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ABSTRACT: High-entropy ceramics are attracting large interest because of their unique materials properties. Nevertheless, 
the effect of entropy on the lithium transport remains largely elusive. Here, we report, for the first time, about medium- 
and high-entropy polyanionic lithium superionic conductors crystallizing in the F–43m space group and adopting the so-
called argyrodite structure. The Li6PS5[Cl0.33Br0.33I0.33], Li6P[S2.5Se2.5][Cl0.33Br0.33I0.33], and Li6.5[Ge0.5P0.5][S2.5Se2.5][Cl0.33Br0.33I0.33] 
materials were  structurally characterized using complementary synchrotron and neutron scattering techniques in combi-
nation with 31P magic-angle spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy. We show that in contrast to 
other high-entropy ceramics, an unequal distribution of elements over the respective crystallographic sites occurs in these 
materials. Using electrochemical impedance spectroscopy (EIS) and 7Li pulsed field gradient (PFG) NMR spectroscopy, we 
demonstrate that introducing entropy (compositional disorder) marginally affects the ionic conductivity (~10–3 S cm–1), but 
instead lowers the activation energy for conduction to 0.22 eV. Our results emphasize the possibility of increasing entropy 
in polyanionic materials, thereby opening up compositional space for the search of Li-ion conductors with unprecedented 
properties.

In recent years, high-entropy materials (HEMs) are at-
tracting significant research interest because of their often 
unexpected and tailorable properties. The high entropy 
concept is based on the idea of increasing configurational 
entropy, ΔSconfig, in a specific structure type by introducing 
various elements on a single crystallographic site. Through 
possible manifold interactions between the incorporated 
elements, new materials properties arise or (in some cases) 
a certain lattice structure can be entropically stabilized.1–3 
Originally, the HEM concept emerged from high-entropy 
alloys (HEAs)4,5 and has been extended to high-entropy ce-
ramics (HECs). Both HEAs and HECs can adopt different 
crystal structures (e.g., rocksalt, perovskite, spinel, etc.), 
and configurational entropy is usually introduced via cat-
ion mixing (in ionic materials).6–9 However, the high en-
tropy concept has not yet been applied to polyanionic ma-
terials, despite their widespread use as electrode materials 
and ion conductors. An important feature of polyanionic-
based materials is that they may offer a rigid three-dimen-
sional framework, allowing for fast ion diffusion through 
interstitial space.10–12 In principle, all ceramic oxide- and 
sulfide-based Li-ion conductors that are currently receiv-
ing interest, due to their potential for implementation as 
solid electrolytes (SEs) in solid-state batteries (SSBs), pos-
sess covalently bonded polyanions as building unit, such as 
[PO4]3– or [PS4]3–.13–16 Among them, lithium thiophosphates 
represent one of the most promising class of materials be-
cause of high ionic conductivity and favorable mechanical 
properties, ensuring intimate contact with the other bat-
tery components.17–20 An example are the so-called argy-
rodites with the general formula Li6PS5X (X = Cl, Br, I), hav-
ing [PS4]3– tetrahedra along with uncoordinated X– and S2– 
anions and offering a structural framework for facile lith-
ium diffusion.21,22 Argyrodite SEs have been heavily investi-
gated in the past, and indeed high ionic conductivity at 

room temperature has been achieved by substitution on 
the phosphorous, chalcogenide, and halide sites.16,23–25 
Thus, materials crystallizing in the argyrodite structure 
type seem capable of accommodating various  elements 
simultaneously. This possibly allows for achieving a high 
ΔSconfig and may provide insights on how configurational 
entropy alters the Li-ion transport properties. Note that in-
creased lithium and proton conduction in high-entropy 
rocksalt oxides has been reported,26,27 however, the effect 
that ΔSconfig has on the charge transport remains unclear, 
and entropy was introduced by cation mixing only. In con-
trast, in the present work, we aimed at achieving high en-
tropy primarily via anion mixing in the covalent/ionic host 
lattice of the argyrodite structure. 

After synthetic survey of possible elements on the P, S, 
and X sites in Li6PS5X (with equimolar stoichiometry), we 
were able to successfully synthesize polyanionic (and cati-
onic) materials, namely Li6PS5[Cl0.33Br0.33I0.33] (HEAR1), 
Li6P[S2.5Se2.5][Cl0.33Br0.33I0.33] (HEAR2), and 
Li6.5[Ge0.5P0.5][S2.5Se2.5][Cl0.33Br0.33I0.33] (HEAR3). First, the 
halide site, followed by the chalcogenide site, and finally 
the phosphorous site was substituted to successively alter 
(increase) the configurational entropy. Assuming equal 
distribution over the available crystallographic sites, ΔScon-

fig values of 1.24R, 2.28R, and 2.98R were calculated for 
HEAR1, HEAR2, and HEAR3, respectively (see Supporting 
Information for details and Table S1). Materials for which 
ΔSconfig ≥ 1.5 are usually considered high-entropy materials, 
originating from initial studies on HEAs, thus rendering 
HEAR2 and HEAR3 HEMs.4,5 All materials were synthe-
sized by classical solid-state chemistry with a high-energy 
milling step prior to annealing at temperatures of ϑ ≥ 400 
°C in vacuum-sealed quartz ampoules (see Supporting In-
formation for details). Initially, the elemental distribution 



 

on the nanometer level was probed using scanning trans-
mission electron microscopy (STEM) combined with en-
ergy dispersive X-ray spectroscopy (EDS). As shown exem-
plarily for HEAR3 (see Figure S1), the as-synthesized ma-
terial consists of micrometer-sized particles and all ele-
ments are uniformly distributed. To reveal the detailed 
crystal structure, synchrotron X-ray diffraction (SXRD) 
and time-of-flight neutron powder diffraction (NPD) 
measurements were conducted on the samples. As is evi-
dent from Figure 1a-f, the SXRD and NPD patterns can be 
indexed within the F–43m space group. The a lattice pa-
rameter increased linearly from about 10.0 Å for HEAR1 to 
10.35 Å for HEAR3 (see Figure S2), thereby confirming the 
successful incorporation of Se and Ge.  

Next, synchrotron X-ray total-scattering data were col-
lected and pair distribution function (PDF) analysis con-
ducted. The PDF curves (Figure 1g) show identical local 
structural features for the different materials. Three con-
tributions can be attributed to the atomic distances around 
the (polyanionic) tetrahedral environment, [PS4]3–, 
[PS2Se2]3–, and [Ge0.5P0.5S2Se2]3.5–, as indicated in the inset. 
In particular, d1 is assigned to the Ge/P−S/Se covalent bond 
within the tetrahedra and was found to increase from 
around 2.05 Å for HEAR1 to 2.29 Å for HEAR3. A similar 
trend was observed for d2 (S/Se−S/Se) and d3 (S/Se−S/Se), 
in agreement with the increase in a lattice parameter in the 
order of HEAR1 < HEAR2 < HEAR3. Note that d2 refers to 
the S/Se−S/Se distance within the tetrahedra, whereas d3 
denotes the distance to the next-neighboring tetrahedra. 
The increase in local interatomic distances is consistent 
with the substitution of S and P with larger Se and Ge, re-
spectively.  

To further probe the phosphorous local environment, 31P 
MAS NMR spectra were collected on the samples (Figure 
1h). A narrow signal with some substructure was observed 

for HEAR1, indicating low local structural disorder. In con-
trast, four to five broad signals with different intensities 
were clearly visible for HEAR2 and HEAR3. This suggests a 
significant increase in local disorder compared to HEAR1. 
The chemical shift of the peaks can be explained by the dif-
ferent [PS4–xSex]3– tetrahedra with x = 0 – 4. The substruc-
ture of the peak at +94 ppm for HEAR1, as well as at –30 
ppm for HEAR2, is caused by the different arrangements of 
neighbors around these tetrahedra. Binominal fitting of 
the intensities allowed to quantitatively determine the 
overall number of x in [PS4–xSex]3–.21,22 Naturally, for HEAR1, 
x = 0, as only [PS4]3– units are present. However, for HEAR2 
and HEAR3, x was calculated to equal 1.6 and 0.9, respec-
tively, translating to [PS2.4Se1.6]3– and [Ge0.5P0.5S3.1Se0.9]3.5–.  

In addition, Raman spectroscopy measurements were 
conducted on the samples. The respective spectra display 
bands indicative of the polyanions, [PS4–xSex]3– and [GeS4–

xSex]4– with x = 0 – 4 (see Figure S3).28,29 For HEAR1, bands 
arising from the [PS4]3– vibrations were clearly visible and 
centered around 416 and 575 cm–1. These bands can be as-
signed to symmetric and asymmetric stretching vibrations 
of the [PS4]3– tetrahedra, respectively.29,30 For HEAR2, addi-
tional bands, due to the presence of different [PS4–xSex]3– 
species, were present. However, in the case of HEAR3, the 
identification of single bands correlated with the [PS4–

xSex]3– and [GeS4–xSex]4– tetrahedra is difficult because of 
strong overlapping. Nevertheless, as a starting point, the 
local structural information from 31P MAS NMR spectros-
copy was considered in the refinements.  

HEAR1, HEAR2, and HEAR3 adopt the so-called argy-
rodite structure (Figure 2a), where anions form a face cen-
tered cubic sublattice (Wyckoff positions 4a and 4d) with 
chalcogenide anions in half of the tetrahedral voids 
(Wyckoff position 16e) and polyanionic tetrahedra on the 
octahedral sites (central atom on Wyckoff position 4b). 
The atoms located on the Wyckoff positions 4a (halide) 

Figure 1. Structural characterization of the high-entropy lithium argyrodites. (a-c) SXRD and (d-f) NPD patterns and 
corresponding Rietveld refinement plots. The observed, calculated, and difference profiles are shown as colored circles, 
black lines, and beige lines, respectively. Vertical tick marks indicate the expected Bragg positions. (g) Corresponding 
PDF curves and (h) 31P MAS NMR spectroscopy results.  



 

and 4d (chalcogenide) are known to distribute over both 
crystallographic sites, with is usually referred to as hal-
ide/chalcogenide site inversion. Moreover, the mobile cat-
ions (Li) are distributed around the 4d site, forming Frank-
Kasper-polyhedra with two different Wyckoff positions 
(48h and 24g).21,22 Thus, for the high-entropy argyrodite 
materials described in this work, the possible site inversion 
leads to large complexity. Through a combination of dif-
fraction pattern simulation and subsequent Rietveld re-
finement, the detailed crystal structure could be deter-
mined (see Supporting Information for details). For the 
least complex material, HEAR1 (Figure 2b), the structure 
contains [PS4]3– polyanions along with a rather equal occu-
pation of the S (25%), Cl (21%), Br (21%), and I (33%) on the 
4a site. We also noticed some halide/chalcogenide mixing, 
since on the 4d site, 13% Br and 13% Cl were found (apart 
from 74% S). This kind of site inversion (Cl/Br and S) is 
often observed in lithium argyrodites, whereas I typically 
does not tend to share occupancy with S because of the 
large difference in ionic radii.21,22 For HEAR2 (Figure 2c), 
additionally, half of the S was substituted with Se. In agree-
ment with the results from the 31P MAS NMR spectroscopy 
measurements, we found 60% S and 40% Se on the 16e site, 
forming [PS2.4Se1.6]3– tetrahedra. The 4a size contained vir-
tually equal amounts of I (35%), Br (33%), and Se (32%). In 
contrast, Cl (28%) was solely present on the 4d site along 
with Se (58%) and S (14%). In contrast to HEAR1, Cl is 
pushed to the 4d site, with both I and Br remaining on the 
4a site. Such elemental mixing on the 4a and 4d Wyckoff 
positions is most likely the result of mismatch and/or sim-
ilarities in ionic radii. For HEAR3, a comparable distribu-
tion over the different crystallographic sites as for HEAR2 
was observed (Figure 2d). The most noticeable difference 
is that [Ge0.5P0.5S2.8Se1.2]3.5– tetrahedra were present, mean-
ing 70% S and 30% Se on the 16e site, in fair agreement with 
the S/Se ratio determined by 31P MAS NMR spectroscopy. 
On the 4a and 4d sites, 38% I/34% Br/28% Se and 33% 
Cl/67% Se, respectively, were found. Taken together, the 
refinement of the partial atomic occupancies is in accord-
ance with the targeted stoichiometries, except for HEAR3, 
where a slight deviation from the original S/Se ratio, 
Li6.5[Ge0.5P0.5][S2.8Se2.2][Cl0.33Br0.34I0.38], was observed. This 
might also be the reason for the presence of clear impurity 
reflections in the SXRD and NPD patterns (Figure 1c,f). 

In conclusion, substituting S with Se does not signifi-
cantly increase the halide/chalcogenide site disorder. 
However, in this case, selective Cl/Se mixing on the 4d 
Wyckoff position occurs (Figure 2c,d), with the I and Br 
remaining on the halide 4a site. We hypothesize that the 
unequal mixing over the 4a and 4d sites, as seen for HEAR2 
and HEAR3, is a result of minimizing the lattice distortion 
by keeping the difference in ionic radii ≤ 12% (for a specific 
crystallographic position). As known for argyrodites, alter-
ing the anion (and cation) sublattice causes a change in the 
Li substructure. Usually, Li can be distributed over two dif-
ferent Wyckoff positions, 48h and 24g. Rietveld refinement 
analysis of the NPD data showed that Li is mainly located 
on the 48h site (HEAR1, 93%), the fraction of which in-
creased further for HEAR2 (95%) and HEAR3 (100%), see 
Figure S4a. Moreover, the Li+−Li+ jump distances re-
mained virtually unaltered upon changing the anion and 
cation sublattices (see Figure S4b). 

After having examined the crystal structure, the Li-ion 
conductivity of the as-prepared materials was probed using 
EIS. EIS measurements were conducted at different tem-
peratures on sintered pellets with deposited gold elec-
trodes. All samples showed a partial semicircle and a ca-
pacitive tail, indicating primarily ionic conductivity (see 
Figure S5). From the measured resistance, the conductiv-
ity was determined (Figure 3a). At 25 °C, values of 0.7, 1.3, 
and 1.1 mS cm–1 were calculated for HEAR1, HEAR2, and 
HEAR3, respectively. The evolution of conductivity with 
temperature follows an Arrhenius-type behavior with very 
similar activation energies of 0.29 for HEAR1 and 0.31 eV 
for both HEAR2 and HEAR3. Consequently, no significant 
changes in conductivity and activation energy for conduc-
tion were observed with increasing compositional disor-
der. However, because EIS measurements probe the overall 
sample conductivity (pellet specimen), the results can be 
assumed to be affected by grain-boundary effects or crys-
talline/amorphous impurities.31,32 For this reason, 7Li PFG 
NMR spectroscopy measurements were conducted on the 
materials at different temperatures and at a diffusion time 
of 100 ms. In so doing, the lithium-diffusion coefficient, DLi, 
can be determined (Figure 3b), from which the Li-ion con-
ductivity is derived via the Nernst-Einstein equation. For 
HEAR1, HEAR2, and HEAR3, DLi at 25 °C was found to be 
0.99∙10–12, 1.13∙10–12, and 0.74∙10–12 m2 s–1, respectively, in the 
range usually observed for superionic conductors.33,34 From 

Figure 2. (a) Schematic view of the crystal structure of the high-entropy argyrodites. The different Wyckoff positions and 
elements are indicated. (b-d) Normalized occupancies of the different crystallographic sites, with the color referring to 
the elements displayed in the legend.  



 

these values, ionic conductivities of 1.7, 1.8, and 1.2 mS cm–

1, respectively, were calculated. 

The change in DLi also follows an Arrhenius-type behavior, 
and the activation energies for conduction for HEAR1 (0.28 
eV) and HEAR2 (0.30 eV) are very similar to those deter-
mined from the EIS measurements. However, for HEAR3, 
a lower activation energy was calculated compared to EIS 
(0.22 vs 0.31 eV). An overview of the ionic conductivities 
and activation energies for the different materials is given 

in Figure 3c. As is evident, there are two main discrepan-
cies between the EIS and 7Li PFG NMR spectroscopy meas-
urements. First, for HEAR1, the conductivity determined 
by 7Li PFG NMR spectroscopy is more than twice that from 
EIS. This is probably due to the presence of crystal-
line/amorphous side phases, as 7Li PFG NMR spectroscopy 
probes the bulk material, whereas EIS measures the overall 
sample conductivity. Second, although the conductivity of 
HEAR3 from EIS and 7Li PFG NMR spectroscopy is similar, 
the activation energy for conduction is different. We hy-
pothesize that this difference is also related to the presence 
of (unknown) impurities, having a more pronounced effect 
on the EIS data. Similar observations have been made for 
thiophosphate-based solid electrolytes.31,32,35 

Taken together, the results indicate that the room-tem-
perature Li-ion conductivity and activation energy (from 
7Li PFG NMR spectroscopy) are almost identical for the 
purely polyanionic high-entropy argyrodite materials, 
HEAR1 and HEAR2. However, upon additional cation sub-
stitution (HEAR3), both the ionic conductivity and activa-
tion energy decreased, leading to the lowest value reported 
for argyrodite-type Li-ion conductors (0.22 eV).16,24 The ac-
tivation energy was found to be linearly correlated with the 
pre-exponential factor of the diffusivity, D0, known as the 
Meyer-Neldel rule (see Figure S6).36,37 This suggests sof-
tening of the lattice with increasing configurational en-
tropy,38,39 which negatively affects the bulk ion transport in 
the case of HEAR3. Moreover, XRD and NPD revealed sim-
ilar structural features for all three materials, i.e., a compa-
rable halide/chalcogenide site inversion, ranging from 26 
to 33%, and minor changes in the Li substructure.  

In summary, we have reported about the successful syn-
thesis of multi-element substituted lithium argyrodites 
with a high ΔSconfig. This was mainly achieved through an-
ion mixing. Although nominally equal amounts of ele-
mental constituents were used, non-uniform mixing over 
the respective crystallographic sites was observed, unlike 
for many other HEMs. Thus, the real ΔSconfig values can be 
assumed to be smaller than the calculated ones (see Table 
S1). The Li-ion conductivity (10–3 S cm–1) was not strongly 
affected by increasing compositional disorder (configura-
tional entropy). However, low activation energies for con-
duction (≤0.31 eV) were found. The former is most likely 
due to close structural similarities between the investi-
gated samples. Nevertheless, increasing the number of el-
ements alters both the configurational entropy and the vi-
brational entropy (lattice softening), which may have syn-
ergistic or antagonistic effects on charge transport.7,37,40 
Distinguishing between these two entropy contributions 
(and ultimately from structural effects) remains challeng-
ing.  

Overall, we believe that our study triggers further re-
search into high-entropy ion conductors, potentially allow-
ing for tailoring the electrical and (electro)chemical prop-
erties. This is a clear advantage considering the large com-
positional design space available for exploration. 

 
 
  

Figure 3. (a) Arrhenius fitting of the ionic conductivity in 
the temperature range from 15 to 65 °C. (b) Temperature-
dependent diffusion coefficient from 7Li PFG NMR spec-
troscopy. (c) Summary plot of the ionic conductivities 
and corresponding activation energies at 25 °C deter-
mined from EIS and 7Li PFG NMR spectroscopy measure-
ments. 
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