 4d
Wyckoff positions share a similar average ionic radius (see
Figure S2a), only one of the Li positions (48h) is occupied.
This difference in Li distribution depending on the anion
composition is also, at least in part, affected by the average
ionic charge. As can be seen from Figure S2b, the average
ionic charge on the 4d site decreases with increasing chlorine

content, eventually leading to a single occupied Li position
for x=1.2 and 1.5. Thus, depending on the average ionic
radius and charge of the shared crystallographic positions,
lithium seems to be forced into occupying either only one or
two sites (different Coulomb interactions). In the substruc-
ture, three different Li+-Li+ jump distances are of relevance
(see Figure 1f). The 48h–48h doublet (through the nominal
24g transition site) and intracage jumps occur within the Li
cages surrounding the halogen/sulfur-mixed 4d position.
However, the intercage jumps are those that are believed to
strongly determine the long-range transport properties, and
the neighboring 4a position may strongly affect these
relatively large Li+-Li+ distances.[22,41] However, we find that
the different jump distances are similar for the

Figure 1. Structural characterization of the halogen-substituted lithium argyrodite solid electrolytes. (a) NPD pattern and corresponding Rietveld
analysis for Li5.5PS4.5Cl0.8Br0.7 and (b) schematic view of the crystal structure with the different Wyckoff positions and elemental constituents
indicated in the legend to the left. Refined structural parameters and compositions are given in Tables S2–S8. The normalized occupancies of the
4a and 4d Wyckoff positions are depicted in panels (c) and (d). (e) Normalized Li occupancies and (f) two neighboring Li cages with the 4a and 4d
nearest positions being indicated.
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Li5.5PS4.5ClxBr1.5-x samples employed in this work (see Fig-
ure 1f and Table S7).
After having revealed distinct differences in the average

crystal structure (long-range ordering), the local structure of
the samples was probed using 6Li and 31P MAS NMR
spectroscopy. First of all, a gradual shift of the peak intensity
maxima in the 6Li MAS NMR spectra, from 1.23 to 1.0 ppm,
with increasing chlorine content is found (see Figure 2a).
This can be explained by the withdrawing of electron density
from lithium with increasing Cl� occupancy (decreasing S2�

level) on the 4d site (located within the Li cages, see
Figure 1f). In addition, for Li5.5PS4.5ClxBr1.5-x with x=0, 0.4
and 0.8, the presence of a distinct shoulder peak of relatively
lower intensity is evident at higher chemical shifts. This

indicates the presence of two different Li positions, in
agreement with the results from NPD analysis (see Fig-
ure 1e). It should be noted that the chemical shifts observed
for the endmembers Li5.5PS4.5Cl1.5 and Li5.5PS4.5Br1.5 agree
well with those reported in the literature.[28,37] From the 31P
MAS NMR measurements, complex spectra showing multi-
ple contributions were obtained. However, they also
revealed a gradual shift from higher to lower chemical shift
(see Figure 2b). While Li5.5PS4.5Cl1.5 shows multiple contribu-
tions around 83 ppm, the peaks are centered around 92 ppm
for Li5.5PS4.5Br1.5. This is in agreement with the

31P MAS
NMR shifts seen for Li6PS5X (X=Cl or Br).[24] Unlike
Li5.5PS4.5Cl1.5, for which two major peaks and a broad
shoulder at higher chemical shift were detected,

Figure 2. Local structure of the halogen-substituted lithium argyrodite solid electrolytes. (a) 6Li and (b) 31P MAS NMR spectra. Curve fits to the 31P
data for (c) Li5.5PS4.5Cl1.5 and (d) Li5.5PS4.5Br1.5 showing the different contributions. (e) Nearest neighbors around the [PS4]

3� tetrahedra with
phosphorus and sulfur atoms shown in black and yellow, respectively. (f) Calculated probability of specific chemical environments around P from
fitting a binomial distribution to the relative intensities in the 31P MAS NMR spectra.
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Li5.5PS4.5Br1.5 exhibits five peaks of different intensities. For
the mixed chlorine/bromine-containing samples, again broad
31P MAS NMR spectra were obtained, with the peak
intensities being blurred, indicating a larger degree of
disorder. This was to be expected given that three different
elements are now sharing the 4d site. To reveal the specific
chemical environment of the two endmembers, the spectra
were curve fitted (see Figure 2c and d). As shown in
Figure 2c, the four different contributions for Li5.5PS4.5Cl1.5
pertain to the number of nearest neighboring chlorine/sulfur
atoms around the [PS4]

3� tetrahedra on the 4d Wyckoff
position (see Figure 2e). The composition ranges from four
chlorine atoms (Cl4 with highest intensity contribution) to a
mixed environment consisting of three sulfur and one
chlorine atom (S3Cl with lowest intensity contribution). A
purely sulfur-containing environment (S4) was not observed
for Li5.5PS4.5Cl1.5. In contrast, for Li5.5PS4.5Br1.5, all possible
configurations can be identified (see Figure 2d). Results
from quantitative analysis of the different environments, i.e.,
relative peak intensities, are shown in Figure 2f. Unlike
Li5.5PS4.5Cl1.5, where a pure chlorine environment is most
probable, a mixed S2� /Br� distribution over the neighboring
sites is preferred in the case of Li5.5PS4.5Br1.5.
The relative peak intensities observed in the 31P MAS

NMR spectra for Li5.5PS4.5Cl1.5 and Li5.5PS4.5Br1.5 can be well
described by a simple binomial distribution:

p nð Þ ¼
4!

n! � 4 � nð Þ!
� qn � 1 � qð Þ4� n (1)

with n being the number of halogen ions on the four
neighboring 4d sites around the [PS4]

3� tetrahedra and q
representing the overall fraction of halogen ions occupying
these sites. Fitting such a binomial distribution to the
relative intensities (see Figure 2f), q=0.83 for Li5.5PS4.5Cl1.5
(x=1.5) and q=0.60 for Li5.5PS4.5Br1.5 (x=0) were obtained.
These values are in excellent agreement with the occupan-
cies determined by NPD (see Figure 2d). A similar analysis
for the samples containing both halogen elements is
challenging, as assignments of the different contributions to
mixed S2� /Cl� /Br� environments (15 different possible
compositions on the four neighboring 4d sites) requires the
description by a multinomial distribution.
Next, the charge-transport properties were examined via

complementary EIS and 7Li PFG NMR spectroscopy. EIS
measurements were conducted between 10 and 60 °C on
cold-pressed pellets for all samples. At 25 °C, only a
capacitive tail was visible (see Figure S3), indicating high
ionic conductivity. Fitting of the spectra revealed ionic
conductivities ranging from 4.2 to 9.6 mScm� 1 for
Li5.5PS4.5Br1.5 (lowest) and Li5.5PS4.5Cl0.8Br0.7 (highest), re-
spectively. The corresponding results can be found in
Table S9. From Arrhenius fitting of the temperature-
dependent conductivity (see Figure 3a), the activation en-
ergies (EA) were calculated to be in the range between 0.30
and 0.34 eV (see Table S9).
The lithium diffusion coefficient (DLi) was probed using

7Li PFG NMR spectroscopy at temperatures from 29 to
65 °C for the Li5.5PS4.5ClxBr1.5-x samples with x=0, 0.4, 0.8,

1.2 and 1.5. The echo damping versus gradient field strength
is shown in Figure S4 and revealed only a single contribution
for all materials. From the measurements, the DLi at 29 °C
was determined to be in the range of 1.0–1.4×10� 11 m2s� 1

(see Figure 3b). These values are among the highest
observed for Li-ion conductors[28,58] and suggest an extremely
fast mobility, in line with the conductivity deduced from the
cold-pressed pellets via EIS. With increasing the temper-
ature to 65 °C, the Li5.5PS4.5Cl0.8Br0.7 sample exhibits the
strongest increase in DLi, reaching 4.8×10

� 11 m2s� 1. From
Arrhenius fitting of the temperature-dependent DLi data
(see Figure 3c), the activation energies were calculated, lying
between 0.24 eV for Li5.5PS4.5Br1.5 and 0.32 eV for
Li5.5PS4.5Cl1.2Br0.3. Overall, they are in a similar range as
those determined by EIS and about 0.1 eV higher compared
to other superionic lithium argyrodites.[20,22,23,37,45] Using the
Nernst-Einstein equation, the room-temperature conductiv-
ities were calculated from the diffusion coefficients. The
obtained values are very high, reaching 22.7 mScm� 1 for
Li5.5PS4.5Cl0.8Br0.7. So far, very few thiophosphate-based Li-
ion conductors with a room-temperature conductivity above
20 mScm� 1 have been reported, crystallizing either in the
argyrodite or LGPS structure type.[21,34,35,59] Finally, the
conductivities and activation energies from EIS were
compared to those calculated from the 7Li PFG NMR data
(see Table S9). As can be seen from Figure 3d, the ionic
conductivities determined by EIS are lower by about
10 mScm� 1, however they exhibit a similar trend with
composition. This means that the pure bromine-containing
endmember possesses the lowest ionic conductivity among
all samples. If chlorine is introduced into the structure, the
conductivity increases up to x=0.8, thereafter a slight
decrease is observed. Note that the gap between the
conductivity values from the two techniques is most likely
rooted in poor grain boundary contacts, as 7Li PFG NMR
spectroscopy examines the bulk ionic conductivity, whereas
EIS probes the overall sample conductivity (cold-pressed
pellets). Thus, the measured diffusion coefficient (
�10� 11 m2 s� 1 at 29 °C) corresponds to a Li displacement of
about 1.3 μm within the diffusion time scale (30 ms).[60] This
is much smaller than the average particle size of these solid
electrolytes, as observed by scanning electron microscopy
(SEM) imaging and elemental mapping (see Figure S5a–e),
supporting our assumption that solely bulk ionic conductiv-
ity is probed in the 7Li PFG NMR spectroscopy measure-
ments. Moreover, EIS was conducted on the
Li5.5PS4.5Cl0.8Br0.7 sample that was hot-pressed into a dense
pellet (see Supporting Information for details). The room-
temperature ionic conductivity of the sintered pellet was
determined to be about 19.8 mScm� 1 (see Figure S6), which
agrees with the 7Li PFG NMR results (absence of grain-
boundary resistance). Regarding EA, first a decrease with
increasing chlorine content up to x=0.8 is observed,
followed by a slight increase, reaching the lowest value for
the best-conducting sample Li5.5PS4.5Cl0.8Br0.7. This is in
contrast to the EA determined by

7Li PFG NMR spectro-
scopy, showing a gradual increase with increasing chlorine
content. Again, the slightly different trends are due to poor

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2023, e202314155 (5 of 9) © 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202314155 by K

arlsruher Institution F. T
echnologie, W

iley O
nline L

ibrary on [21/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



grain-boundary contacts in the cold-pressed samples used
for the EIS measurements.
On the basis of the above data, structure–property

relationships can be established. In this regard, it is
important to recall that recent reports have shown a possible
beneficial effect of structural disorder in the rigid host lattice
(framework) on ion diffusion of the mobile species (Li+,
Na+, H+).[42–45,61,62] In the case of the Li5.5PS4.5ClxBr1.5-x
samples, the ΔSconf refers to the number of possibilities for
distributing sulfur, chlorine and bromine ions in the
zincblende-type anion sublattice (4a and 4d Wyckoff posi-
tions) within the argyrodite structure (see Figure 3e).

Usually, a mixing of elements over these two crystallo-
graphic sites has been expressed as halogen/sulfur site-
inversion or disorder. However, if more than one halogen
element is introduced, this descriptor is not accurate any-
more. To express the halogen/sulfur disorder more precisely,
the ΔSconf presents a much better descriptor, as it also takes
into account the partial occupancies of the different
elemental constituents (not only mixing over two crystallo-
graphic sites). This means that if a high ΔSconf is calculated,
the number of anion conformations is large, comparable to
the number of conformations a complex organic molecule
can adopt. In other words, configurational entropy is a

Figure 3. Charge-transport properties of the Li5.5PS4.5ClxBr1.5-x samples. (a) Arrhenius plots of conductivity (EIS). (b) Lithium diffusion coefficients at
different temperatures and (c) corresponding Arrhenius plots (7Li PFG NMR). (d) Ionic conductivities and activation energies at room temperature
determined by EIS and 7Li PFG NMR spectroscopy. (e) Schematic representation of the anion sublattice, including the 4a and 4d Wyckoff sites. (f)
Correlation between configurational entropy calculated from the specific occupancies of the anion sublattice shown in panel (e) and ionic
conductivity. If no error bars are visible, the standard deviation is smaller than the symbol.
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measure of anion disorder: The more equally the three
anions are distributed over the two available crystallo-
graphic sites, the higher the ΔSconf is. This in turn leads to
local structural distortions (on the unit cell level, see
Figure S2). Therefore, a high ΔSconf of the anion sublattice
leads to a statistical uncertainty for lithium diffusion path-
ways, i.e., broadened (Li-site) energy distributions and
facilitated ion motion through the structure. If the ΔSconf is
calculated from the specific site occupancies determined by
NPD, we find a maximum for the Li5.5PS4.5Cl0.8Br0.7 sample,
which also exhibits the highest ionic conductivity (see
Figure 3f). This result confirms that disorder of the anion
sublattice is responsible for increased ionic conductivity. We
assume that the structural complexity increases the vibra-
tional entropy (phonon behavior), which is also known to
affect ion diffusion through so-called phonon-ion
interaction.[63] For example, Ding et al. recently investigated
lattice softening in argyrodite Li6PS5Cl and found that the
low-energy phonon modes (<10 meV) associated with Li
are also important for realizing fast ion transport.[64] Taking
into account the large disorder of the anion sublattice in
Li5.5PS4.5Cl0.8Br0.7, phonon effects cannot be ignored and
might be responsible, at least to some degree, for the
improved Li-ion conductivity.
Finally, the material exhibiting the highest ionic con-

ductivity (Li5.5PS4.5Cl0.8Br0.7) was tested as SE in pellet-stack
SSB cells using a borate-coated, single-crystalline layered
Ni-rich oxide cathode (s-NCM90@Li3BO3, 8.9 mgcm

� 2 load-
ing) and an In/InLi anode. First, they were cycled at room
temperature and at a rate of 0.1 C. In the initial cycle,
specific charge and discharge capacities of 209 and
163 mAhg� 1 were achieved, corresponding to a Coulomb
efficiency (CE) of �78% (see Figure 4a). Subsequently,
both capacity and CE increased slightly, followed by
relatively stable cycling over 100 cycles (see Figure 4b). In

the 100th cycle, the cells delivered a specific discharge
capacity of 169 mAhg� 1. During long-term cycling, the CE
fluctuated between 98 and 100%, suggesting minor detri-
mental side reactions. To further assess the performance of
the Li5.5PS4.5Cl0.8Br0.7 SE, the SSB cells were electrochemi-
cally tested at a higher C-rate. Specifically, they were
subjected to cycling at 2 C. In the initial cycle, specific
charge and discharge capacities of 165 and 108 mAhg� 1

were achieved (see Figure 4c). From the cycling data, the
formation of a kinetically stable SE j s-NCM90@Li3BO3
interface, preventing further SE degradation, seems likely.
After the first cycle, the specific discharge capacity gradually
increased, reaching 142 mAhg� 1 in the 20th cycle. Also, the
CE stabilized above 99.5% after five cycles. Minor capacity
decay upon further cycling was observed, with 133 mAhg� 1

in the 700th cycle (see Figure 4d). The performance assess-
ment of the Li5.5PS4.5Cl0.8Br0.7 SE at both low and high C-rate
provides evidence that dual-substituted, halogen-rich argyr-
odite SEs allow for stable SSB operation. We assume that
the as-formed cathode interface/decomposition interphase
exhibits a low partial electronic conductivity and kinetically
prevents further degradation.[65] This is corroborated by the
limited reversibility on the first cycle, but high CE observed
during long-term cycling.

Conclusion

In summary we have investigated the structure–property
relationships in halogen-rich Li5.5PS4.5ClxBr1.5-x SE materials
for the solid-solution range of 0�x�1.5. Using a combina-
tion of high-resolution NPD and 31P MAS NMR spectro-
scopy, we show that a certain anion occupation over the 4a
and 4d Wyckoff sites occurs, which also affects the lithium
substructure. Charge-transport characteristics were revealed

Figure 4. Electrochemical cycling of SSB cells with Li5.5PS4.5Cl0.8Br0.7 as SE. (a) Voltage profiles for the 1st, 2nd and 100th cycles at 0.1 C rate and (b)
corresponding capacity retention and Coulomb efficiencies. (c) Voltage profiles for the 1st, 20th and 700th cycles at 2 C rate and (d) corresponding
capacity retention and Coulomb efficiencies.
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by combined temperature-dependent EIS and 7Li PFG
NMR spectroscopy measurements. Overall, we demonstrate
that an increased S2� /Cl� /Br� disorder, which can be ex-
pressed in the form of configurational entropy, leads to very
fast Li-ion dynamics. This is reflected in a lithium diffusion
coefficient of 1.4×10� 11 m2s� 1 (29 °C), as well as in an ionic
conductivity of 9.6 mScm� 1 in cold-pressed state and a bulk
ionic conductivity of 22.7 mScm� 1 (25 °C) determined by 7Li
PFG NMR spectroscopy. This remarkable achievement is
made possible by using inexpensive precursors, making the
material suitable for large-scale application. Overall, the
results indicate that compositional disorder in the anion
sublattice of lithium argyrodites directly facilitates ion
diffusion, meaning the conductivity is increasing with
increasing configurational entropy. In addition, the sample
with the highest conductivity, Li5.5PS4.5Cl0.8Br0.7, was tested
as SE in SSB cells and found to allow for stable cycling over
700 cycles (with virtually no capacity decay), indicating its
suitability for industrial use. Therefore, the concept of
increasing ionic conductivity by increasing configurational
entropy might pave the way toward the development of
advanced SEs, with halogen-rich lithium argyrodites emerg-
ing as a promising class of materials.
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