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Synthetic Tailoring of Ionic Conductivity in Multicationic
Substituted, High-Entropy Lithium Argyrodite Solid
Electrolytes

Jing Lin, Mareen Schaller, Gennady Cherkashinin, Sylvio Indris, Jianxuan Du,
Clemens Ritter, Aleksandr Kondrakov, Jürgen Janek, Torsten Brezesinski,*
and Florian Strauss*

Superionic conductors are key components of solid-state batteries (SSBs).
Multicomponent or high-entropy materials, offering a vast compositional
space for tailoring properties, have recently attracted attention as novel solid
electrolytes (SEs). However, the influence of synthetic parameters on ionic
conductivity in compositionally complex SEs has not yet been investigated.
Herein, the effect of cooling rate after high-temperature annealing on charge
transport in the multicationic substituted lithium argyrodite
Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I is reported. It is demonstrated that a
room-temperature ionic conductivity of ∼12 mS cm−1 can be achieved upon
cooling at a moderate rate, superior to that of fast- and slow-cooled samples.
To rationalize the findings, the material is probed using powder diffraction,
nuclear magnetic resonance and X-ray photoelectron spectroscopy combined
with electrochemical methods. In the case of moderate cooling rate, favorable
structural (bulk) and compositional (surface) characteristics for lithium
diffusion evolve. Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I is also electrochemically tested
in pellet-type SSBs with a layered Ni-rich oxide cathode. Although delivering
larger specific capacities than Li6PS5Cl-based cells at high current rates, the
lower (electro)chemical stability of the high-entropy Li-ion conductor led to
pronounced capacity fading. The research data indicate that subtle changes in
bulk structure and surface composition strongly affect the electrical
conductivity of high-entropy lithium argyrodites.
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1. Introduction

Increasing demands for fast charging,
high-energy-density rechargeable batter-
ies have pushed academic and industrial
research towards solid-state battery (SSB)
design.[1,2] From a materials perspective,
this is pursued through the development
of improved cathode, anode and solid
electrolyte (SE) materials.[3,4] Apart from
the challenge of utilizing lithium-metal
anodes and designing a stable interface
between the cathode active material (CAM)
and the superionic SE, a key require-
ment for achieving advanced SSBs is
the use of (electro)chemically stable and
mechanically soft ion conductors. In this
regard, lithium thiophosphates repre-
sent a major class of promising SEs, as
they offer high ionic conductivities and
are mechanically soft. The latter allows
for intimate contact with the active elec-
trode material(s), which in turn helps
reducing detrimental (chemo)mechanical
effects during cell cycling.[5–7]

Particularly lithium argyrodites with the
general formula Li6PS5X (with X = Cl, Br or
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I) were subject of intense SE development. Over the years,
their ionic conductivity could be increased beyond 10 mS cm−1

through substitution on the P and/or X site.[8–13] Substitutions
typically increase the S2−/X− site inversion and/or modify the
lithium sublattice, which can lead to high ion mobility.[10,12,14,15]

Apart from improving ionic conductivity in crystalline solids
by iso- or aliovalent substitutions in the host lattice,[14–17] the
temperature profile used in the solid-state synthesis, i.e., the
annealing temperature and especially the cooling rate, can
also have a profound effect on the resulting charge-transport
properties. For instance, fast cooling via immersing the sample
in liquid nitrogen immediately after annealing can stabi-
lize high-temperature polymorphs or point defects at room
temperature[18–24] or freeze the S2−/X− site inversion in the
case of Li6PS5Br and Li5.5PS4.5Cl1.5 (possibly leading to en-
hanced conductivity).[25–27] When it comes to high-entropy
(compositionally complex) lithium-ion conductors, the effect of
annealing temperature and cooling rate in general has not yet
been thoroughly investigated.

For high-entropy materials (HEMs), which are characterized
by a ΔSconf > 1.5R (with ΔSconf representing the configurational
entropy), the emergence of new and/or improved properties has
been reported.[28–30] Various HEMs including oxides, sulfides and
carbides have been synthesized and employed, among others,
as battery materials, catalysts or thermoelectrics.[31,32] Recently,
this concept has been transferred to ceramic ion conductors,
and some promising materials crystallizing in garnet, rock salt
or Na SuperIonic CONDuctor (NASICON)-type structures have
been reported.[33–37] However, their (electro)chemical assessment
is sparse, and very high ionic conductivities could so far only
be achieved for multicationic and -anionic substituted sulfide-
based SEs.[36,38,39] Depending on the elemental composition, the
entropy contribution may compete with (destabilizing) positive
mixing enthalpies ΔHmix. This is particularly critical at low tem-
peratures. While a uniform solid solution may be achieved at el-
evated temperatures during synthesis, the entropy term may be-
come too small during cooling, leading to demixing depending
on the cooling conditions. Whether demixing has a negative ef-
fect on ionic conductivity is unclear, and it surely depends on the
type of demixing, i.e., if spinodal decomposition occurs or nucle-
ation is required during the demixing process.

In view of these considerations, herein we report on the in-
vestigation into how the temperature profile, in particular the
cooling rate after high-temperature annealing, affects the ionic
conductivity in a multicationic substituted (high-entropy) lithium
argyrodite. We demonstrate that altering the cooling rate in the
synthesis of Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I has indeed a profound
effect on conductivity. We find that the maximum ionic conduc-
tivity is achieved when the sample is cooled at a moderate rate.
Using a combination of structure and charge-transport charac-
terization techniques, the crystalline lattice is found to be rela-
tively robust against different cooling rates, however it exhibits
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unique characteristics that enable high ionic conductivity. In ad-
dition, X-ray photoelectron spectroscopy (XPS) revealed a sur-
face composition that deviates from the original stoichiometry
but appears to be beneficial for charge transport. Finally, the as-
synthesized SE was tested in pelletized SSBs and compared to
the commonly used argyrodite Li6PS5Cl. Because of the much
higher ionic conductivity of the high-entropy material, larger cell
capacities were obtained, especially at high C-rates. Yet, the lower
(electro)chemical stability of Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I than
Li6PS5Cl led to a stronger capacity decay during cycling.

2. Results and Discussion

Inorganic superionic conductors consisting of a compositionally
complex rigid host structure and a defective lithium sublattice
(with mobile ions) may be highly sensitive to the synthesis pro-
cedure, i.e., annealing temperature and cooling rate. Regarding
the synthesis of lithium argyrodites, temperatures ranging from
≈300 to 550 °C with dwell times ranging from a few hours to
days are usually applied in the annealing step. However, incorpo-
rating a high-energy milling step prior to heating can strongly re-
duce the required annealing time and induce crystallization, and
is even more crucial in the case of compositionally complex mate-
rials for ensuring uniform mixing of precursors/elements. Here,
stoichiometric amounts of precursors were mixed by ball milling
at a relatively low speed, and differential scanning calorimetry
(DSC) measurements were performed to reveal potential crystal-
lization and decomposition temperatures (Figure S1a, Support-
ing Information). Based on the DSC results, three different an-
nealing temperatures, namely 400, 500 and 550 °C, were tested.
The corresponding X-ray diffraction (XRD) patterns indicated
that 500 °C leads to negligible Li2S and LiI impurity phase forma-
tion (Figure S1b,c, Supporting Information). Moreover, the ma-
terial obtained at 500 °C exhibited the highest room-temperature
ionic conductivity (in cold-pressed state) among the different
samples (10.7 mS cm−1, see Table S1, Supporting Information).
Therefore, an annealing temperature of 500 °C was selected for
any further experiments.

A schematic presentation of the synthesis protocol used and
the respective temperature profile are depicted in Figure 1a. Af-
ter the first precursor mixing step (1 h at 250 rpm), the milling
speed was increased to 450 rpm, and milling was continued
for another 10 h. Subsequently, the recovered powder was pel-
letized, annealed for 10 h and thereafter cooled at three differ-
ent rates, namely fast cooling via quenching in liquid nitrogen,
moderate (medium) cooling over a time of ≈1.5 h (5 °C min−1)
and slow cooling over ≈48 h (10 °C h−1), which is referred to
as Q, MC and SC, respectively, hereafter. As can be seen from
the XRD patterns in Figure 1b, the high-energy milling step al-
ready induced crystallization of the argyrodite phase. This is com-
monly observed in the literature for non-high-entropy lithium
argyrodites.[40–42] A small crystallite size can be expected consid-
ering the broad reflections. To improve crystallinity of the mate-
rial, pelletized samples were annealed in vacuum-sealed quartz
ampules for 10 h at 500 °C. At first glance, no major differences
in the patterns were noticed (Figure 1b). To probe the crystal
structure, the samples were subjected to high-resolution neu-
tron powder diffraction (NPD) at 298 and 10 K (to minimize
atomic displacement), followed by Rietveld refinement analysis.
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Figure 1. Synthesis and structural characterization of Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I. a) Schematic illustration of the synthesis pathway including milling
and annealing, followed by one of the three chosen cooling rates. b) XRD patterns for the ball-milled precursor mixture and samples prepared with
different cooling rates. c,d) NPD patterns and corresponding Rietveld plots at T = 10 K for slow- and fast-cooled samples. The open circles and black
and gray lines represent the observed, calculated and difference profiles, respectively. Expected Bragg reflections are indicated by vertical ticks.

The Rietveld profiles for the Q and SC samples measured at
T = 10 K are exemplarily shown in Figure 1c,d. The patterns
could be indexed in the F−43m space group with very similar
lattice parameter of a = 10.25696(6) Å (SC) and 10.25347(4) Å
(Q) (a = 10.24932(5) Å for the MC sample, see Table S2, Sup-
porting Information). The structural parameters from Rietveld
analysis are given in Table S3–S6 (Supporting Information)
and ref. [36].

The calculated crystal structure of Li6.5[P0.25Si0.25Ge0.25-
Sb0.25]S5I is depicted in Figure 2a. The S2− and I− ions form a
face-centered cubic anion sublattice (Wyckoff positions 4a and
4d), and in addition, S2− ions are located in half of the tetrahedral
voids (16e) around the multicationic substituted octahedral sites
(4b), forming [P0.25Si0.25Ge0.25Sb0.25]S4

3.5− polyanions. In fact,
such mixed polyanions constitute a combination of individual
[PS4]3−, [SiS4]4−, [GeS4]4− and [SbS4]3− species, which are evenly

Figure 2. Crystal structure of Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I. a) Schematic view with the different Wyckoff positions and their elemental constituents
indicated in the legend on the right. b) Bond-valence energy landscape revealing the 3D lithium diffusion pathways (gray trajectories). For clarity, only
atoms on the 4a and 4d sites are shown. [P0.25Si0.25Ge0.25Sb0.25]S4

3.5− polyanions are depicted as pink tetrahedra.
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Figure 3. Sulfide-based tetrahedral polyanions revealed by MAS NMR
spectroscopy. a) 31P, b) 29Si and c) 6Li spectra collected from the
Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I samples prepared with different cooling
rates (Q, MC and SC refer to fast, medium and slow cooling, respectively).

distributed throughout the lattice. Moreover, in the argyrodite
structure, S2− (4d) and I− (4a) anions are known to mix over
the respective Wyckoff positions (S2−/X− site inversion). We
found a site inversion of ≈13% for the Q and SC samples,
compared to 12% for the MC sample, among the highest values
reported in the literature for S2−/I− mixing. Analysis of the
NPD data also provided detailed structural information on the
lithium sublattice. The Li atoms usually form Frank-Kasper
polyhedra around the 4d site, expressed in two Wyckoff posi-
tions, namely 48h and 24g,[8] thereby producing 3D lithium
diffusion pathways (Figure 2b). For the Q sample, it was found
that 70 and 30% of Li is located on 48h and 24g, respectively,
at room temperature. Upon reducing the cooling rate, the Li
occupancy on the 48h site is lowered to 62 and 60% for MC
and SC, respectively (Figure S2a, Supporting Information). We
note that the occupancies remained virtually unaltered at 10 K.
Surprisingly, a slight increase in Li situated on the 24g site was
observed with decreasing cooling rate, which can be regarded
as an intermediate/transition site. Therefore, the opposite trend
might be expected, meaning quenching the sample should lead
to increased Li occupancy on 24g. This counterintuitive finding
seems to be a result of the large lattice distortions prevailing
in high-entropy lithium argyrodites. The slightly varying Li
occupancies also led to somewhat different Li-Li jump distances,
with the intercage jump distance being an important structural
parameter in determining the long-range lithium-diffusion
characteristics (Figure S2b, Supporting Information). At room
temperature, this distance was smallest for the MC sample
[3.24(2) Å, compared to 3.28(3) and 3.25(3) Å for Q and SC,
respectively, see Table S7, Supporting Information). Naturally,
all Li-Li distances were lower upon cooling to 10 K.

To further corroborate the presence of [PS4]3− and [SiS4]4−

tetrahedra within the Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I structure and
reveal the presence of potential amorphous impurities (invisi-
ble from diffraction data), 31P, 29Si and 6Li magic-angle spinning
(MAS) nuclear magnetic resonance (NMR) spectroscopy mea-
surements were carried out. The respective spectra are shown in
Figure 3. A distinct peaks at 91.2 ppm was observed for 31P for all
samples (Figure 3a), indicative of phosphorus being in a [PS4]3−

(tetrahedral) environment and consistent with the chemical shift
found for other lithium thiophosphates.[35,36,43–45] It should be
noted that, compared to Li6PS5I, the 31P signal was shifted by
≈5 ppm, which is probably due to the unique chemical environ-
ment around the [P0.25Si0.25Ge0.25Sb0.25]S4

3.5− tetrahedra.[8] Re-
garding the 29Si signal, a distinct peak located at 11.5 ppm was ob-
served in all cases (Figure 3b), evidencing the presence of [SiS4]4−

species, in agreement with literature results.[36,43] In the 6Li MAS
NMR data (Figure 3c), a peak at 1.49 ppm appeared, similar to
other lithium argyrodites.[9,45,46] Overall, comparable spectra with
no signs of impurity contributions were obtained for the samples
prepared with different cooling rates. This again demonstrates
the minor effect that cooling rate has on the average/local crystal
structure and further verifies the robustness of the high-entropy
argyrodite lattice.

The local structure of the [GeS4]4− tetrahedra was stud-
ied by Ge K-edge transmission X-ray absorption spectroscopy
(XAS) measurements conducted on the MC sample and
a GeS2 reference material. Extended X-ray absorption fine
structure (EXAFS) spectra [k2-weighted 𝜒(k)] and the corre-
sponding magnitudes of the Fourier transform are shown in
Figure S3a–c (Supporting Information). The |𝜒(R)| peak for both
the Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I and GeS2 is located at R ≈

1.65 Å, indicating the presence of [GeS4]4− tetrahedra.[47]

To gain information on the oxidation state of the elements and
possible differences in near-surface composition, XPS measure-
ments were carried out. The respective binding energies from
curve fitting are given in Table S8 (Supporting Information). For
the Sb 3d core-level region, only the 3d5/2 components are shown
(Figure 4a–c) due to the large spin-orbit splitting (≈9.3 eV). For
all samples, the Sb 3d5/2 spectrum is superimposed by the O 1s
signal at a binding energy of ≈532 eV. The asymmetry of the Sb
3d5/2 line indicates two different oxidation states, with peaks cen-
tered at 530.3 and 529.4 eV. They can be assigned to Sb5+ and
Sb3+, respectively, in a Sb-S chemical environment, originating
from the presence of [SbS4]3− structural motifs and Sb3+ sur-
face impurities.[36,48–50] The asymmetric O 1s line also points to-
ward at least two chemical states, which can most likely be at-
tributed to oxygenated Si, Sb, P and/or Ge. However, clear as-
signment is challenging. The S 2p detail spectra are depicted
in Figure 4d–f, with the main contribution at 161.4 eV evidenc-
ing the presence of sulfide species, in agreement with literature
data.[36,51–53] In addition, a minor S 2p component is evident at
163.5 eV, which is usually ascribed to polysulfide impurities.[54]

Figure 4g–i shows the P 2p core-level region, revealing a dou-
blet peak at 132.2 eV for all samples characteristic of the [PS4]3−

units.[36,51,55,56] The Si 2p data are centered at ≈101 eV, and again,
they are virtually identical for the different samples (Figure 4j–l).
The major component can be assigned to [SiS4]4−, in agreement
with reports available in the literature,[57,58] while the minor com-
ponent at 102.6 eV lies in between the binding energies usu-
ally detected for [SiS4]4− and SiO2. It can thus be correlated with
partially oxygenated SiOx surface impurities.[36,57–60] The I 4d re-
gion (≈2.0 eV spin-orbit splitting) is depicted in Figure 4m–o.
The presence of I− is apparent from the characteristic contribu-
tions, with the major one at ≈49 eV and the minor one centered
≈0.5 eV higher in binding energy. It has been hypothesized that
these contributions stem from two different crystallographic en-
vironments in the structure (4a and 4d sites).[36] The Ge 3d and
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Figure 4. Effect of cooling rate on surface composition of Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I probed using XPS. High-resolution a–c) Sb 3d5/2 and O 1s,
d–f) S 2p, g–i) P 2p, j–l) Si 2p, m–o) I 4d and p–r) Sb 4d and Ge 3d photoelectron spectra collected from samples prepared with different cooling rates
(Q, MC and SC refer to fast, medium and slow cooling, respectively). Black dots and solid lines represent the experimental data and curve-fitting results,
respectively.

Sb 4d regions are shown in Figure 4p–r. The Sb 4d peaks com-
prise two contributions, at ≈34.3 and 33.2 eV, confirming the
presence of Sb5+ and Sb3+, respectively, at the near-surface re-
gions of the samples. In addition, the Ge 3d spectra (≈30.8 eV)
seem to indicate the presence of a single component (correspond-
ing to [GeS4]4−).[48,61] Taken together, the spectra collected from
the samples prepared with different cooling rates were found to
be very similar for the S 2p, P 2p, I 4d and Ge 3d core levels.
However, the data also revealed increased Sb3+ (contribution at
529.4 eV) and SiOx (contribution at 102.6 eV) contents for the MC
sample.

To visualize the complex surface composition of
Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I, scanning transmission electron
microscopy (STEM) imaging combined with energy-dispersive
X-ray spectroscopy (EDX) was used. As shown in Figure 5,
particles in the micrometer size range were observed. The corre-
sponding elemental maps revealed uniform distributions on the
nanoscale. As expected, oxygen was also found on the particle
surface, in agreement with the oxygenated species detected
by XPS (see Figure 4a–c,j–l). According to quantitative XPS
analysis, the concentration of surface oxygen was much lower
than that of sulfur (Table S9, Supporting Information). However,

Figure 5. Results from STEM-EDX imaging/mapping. A representative high-angle annular dark field (HAADF) image and corresponding elemental maps
from EDX are shown.
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Figure 6. Charge-transport properties of Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I determined by a) 7Li PFG NMR spectroscopy and b) EIS. a) Arrhenius plot of
the diffusion coefficient and b) conductivity versus reciprocal temperature for the samples prepared with different cooling rates. The activation energies
are indicated. If error bars are not visible, the standard deviation is smaller than the symbol.

when the cooling rate was very low, a slight increase in oxygen
content was noticed (for the SC sample). Overall, the oxygen
signals from XPS and STEM-EDX can be clearly assigned to
surface impurity formation, despite the fact that the materials
were strictly handled under inert atmosphere.

After having revealed similar bulk and surface structural char-
acteristics for the Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I prepared with dif-
ferent cooling rates, the Li-ion dynamics were probed in the
temperature range of 30–70 °C using 7Li pulsed field gradient
(PFG) NMR spectroscopy (Figure S4, Supporting Information).
In so doing, diffusion coefficients of DLi = 6.58·10−12 m2 s−1 (Q),
7.09·10−12 m2 s−1 (MC) and 6.77·10−12 m2 s−1 (SC) were deter-
mined at 30 °C, which are on the same order of magnitude to that
of other highly conducting lithium thiophosphates.[9,36,45,46,62,63]

Arrhenius plots of diffusivity against reciprocal temperature are
shown in Figure 6a. Virtually identical activation energies of
EA = 0.20, 0.20 and 0.19 eV were determined from the slopes
(assuming Arrhenius-type temperature dependence) for Q, MC
and SC, respectively.

The electrical conductivities were determined by electrochem-
ical impedance spectroscopy (EIS) measurements conducted on
sintered pellets with ion-blocking electrodes between 15 and
65 °C. The corresponding Nyquist plots of the electrochemi-
cal impedance only revealed a capacitive tail, indicating high
ionic conductivity (Figure S5, Supporting Information). Room-
temperature conductivities of 11.9 (±0.39), 12.3 (±0.70) and 11.0
(±0.57) mS cm−1 were calculated for Q, MC and SC, respectively,
and very similar activation energies of EA = 0.19 (Q), 0.19 (MC)
and 0.20 eV (SC) were determined from the corresponding Ar-
rhenius plots (Figure 6b). As can be seen, they agree well with
the 7Li PFG NMR results.

Using the Nernst-Einstein equation, the ionic conductivities
were also estimated from the diffusion coefficients. A summary
of the EIS and 7Li PFG NMR results is given in Table 1 and fur-
ther depicted in Figure 7a. From the data, it is evident that the
ionic conductivities determined by 7Li PFG NMR are lower by
≈2 mS cm−1. This difference between EIS and 7Li PFG NMR
is presumably rooted in the contribution of (favorable) grain-
boundary conduction, as EIS probes the overall specimen con-
ductivity unlike 7Li PFG NMR (only bulk transport properties are
probed). However, a similar trend in conductivity with cooling

Table 1. Summary of the Li-ion conductivities (𝜎ion) at T = 298 K and cor-
responding activation energies (EA) from temperature-dependent EIS and
7Li PFG NMR spectroscopy measurements..

Sample 𝜎ion / mS cm−1

[EIS]
EA / eV

[EIS]
𝜎ion / mS cm−1

[PFG NMR]
EA / eV [PFG

NMR]

Quenching (Q) 11.9 ± 0.39 0.19 ± 0.01 9.12 ± 0.05 0.20 ± 0.01

Medium cooling
(MC)

12.3 ± 0.70 0.19 ± 0.01 10.9 ± 0.04 0.20 ± 0.01

Slow cooling
(SC)

11.0 ± 0.57 0.20 ± 0.01 9.12 ± 0.05 0.19 ± 0.01

rate is apparent from both techniques. This means that the con-
ductivity of Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I (MC) is indeed higher
than that of the Q and SC samples. No significant influence of
the cooling rate on activation energy was found.

To further assess the transport properties of the
Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I samples, their electronic con-
ductivity was determined by DC polarization measurements
to be 3.83·10−5, 3.18·10−7 and 1.23·10−5 S cm−1 for Q, MC and
SC, respectively. Interestingly, MC was found to exhibit two
orders of magnitude lower electronic conductivity than the Q
and SC samples (Figure 7b). We assume that this is related to the
surface composition and presence of impurities. The fact that
the electronic conductivity is orders of magnitude higher than
that of other Li-ion conductors seems to be due, in part, to the
intrinsic properties of high-entropy lithium argyrodites.[9,46,64]

SSBs with lithium thiophosphate SEs typically make use of
cold-pressed materials. For that reason, the conductivity of the
different samples was also determined in a cold-pressed state.
As expected, the resulting ionic conductivities were somewhat
lower than those of sintered pellets. Nevertheless, high room-
temperature conductivities of 7.4 (±0.4), 10.9 (±0.25) and 5.5
(±0.15) mS cm−1 were found by EIS for Q, MC and SC, respec-
tively, following a similar trend to the sintered pellets (Figure 7b).
As mentioned above, this means that the MC sample indeed
shows superior ionic conductivity over Q and SC and sintering
helps to achieve better grain contact, thereby minimizing grain-
boundary contributions.

Small 2023, 2306832 © 2023 The Authors. Small published by Wiley-VCH GmbH2306832 (6 of 12)
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Figure 7. Bulk structure/surface composition-charge transport property relationships. a) Ionic conductivities and activation energies determined by EIS
and 7Li PFG NMR spectroscopy. b) Comparison of ionic conductivities measured on sintered and cold-pressed pellets and electronic conductivities
determined from DC polarization measurements (on sintered pellets) for the Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I samples prepared with different cooling
rates. c) Normalized Sb3+ and SiOx contents from XPS and d) Li-Li intercage jump distances and S2−/I− site inversions shown together with the ionic
conductivities. If error bars are not visible, the standard deviation is smaller than the symbol. Dashed lines are for eye guidance only.

From a surface composition point of view, it is found that in-
creasing amounts of Sb3+ and SiOx species correlate with in-
creasing ionic conductivity and decreasing electronic conduc-
tivity (Figure 7c). Hence, slight changes in surface composi-
tion apparently can exert a substantial impact on the conduc-
tivity of polycrystalline materials. In this regard, it is important
to note that enhanced interfacial ion transport is a well-known
phenomenon[65,66] and might play a role here as well. For exam-
ple, Sb2S3 (with Sb3+) is a poor electronic conductor,[67,68] which
agrees with our finding that an increasing Sb3+ (surface) frac-
tion leads a strong decrease in electronic conductivity. From a
structural perspective, the short Li-Li intercage jump distances
(Figure 7d), together with favorable surface/grain-boundary com-
position, are likely responsible for fast lithium transport in the
MC sample. These results collectively show that, in addition to fa-
vorable bulk structural features, the surface composition strongly
affects the overall ionic conductivity. However, little attention
has been paid to this in the context of sulfide-based SEs up
until now.

Finally, the electrochemical behavior of the best-conducting SE
sample (MC) was tested in pellet-type SSBs with a LiNbO3-coated
LiNi0.85Co0.1Mn0.05O2 (NCM851005) cathode and an indium-
lithium anode and compared to that of commercially available
argyrodite Li6PS5Cl. Initially, the cells were cycled at a C/10

rate and 25 °C, followed by ex situ EIS measurements. For
the Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I, first-cycle specific charge and
discharge capacities of 237 and 182 mAh g−1 were achieved,
which translates to 77% Coulomb efficiency (referred to as CE
in the following, see Figure 8a). In the case of Li6PS5Cl, the
cells delivered a lower charge but higher discharge capacity, with
qch = 221 mAh g−1 and qdis = 190 mAh g−1, corresponding to a
CE of 86%. The ≈10% difference in CE upon using the multi-
component SE suggests a lower (electro)chemical stability com-
pared to the Li6PS5Cl. However, the impedance spectra revealed
a larger charge-transfer resistance for Li6PS5Cl (Figure 8b). Fit-
ting of the data allowed determining the different contribu-
tions to the overall impedance (Figure S6, Supporting Informa-
tion), namely bulk SE (Rbulk), SE grain boundary (RGB), CAM/SE
(RCAM/SE) and anode/SE (Ranode/SE). The RGB was found to be
15.5 Ω (12.2 Ω cm2) for Li6PS5Cl and only 3.4 Ω (2.7 Ω cm2) for
Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I, presumably due to favorable grain-
boundary conduction as discussed above. For the RCAM/SE and
Ranode/SE, values of 78.9 Ω (61.9 Ω cm2)/6.6 Ω (5.2 Ω cm2) and
4.7 Ω (3.7 Ω cm2)/27.1 Ω (21.3 Ω cm2) were obtained for Li6PS5Cl
and the high-entropy SE, respectively. Interestingly, the RCAM/SE
showed the opposite trend to the first-cycle CE, which was signif-
icantly lower for Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I. We assume that,
despite more severe degradation, the charge transport through

Small 2023, 2306832 © 2023 The Authors. Small published by Wiley-VCH GmbH2306832 (7 of 12)
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Figure 8. (Electro)chemical testing of bulk-type SSBs. a) Initial voltage profiles of cells containing either the Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I (MC) or
commercial argyrodite Li6PS5Cl SE at C/10 rate and 25 °C. b) Impedance spectra collected after the first cycle shown in a). c) Rate capability and long-
term cycling performance. d) Coulomb efficiencies for the first two and e) following cycles. f) First-cycle CV curves for mixtures of SE and carbon black
as working electrode. Data are averaged from two identical cells.

the cathode interface(s) is facilitated, which is directly reflected
in the impedance spectra.

Next, the SSB cells were subjected to rate capability and long-
term performance testing. To this end, the galvanostatic cy-
cling was conducted at 25 °C and C-rates ranging from C/2
to 2C (Figure 8c; Figure S7a, Supporting Information). For
Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I, first-cycle specific charge and dis-
charge capacities of 226 and 168 mAh g−1 were achieved at
C/2, corresponding to an initial CE of 74% (Figure 8d). In
contrast, the Li6PS5Cl-based cells delivered lower capacities of
qch = 198 mAh g−1 and qdis = 147 mAh g−1, leading to a similar CE
of 74%. Notable is the large overpotential of the Li6PS5Cl-based
cells (increased by ≈250 mV compared to the high-entropy SE,
see differential capacity plots in Figure S7b, Supporting Informa-
tion). This increase in overpotential is probably due to the lower
room-temperature ionic conductivity of Li6PS5Cl (≈2 mS cm−1

versus 11–12 mS cm−1). After five cycles, the C-rate was first
increased to 1C and then to 2C. As can be seen from the data
for the high-entropy SE, specific discharge capacities of ≈135
and 101 mAh g−1 were achieved at 1C and 2C, respectively. For
Li6PS5Cl, the drop in discharge capacity with increasing current
rate was much more pronounced, with qdis ≈ 109 mAh g−1 at

1C and 53 mAh g−1 at 2C. This result can be explained by the
significantly higher ionic conductivity of the high-entropy SE,
which is capable of better accommodating high current densi-
ties (2C ≈ 4.4 mA cm−2). Subsequently, the cells were cycled at
C/2 and found to undergo virtually linear capacity decay, with
qdis ≈ 123 mAh g−1 in the 49th cycle, corresponding to an over-
all capacity loss of 27% and 16% (relative to the initial discharge
capacity) for Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I and Li6PS5Cl, respec-
tively. This difference in capacity retention provides evidence
for the lower electrochemical stability of the multicomponent
SE, for which possible decomposition phases (interfacial degra-
dation products) have recently been identified by XPS.[36] Al-
though the initial CE (C/2 rate) was similar for both SEs tested,
it was lower for the high-entropy material during subsequent
cycling (Figure 8e). After an increase over the first five cycles,
the CE stabilized below 99% for Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I
but above 99.5% for Li6PS5Cl, corroborating the above con-
clusions. This further implies that the as-formed decomposi-
tion interphase is kinetically unstable, leading to continuous
SE degradation, which might be associated with the increased
electronic conductivity. Interestingly, a bump in the CE data
between cycles 30 and 40 was noticed for Li6PS5Cl, which is
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not mirrored in the specific discharge capacities in Figure 8c.
This has repeatedly been reported in the literature and assigned
to (chemo)mechanically-driven cell degradation.[51,69,70] However,
in the case of the Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I, it did not occur,
and we assume that this is because of the different softness of the
SEs (Young’s modulus). Note that increasing compositional com-
plexity typically causes a lowering of the Young’s modulus.[71]

To determine the (electro)chemical stability window of both
materials and deconvolute anodic and cathodic stability issues,
cyclic voltammetry (CV) measurements were conducted on mix-
tures of SE and carbon black as working electrode. Figure 8f
shows the first-cycle CV curves, which reveal larger currents in
the anodic and cathodic scans for Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I.
This again confirms the lower stability of the high-entropy SE
(exhibiting a relatively narrow electrochemical stability window).
With further cycling (Figure S8, Supporting Information), a
strong decrease in the absolute reductive (cathodic) current was
noticed for both SEs, while the oxidative (anodic) current only
changed marginally in the case of the high-entropy SE.

Overall, the CV data agree with the results from galvanostatic
cycling, indicating the formation of a kinetically unstable decom-
position interphase that does not effectively prevent SE degrada-
tion during battery operation.

3. Conclusion

In summary, we have examined the impact of the synthesis pro-
cedure, especially annealing temperature and cooling rate, on
structure-charge transport property relationships in the multica-
tionic substituted Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I SE. As reported
in the past for ceramic Li-ion conductors, the synthesis proce-
dure/conditions may have a profound effect on ionic conductiv-
ity, however clear trends have yet to be established. In the case
of Li6PS5Br, this has been attributed to increased S2−/Br− site
inversion with fast sample cooling via quenching in liquid ni-
trogen, i.e., site-disorder freezing.[25–27] For the material stud-
ied in this work, we found that the cooling rate after a given
high-temperature anneal indeed affects the ionic conductivity.
For medium cooling, an increase in conductivity over fast- and
slow-cooled samples was observed. To understand the origin of
this result, the bulk crystal structure was probed using XRD
and NPD in combination with MAS NMR spectroscopy. For the
medium-cooled sample, the shortest Li-Li intercage jump dis-
tances and a high degree of S2−/I− site inversion (12-13%) were
found. Apart from these for ion mobility favorable bulk structural
characteristics, the surface composition was also investigated via
XPS and STEM-EDX. Small differences among the samples were
noticed, in particular the presence of increased amounts of Sb3+

and SiOx surface impurities for the medium-cooled material. It
can be assumed that the unique surface composition also affects,
at least to some degree, the conductivity. Overall, it seems that
the high ionic conductivity of the Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I
SE is mainly due to a combination of advantageous bulk and sur-
face structural/compositional features. However, the bulk crystal
structure was found to be less susceptible to temperature effects
than the surface (composition). The findings further emphasize
that classical synthetic approaches to optimize ionic conductivity
in ceramic ion conductors may not be transferable to composi-
tionally complex SEs.

Because of the high room-temperature ionic conductivity, the
MC sample was also tested in pellet-type SSBs and the per-
formance compared to that achieved with Li6PS5Cl. The high-
entropy SE cells were capable of delivering larger specific dis-
charge capacities at high current rates but suffered from more
pronounced (electro)chemically-driven degradation, leading to
faster performance decay. The data clearly demonstrate that the
conductivity in lithium argyrodite SEs can be synthetically tai-
lored, however their stability seems to be lower than that of
Li6PS5Cl. This indicates that achieving high ionic conductiv-
ity is not the only challenge but other metrics, such as (elec-
tro)chemical stability and mechanical behavior, need to be con-
sidered too. Taken together, high-entropy SEs provide a vast com-
positional space that is not limited to sulfide-based materials,
thereby maximizing the opportunity to improve several key per-
formance indicators of SSBs by compositional design.

4. Experimental Section
General: If not stated otherwise, all work steps were performed under

inert atmosphere, and the precursors were used as received.
Synthesis: A stoichiometric mixture of Li2S (99.99%, Sigma-Aldrich),

P2S5 (99%, Sigma-Aldrich), GeS2 (99.9%, Goodfellow), SiS2 (99.99%,
Goodfellow), Sb2S3 (99.99%, Alfa Aesar) and LiI (99.999%, Sigma-Aldrich)
plus 10 wt.% excess sulfur (99.99%, Sigma-Aldrich) was weighed into a
70 mL zirconia milling jar. Next, 20 zirconia milling balls with a diameter
of 10 mm were added, and the mixture was milled for 1 h at 250 rpm, fol-
lowed by 10 h at 450 rpm. The resulting powder was pressed into pellets
(≈300 mg, 10 mm diameter) at 3 t and vacuum sealed in quartz ampules
(10−3 bar). To avoid trace water, the ampules were dried at 500 °C using
a heat gun under dynamic vacuum (10−3 bar) prior to use. The samples
were then annealed at 500 °C for 10 h at a heating rate of 5 °C min−1 and
cooled down at different rates: (1) Quenching in liquid N2, (2) 5 °C min−1

or (3) 10 °C h−1. During the initial survey of the optimal temperature, the
samples were prepared as described above and annealed at 450, 500 or
550 °C for 10 h with heating and cooling rates set to 5 °C min−1.

Differential Scanning Calorimetry: Measurements were performed at a
heating rate of 5 °C min−1 using a NETZSCH DSC 204 F1 Phoenix. To this
end, the samples were sealed in alumina crucibles under Ar atmosphere.

Laboratory X-ray Diffraction: The samples were sealed in borosilicate
capillaries (0.68 mm inner diameter and 0.01 mm wall thickness, Hilgen-
berg) under Ar atmosphere and subjected to XRD analysis using a STOE
Stadi-P diffractometer with a DECTRIS MYTHEN 1K strip detector in
Debye-Scherrer geometry. The instrument utilizes a Mo anode to gener-
ate X-rays of wavelength 𝜆 = 0.70926 Å.

Neutron Powder Diffraction: For NPD, cylindrical vanadium containers
of diameter 6 mm were filled with ≈2 g of sample. The measurements were
performed at the D2B high-resolution powder diffractometer located at the
Institut Laue-Langevin (ILL) using a wavelength of 𝜆 = 1.595072 Å at both
T = 10 and 298 K. The diffraction data were analyzed via Rietveld refine-
ment using the FullProf Suite software.[72] The peak shape was modeled
using the Thompson-Cox-Hastings pseudo-Voigt function, and a point-
by-point background was subtracted. The following parameters were re-
fined one by one: Scale factor, peak shape parameters, lattice parame-
ters, atomic coordinates, individual anisotropic atomic displacement pa-
rameters and lithium occupancies. The zero-shift parameter was refined
last, and any occupancies that resulted in unreasonable values were disre-
garded. Finally, all parameters were refined simultaneously to ensure sta-
bility of the calculated crystal structure.

Magic-Angle Spinning Nuclear Magnetic Resonance Spectroscopy: A
Bruker Avance 500 MHz spectrometer was used for MAS NMR spec-
troscopy measurements with a magnetic field strength of 11.7 T, corre-
sponding to resonance frequencies of 73.6, 99.4 and 202.5 MHz for 6Li,
29Si and 31P, respectively. The samples were inserted into 2.5 mm rotors
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under Ar atmosphere and subjected to spinning at a frequency of 30 kHz.
The 𝜋/2 pulse length was 2.8 μs for 6Li, 1.8 μs for 29Si and 2.1 μs for 31P,
while the recycle delay was set to 30 s for 6Li and 60 s for 29Si/31P. The
chemical shifts are referenced to 1 M 6LiCl for 6Li, tetramethyl silane for
29Si and H3PO4 (85%) for 31P.

Transmission X-ray Absorption Spectroscopy: Measurements were per-
formed on a laboratory device (easyXAFS300+, easy XAFS LLC, Ren-
ton, WA, USA) based on Rowland-circle geometries. Pelletized samples
were prepared inside an Ar-filled glovebox. Appropriate amounts of the
Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I (MC) and reference GeS2 were diluted with
cellulose and then pressed into 10 mm diameter pellets, which were fur-
ther sealed by Kapton tape before being taken out from the glovebox. The
Ge K-edge absorption spectra were measured using a Ge(555) spheri-
cally bent crystal analyzer (SBCA) and an Ag X-ray tube. An energy step
of 0.25 eV was used for the X-ray absorption near edge structure (XANES)
region and a step of 0.05 Å−1 for the post-edge region (extended X-ray
absorption fine structure, EXAFS). Multiple scans for each sample were
performed to improve the signal-to-noise ratio and monitor the energy
drift. The absorption spectra were calculated according to the transmis-
sion relation μ(E) ≈ ln(I0/It) through a python-based software (easy XAFS
LLC, Renton, WA, USA), which was also used for dead time correction.
The reduced data were further processed and analyzed via the Demeter
system.

X-ray Photoelectron Spectroscopy: XPS was applied to examine the
differences in (surface) chemical composition of the different samples.
The SE materials were transferred from the glovebox to the spectrome-
ter (PHI 5000 VersaProbe equipped with a monochromatic Al K𝛼 source,
h𝜈 = 1486.7 eV) without exposure to air. The diameter of the illumi-
nated area was 200 μm. Photoelectrons were collected with a pass en-
ergy of Epass = 23.5 eV at three different electron escape angles, namely
20, 45 and 90° with respect to the surface normal. Because the SEs
are poor electronic conductors, a neutralizer equipped with both a low-
voltage electron gun and a floating ion gun generating a low-energy ion
beam was used to compensate for sample charging. The binding en-
ergies are referenced to the C 1s photoelectron line of the C─C bond
(Ebin = 284.8 eV). Fitting of the spectra was done as detailed in the
literature.[36]

Electrochemical Impedance Spectroscopy: To measure the conductivity,
pellets made from ≈200 mg of ball-milled precursor mixture were com-
pressed at 3 t for 3 min in a 10 mm pellet die. They were then vacuum-
sealed in quartz ampules (10−3 mbar) and annealed for 10 h at 500 °C us-
ing the same synthetic procedure mentioned earlier. In electrodes (10 mm
diameter) were attached on both sides of the pellets, and EIS was mea-
sured using a SP-200 potentiostat (BioLogic) with a 20 mV voltage am-
plitude from 0.1 Hz to 7 MHz. Spectra were collected in the temperature
range from 15 to 65 °C after at least 1 h rest for equilibration. The con-
ductivity was determined from the intercept with the x-axis, and the activa-
tion energy was calculated by linear fitting of the temperature-dependent
conductivity using the Arrhenius equation. Residual porosity was not con-
sidered. For EIS on cold-pressed samples, ≈200 mg of powder was com-
pressed in a customized setup with stainless steel dies and a PEEK sleeve
(10 mm diameter) at 437 MPa for 3 min. A pressure of 250 MPa was main-
tained during the measurements.

DC Polarization: To determine the partial electronic conductivity, DC
polarization measurements were performed at 25 °C by applying different
voltages of 0.3, 0.4 and 0.5 V. Note that a similar setup as for EIS was used,
and the measurements were conducted on sintered pellets. The resistance
and the respective electronic conductivity were calculated from the steady-
state current.

Temperature-Dependent Pulsed Field Gradient Nuclear Magnetic Res-
onance Spectroscopy: Temperature-dependent 7Li PFG NMR measure-
ments were performed on a Bruker Avance 300 MHz spectrometer. The
samples were enclosed in an evacuated 5 mm borosilicate glass tube, and
a PFG probe with maximum gradient field strength of 30 T m−1 was uti-
lized. To suppress the effect of eddy currents, a stimulated-echo pulse se-
quence with bipolar gradients was employed.[73,74] Data were collected in
the temperature range from 302 to 345 K. The 𝜋/2 pulse length was be-
tween 5.35 and 5.9 μs, and the recycle delay was 0.4–0.6 s. For all samples

and temperatures, gradient duration and diffusion time was 3 and 30 ms,
respectively.

Scanning Transmission Electron Microscopy: Specimen preparation was
done under Ar atmosphere in a glovebox (using a direct dispersion of the
dry powders), and transfer to the microscope was accomplished using a
Gatan inert transfer holder. The measurements were performed at 300 kV
on a Themis 300 electron microscope with a DCOR probe corrector and
Super X EDX detector.

Electrode Preparation and Cell Assembly and Testing: For SSB cells, the
cathode composite was prepared by mixing LiNbO3-coated NCM851005
(85% Ni, BASF SE) with the Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I (MC) or
Li6PS5Cl SE (NEI Corp.) and Super C65 carbon black additive in a
69.3:29.7:1.0 weight ratio at 140 rpm for 30 min under Ar atmosphere us-
ing a 70 mL zirconia milling jar with 10 zirconia balls (10 mm diameter).
The NCM851005 was heated for 2 h at 730 °C in O2 flow to remove sur-
face impurities, and the LiNbO3 coating was prepared as reported in the
literature.[75,76] The Super C65 carbon black was also dried at 300 °C in a
dynamic vacuum overnight prior to use. For cell assembly, a customized
setup with stainless steel dies and a PEEK sleeve (10 mm diameter) was
used. First, ≈100 mg of SE was compacted at 62 MPa to form the SE sep-
arator layer. The cathode (≈13 mg) was then distributed onto the SE layer,
and the stack was compressed at 437 MPa. Finally, an In anode (8 mm
diameter, 125 μm thickness, Goodfellow) combined with a Li disc (3 mm
diameter, 50 μm thickness, Albemarle) was attached to the other side of
the separator layer. Galvanostatic testing was done at 25°C and under an
external pressure of 81 MPa in the potential window of 2.28-3.68 V versus
In/InLi (≈2.9-4.3 V versus Li+/Li) after a resting period at open-circuit volt-
age (OCV) for 1 h using a MACCOR battery cycler. The C-rate was varied
from 0.5 to 2.0C, with 1C = 190 mA gNCM851005

−1.
Cyclic Voltammetry: SE and Super C65 carbon black were mixed at

140 rpm for 30 min under Ar atmosphere using a 70 mL zirconia milling
jar with 10 zirconia balls (10 mm diameter). Cell assembly was done as
described above, except that ≈13 mg of SE/Super C65 blend was used as
working electrode (cathode). Scanning was done between 0.92 and 3.68 V
versus In/InLi (≈1.54-4.3 V versus Li+/Li) at 0.1 mV s−1 and 25 °C after a
resting period at OCV for 1 h using a SP-200 potentiostat (BioLogic).

Statistical Analysis: If not stated otherwise, all quantitative results re-
ported in this paper are expressed as mean ± standard deviation.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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