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Abstract 

Bulk-type solid-state batteries (SSBs) constitute a promising next-generation 

technology for electrochemical energy storage. However, in order for SSBs to become 

competitive with mature battery technologies, (electro)chemically stable, superionic 

solid electrolytes are much needed. Multicomponent or high entropy lithium argyrodites 

have recently attracted much attention for their favorable material characteristics. In 

the present work, we report on increasing the configurational entropy of the 

Li6+aP1−xMxS5I solid electrolyte system and examine how this affects the structure-

conductivity/stability relationships. Using electrochemical impedance spectroscopy 

and 7Li pulsed field gradient nuclear magnetic resonance (NMR) spectroscopy, 

multicationic substitution is demonstrated to result in a very low activation energy for 

Li diffusion of ~0.2 eV and a high room-temperature ionic conductivity of ~13 mS cm−1 

(for Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I). The transport properties are rationalized from a 

structural perspective by means of complementary neutron powder diffraction and 

magic-angle spinning NMR spectroscopy measurements. The 

Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I solid electrolyte was also tested in high-loading SSB 

cells with a Ni-rich layered oxide cathode and found by X-ray photoelectron 
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spectroscopy to suffer from interfacial side reactions during cycling. Overall, the results 

of this study indicate that optimization of conductivity is equally important to 

optimization of stability and compositionally complex lithium argyrodites represent a 

new playground for rational design of (potentially advanced) superionic solid 

electrolytes. 

 

Lithium-ion batteries (LIBs) are one of the most advanced energy-storage technologies 

at this time.1,2 The application of solid electrolytes (SEs) instead of conventional liquid 

electrolytes can potentially lead to significant leaps in cell energy density.3–6 Among 

the different classes of inorganic SEs, lithium thiophosphates are considered most 

promising. This is due in part to their high ionic conductivity (σion, r.t. ≥ 1 mS cm−1) and 

favorable mechanical properties, ensuring intimate contact between the key 

components in solid-state batteries (SSBs).7–10 Especially lithium argyrodites with the 

general formula Li6PS5X (X = Cl, Br, I) are attracting much interest as potential high-

performance SEs (with σion, r.t. ≈ 2 mS cm−1 for Li6PS5Cl).11–14 These materials consist 

of [PS4]3− structural units and free X− and S2− ions, offering a framework for fast lithium 

diffusion.14,15 The ionic conductivity of lithium argyrodites has been increased by about 

an order of magnitude via substitution (primarily) on the phosphorus site. This kind of 

improvement is generally attributed to changes in the Li sublattice, with occupation of 

“additional” sites16–19 and/or increased S2−/X− site inversion, such as in the case of 

Li6.6Si0.6Sb0.4S5I (~15 and 24 mS cm−1 for cold-pressed and sintered pellets, 

respectively) and Li6.6P0.4Ge0.6S5I (~6 and 18 mS cm−1 for cold-pressed and sintered 

pellets, respectively).16,20–22 Recently, it has been shown that multianionic substituted 

lithium argyrodites do not possess increased ionic conductivity, although the activation 

energy for conduction strongly decreased.23 Multielement (equimolar) substitution, 

specifically having more than five elements sharing a single crystallographic site, refers 

to so-called high entropy materials (HEMs) with ΔSconfig ≥ 1.5R.24 Note that ΔSconfig 

represents the configurational entropy and can be calculated as detailed in the 

Supporting Information. In the past years, the concept of HEMs has been extended 

from high entropy alloys to different oxide-, carbide-, and sulfide-based materials.25–29 

HEMs often show new or improved properties over their low entropy counterparts and 

have been applied in various fields, e.g. as thermoelectric materials or battery 

electrodes.30–39 As mentioned above, high configurational entropy in lithium 

argyrodites, with a ΔSconfig of up to 2.98R, could so far only be achieved through 

predominantly anionic mixing.23 Multicationic substitution for increasing the 

configurational entropy and how this affects the structure-property relationships related 

to charge transport and electrochemical stability has not yet been explored. In the 

present work, we report on the synthesis and characterization of a multicationic 

substituted lithium argyrodite SE. 

After screening a variety of cation species for substituting phosphorus in Li6PS5I (in an 

equimolar manner), we successfully synthesized Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I by 

high-energy milling and post annealing at 500 °C in a vacuum-sealed quartz ampule 
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(see Supporting Information for details on the preparation and Table S1 for other 

compositions targeted in the synthesis). Assuming equal distribution of elements over 

the different crystallographic sites, ΔSconfig was calculated to be 2.77R, rendering it a 

high entropy material. The respective X-ray diffraction (XRD) pattern showed 

reflections that could be assigned to a cubic argyrodite structure (Figure S1). The 

chemical composition was probed using inductively coupled plasma-optical emission 

spectroscopy (ICP-OES, see Table S2) and found to agree well with the target 

stoichiometry.  

Neutron powder diffraction (NPD) was conducted on the sample at T = 298 K and 10 

K to gain more insight into the crystal structure. The room-temperature NPD pattern 

and corresponding Rietveld refinement profile are shown in Figure 1a. The pattern 

was indexed in the F−43m space group, with lattice parameter a = 10.29714(9) Å, 

resulting in a cell volume of V = 1091.816(2) Å3. More detailed structural information is 

provided in Table S3. For minimizing atomic thermal displacement, NPD was also 

performed at T = 10 K. As shown in Figure 1b, a similar pattern to that obtained at 298 

K was observed. In line with expectations, Rietveld analysis revealed a smaller lattice 

parameter (10.24932(5) Å) and cell volume (1076.677(10) Å3), see Table S4 for 

details. Interestingly, unlike Li6PS5I, the multicationic substituted argyrodite did not 

show a polymorphic phase transition at low temperatures.15 The calculated crystal 

structure of Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I is depicted in Figure 1c. Both the S2− and I− 

ions form a face centered cubic sublattice (Wyckoff positions 4a and 4d). In addition, 

the S2− ions are situated in half of the tetrahedral voids (Wyckoff position 16e) around 

the octahedral sites (central atom on Wyckoff position 4b), forming the multianionic 

[P0.25Si0.25Ge0.25Sb0.25S4]3.5− tetrahedra (constituting a combination of [PS4]3−, [SiS4]4−, 

[GeS4]4−, and [SbS4]3−).  

To further corroborate the local tetrahedral environment of P and Si, 31P and 29Si 

magic-angle spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy 

measurements were carried out. A distinct peak centered at 91.2 ppm was observed 

in the 31P MAS NMR spectrum (Figure 1d), indicative of [PS4]3− and consistent with 

the 31P chemical shift reported for other lithium thiophosphates.23,40,41 Compared to 

Li6PS5I, the 31P signal was shifted by ~5 ppm,14 which is probably a result of the unique 

chemical environment. Regarding the 29Si signal, a sharp peak appeared at a chemical 

shift of 11.5 ppm (Figure 1e), in agreement with the study on LGPS-like Li7SiPS8 (with 

[SiS4]4− units) by Lotsch and coworkers.40 Note that the sharp 31P and 29Si MAS NMR 

signals suggest a relatively low degree of next-neighbor disorder, which was not the 

case for other types of multicomponent lithium argyrodites.14,23 In particular, the atoms 

located on 4a (halide) and 4d (sulfide) are known to distribute over both 

crystallographic sites. For Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I, we observed a S2−/I− site 

inversion of 11 %, which is relatively high considering the mismatch in ionic radii. 

Taking into account both the equal distribution of elements on the 4b site (tetrahedral 

environment) and the aforementioned site inversion (Wyckoff positions 4a and 4d), 

ΔSconfig was calculated to be 2.03R, rendering Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I a true high 

entropy material. 
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Apart from the disorder, detailed information about the Li sublattice was obtained from 

Rietveld analysis of the NPD data. The mobile Li atoms are known to form Frank-

Kasper polyhedra in the argyrodite structure. They are usually distributed around the 

4d site over two Wyckoff positions, namely 48h and 24g.14 For 

Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I, 38 and 62 % were found on 24g and 48h, respectively, 

at room temperature (Figure S2). The Li occupancy remained virtually unaltered upon 

decreasing the temperature to T = 10 K. Such a large fraction of Li located on the 

intermediate/transition 24g site caused strong Coulomb repulsion between the two 

neighboring 48h sites,21 eventually resulting in an enlarged 48h-48h doublet jump 

distance of 1.39 Å, compared to 1.25 Å for Li6PS5I (Table S5). This in turn led to 

decreased intercage jump distances of 3.24 Å, favoring facile long-range lithium 

diffusion. 

The particle morphology and elemental distribution were probed using high-angle 

annular dark-field scanning transmission electron microscopy (HAADF STEM) and 

energy-dispersive X-ray spectroscopy (EDS). The average primary particle size was 

found to be larger than 1 µm (Figure 1e), and the EDS maps indicated uniform 

distribution on the sub-micrometer level (i.e. accumulation/segregation of individual 

elements can be ruled out). 

 

Figure 1. (a-e) Structural characterization of Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I. NPD 

patterns collected at (a) T = 298 K and (b) 10 K and corresponding Rietveld refinement 

plots. The observed, calculated, and difference profiles are shown as gray circles, cyan 

lines, and blue lines, respectively. Vertical tick marks denote the expected Bragg 

reflections. (c) Crystal structure with the different elements and Wyckoff positions 

indicated in the legend. (d) 31P and (e) 29Si MAS NMR spectra. (f) HAADF STEM image 

and corresponding EDS maps. 
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To gain information about the oxidation state of the different elements, X-ray 

photoelectron spectroscopy (XPS) measurements were conducted on the 

Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I sample. For the Sb 3d core-level region, only the 3d5/2 

component is shown in Figure 2a, due to large spin-orbit splitting (~9.3 eV). The Sb 

3d5/2 spectrum was superimposed by the O1s signal at a binding energy of Ebin ≈ 532.5 

eV. The asymmetry of the Sb 3d5/2 component to low Ebin indicated two oxidation 

states, 529.5 eV for Sb3+ and 530.4 eV for Sb5+, confirming the Sb-S chemical 

environment in the surface region.42–45 The O1s peak was asymmetric to high Ebin, 

suggesting the presence of at least two chemical states, at 532.0 and 532.9 eV (Figure 

2a). These states can probably be attributed to oxygenated Si, Sb, P, and/or Ge. 

However, clear assignment is challenging. It should be noted that the formation of Sb-

O species, due to oxygen contamination, cannot be fully ruled out. For example, the 

Sb 3d5/2 peak of Sb2O5 is expected to appear at Ebin > 531 eV.42 Fitting of the Sb 3d3/2 

region also revealed two oxidation states, at Ebin = 538.9 (Sb3+) and 539.8 eV (Sb5+) 

(Figure S3). Overall, we attribute the Sb5+ contribution to Sb in [SbS4]3−, while the Sb3+ 

presumably stems from not fully oxidized surface impurities, despite using excess 

sulfur in the synthesis. The S 2p detail spectrum is shown in Figure 2b. The Ebin of 

161.6 eV assumes the presence of sulfid species, in agreement with available literature 

reports on lithium thiophosphates.46–48 Figure 2c displays the P 2p core-level region. 

Only a single component was detected at Ebin = 132.4 eV, which can be assigned to 

the [PS4]3− units.46–48 The binding energy was slightly higher compared with related 

thiophosphate SEs (~131.9 eV). We assume that the shift in Ebin results either from the 

different chemical environment (compositional disorder) or the formation of partially 

oxygenated P species. Figure 2d shows the Si 2p detail spectrum. The main feature 

at Ebin = 101.1 eV can be assigned to [SiS4]4−, as observed for lithium thiosilicates.49,50 

This finding agrees with the structural characterization results. The binding energy of 

the minor Si 2p component (Ebin = 103.3 eV) was slightly higher than that of free 

SiS2.49,50 It probably stems from SiOx impurities,51,52 since lithium thiophosphate 

surfaces are known to be very reactive toward oxygen-containing species. The I 4d 

region (~2.0 eV spin-orbit splitting) indicated the presence of two chemical states, at 

49.3 and 49.9 eV, associated with the I− species (Figure 2e). The I 3d5/2 data in Figure 

S4 corroborate this result.53,54 We hypothesize that the two chemical states result from 

the different crystallographic sites, with different local chemical environments, 

occupied by I− (Wyckoff positions 4a and 4d, with ~89 and 11 % I−, respectively). The 

Ge 3d and Sb 4d regions are shown in Figure 2f. The Sb 4d peaks (~1.3 eV spin-orbit 

splitting) were situated at slightly higher Ebin from the Ge 3d photoemission. Their 

shape (i.e. two chemical states with Ebin = 33.3 and 34.3 eV due to Sb3+ and Sb5+, 

respectively, with Sb-S environment) supports the discussion above on the Sb 3d5/2 

spectrum.42,43 The Ge 3d spectrum revealed a single component at Ebin = 30.9 eV. The 

latter binding energy refers to [GeS4]4− (30.8-30.9 eV)42,55 and is much lower than that 

expected for GeO2 (32.4-32.5 eV).56,57 Thus, the presence of oxygenated Ge is rather 

unlikely.  
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The XPS and structural analysis results collectively provide evidence that the bulk 

material adopts an argyrodite-type structure. However, we found slight deviations in 

chemical composition and state of selected elements in the surface region. Especially 

antimony seems to exist in mixed oxidation states and the presence of oxygenated 

species (most pronounced for SiOx) was observed, despite the material processing 

under inert atmosphere conditions. Nevertheless, some undesirable side reactions 

with trace water/oxygen and/or precursor impurities throughout handling/data 

collection cannot be ruled out. The results obtained from quantitative XPS analysis are 

shown in Table S6. Considering the typical error, they agree reasonably well with the 

theoretical composition.  

 

Figure 2. High-resolution (a) Sb 3d5/2 and O 1s, (b) S 2p, (c) P 2p, (d) Si 2p, (e) I 4d, 

and (f) Sb 4d and Ge 3d photoelectron spectra collected from 

Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I. Black circles and lines represent the experimental data 

and curve-fitting results, respectively. 

 

After characterization of the bulk/surface structure, the Li-ion dynamics were probed 

using both 7Li pulsed field gradient (PFG) NMR spectroscopy and electrochemical 

impedance spectroscopy (EIS). 7Li PFG NMR spectroscopy was used to determine the 

diffusion coefficient DLi in the temperature range of 30-70 °C and the activation energy 

EA for Li diffusion (Figure S5). DLi was found to be 7.09 · 10−12 m2 s−1 at ϑ = 30 °C, 

similar to other thiophosphate superionic conductors with a high Li diffusivity.58–60 The 

Arrhenius plot of diffusivity versus T−1 is shown in Figure 3a, with EA = (0.20 ± 0.01) 

eV determined from the slope. The electrical conductivity was measured by EIS on 

sintered pellets using ion-blocking indium electrodes. The Nyquist plots of the 

electrochemical impedance in the temperature range of 15-65 °C only showed a 

capacitive tail, suggesting high ion mobility (Figure S6). A room-temperature 

conductivity of 13.2 mS cm−1 was calculated from the data. As shown in Figure 3b, 

the temperature dependence of the conductivity followed an Arrhenius-type behavior, 
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with a similar activation energy EA = (0.19 ± 0.01) eV to that determined by 7Li PFG 

NMR spectroscopy. In addition, the ionic conductivity was calculated from the DLi using 

the Nernst-Einstein equation (Figure 3b). It was found to be slightly lower than that 

from the EIS measurements (for a given temperature). However, the activation 

energies were virtually identical. We believe that the differences in conductivity are due 

to the presence of trace impurities (segregated at the grain boundaries), see previous 

section on XPS. The electronic conductivity was determined by DC polarization 

experiments to be 1.52 · 10−7 S cm-1 at room temperature (Figure S7), which is two to 

three orders of magnitude higher compared to related Li-ion conductors.58,61,62 We 

hypothesize that this is due, in part, to the presence of Sb-based surface impurities 

showing mixed oxidation states. 

Overall, the multicationic substituted Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I was found to exhibit 

a very high ionic conductivity, with an activation energy for conduction that is among 

the lowest reported to date for lithium argyrodites (Table S7),16,20,42 rendering it a 

promising material for bulk-type SSB applications. 

 

Figure 3. (a) Arrhenius plot of DLi versus T−1. (b) Ionic conductivity determined from 

EIS and 7Li PFG NMR spectroscopy using the Nernst-Einstein equation. The room-

temperature conductivities and activation energies are indicated. 

 

The electrochemical behavior of Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I as superionic SE was 

tested in pellet-stack SSBs with LiNbO3-coated NCM851005 (85 % Ni content) and 

LTO (Li4Ti5O12) as cathode and anode, respectively (see Supporting Information for 
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details on the electrode preparation and cell assembly). The charge/discharge cycling 

was performed between 1.35 and 2.75 V versus Li4Ti5O12/Li7Ti5O12 (approx. 2.9-4.3 V 

versus Li+/Li) at a rate of C/2 and 25 °C (Figure 4). First-cycle specific charge and 

discharge capacities of 204 mAh g−1 (~2.3 mAh cm−2) and 151 mAh g−1 (~1.7 mAh 

cm−2) were achieved, corresponding to a Coulomb efficiency of 74 % (Figure 4a). In 

the 5th cycle, the SSB cell delivered a specific discharge capacity of 148 mAh g−1, and 

the Coulomb efficiency increased to 98.4 %. Because of the high ionic conductivity of 

Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I, the cell was also subjected to rate performance testing 

from C/2 to 2C. As can be seen from Figure 4b, it was capable of delivering specific 

discharge capacities of ~118 and 72 mAh g−1 at 1C and 2C, respectively. On further 

cycling at C/2, the reversible capacity decayed to ~100 mAh g−1 (~1.1 mAh cm−2) after 

200 cycles, while the Coulomb efficiency stabilized close to 100 %. Although a surface-

protected cathode active material (CAM) was employed in the present work, especially 

the first-cycle efficiency was relatively low, indicating that detrimental side reactions 

(i.e. (electro)chemical SE decomposition) occurred at the CAMǀSE and carbon 

blackǀSE interfaces. In addition, the fairly linear capacity fading upon long-term cycling 

points toward continuous SE degradation, meaning it seems unlikely to form stable 

interfaces and interphases in this kind of battery system. 

 

Figure 4. (a) Initial (solid line) and 5th-cycle (dashed line) voltage profiles of an SSB 

cell at C/2 rate and 25 °C. (b) Capacity retention and Coulomb efficiency over 200 

cycles.  

 

Ex situ XPS measurements were conducted on the cathode after cycling to learn more 

about the SE decomposition. The asymmetry of the Sb 3d5/2 component (Figure 5a) 

again indicated two oxidation states, 530.1 eV for Sb3+ and 530.8 eV for Sb5+. The 
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latter Ebin were similar to those observed for the pristine material (Figure 2a), but with 

the major difference that the intensity of the Sb3+ component was strongly increased, 

suggesting Sb5+ reduction during electrochemical cycling. The shape of the O 1s core-

level region also changed significantly (increase in intensity of the high binding-energy 

features at 531.9 and 532.9 eV, as well as appearance of a new component at 533.7 

eV), due to the formation of oxygenated species (Figure 5a). This is also reflected in 

the increased amount of surface oxygen, as determined by quantitative XPS (Table 

S6). The S 2p spectrum indicated that the sulfur is strongly involved in the degradation 

of the SE (Figure 5b). Apart from the component at Ebin = 161.6 eV observed for the 

pristine material (Figure 2b), two new intense features appeared at Ebin = 162.2 and 

163.5 eV. These components can be attributed to oxidized sulfur species 

(polysulfides), which usually have a broad binding-energy range depending on the 

chain length, gradually approaching the Ebin of elemental sulfur (163.5 eV).46,63 The 

SSB cycling further led to the appearance of an additional peak at Ebin = 134.0 eV in 

the P 2p detail spectrum (Figure 5c), not present in Figure 2c. This component can 

be assigned to POx species (metal phosphates and/or metaphosphates),46,48,64 the 

formation of which is commonly observed in thiophosphate-based SSBs upon cycling. 

The Si 2p spectrum showed an intense peak at 103.3 eV with some minor asymmetry 

to low Ebin, indicating another chemical state at Ebin = 101.5 eV (Figure 5d). Both 

components were also detected prior to cycling (Figure 2d), the difference being that 

the higher binding-energy peak increased strongly in intensity.51,52 It is known that Ni-

rich NCM CAMs release lattice oxygen during charge because of structural instabilities 

(incl. electrochemical oxidation of surface carbonates). The evolved oxygen can 

undergo follow-up reactions with thiophosphate SEs, thus being responsible, at least 

to some degree, for the formation of oxygenated decomposition products.65–68 Note 

that the NCM851005 CAM was the only oxygen source in the cathode. However, 

chemical reactions with the protective surface coating cannot be ruled out. Figure 5e 

shows the I 4d core-level region of the SE after cycling. No major differences to the 

spectrum shown in Figure 2e were found. The variation in peak intensities (see also I 

3d5/2 data in Figure S4) might be due to slight changes in local structural disorder. The 

Sb 4d and Ge 3d regions are shown in Figure 5f. The Ge 3d detail spectrum showed 

a single peak, but ~1 eV higher in binding energy than for the pristine material (31.8 

eV vs. 30.9 eV). This is indicative of the presence of partially oxygenated Ge species 

(the Ebin lies between that of materials with [GeS4]4− structural units and GeO2). Similar 

to the pristine SE, the Sb 4d spectrum revealed the presence of Sb3+ and Sb5+, with 

Ebin = 33.9 and 35.1 eV, respectively (Figure 5f). The shift toward higher binding 

energies was accompanied by an increase in intensity of the Sb3+ component because 

of Sb5+ reduction upon SSB operation (note that the Sb 3d data in Figure 5a show the 

same trend).  

The XPS results clearly demonstrate that the Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I SE in the 

composite cathode underwent adverse side reactions during cycling. Except for both 

phosphorus and iodine, all other elemental constituents were involved in the reactions. 

Especially silicon, sulfur, and antimony seem to be highly susceptible to oxygenation, 



 
 

10 
 
 

oxidation, and reduction, respectively. We note that the (electro)chemical reduction of 

Sb5+ to Sb3+ might be correlated with the oxidation of S2−, leading to some kind of 

internal (irreversible) redox process, as also observed for other lithium 

thiophosphates.69,70 

 

Figure 5. High-resolution (a) Sb 3d5/2 and O 1s, (b) S 2p, (c) P 2p, (d) Si 2p, (e) I 4d, 

and (f) Sb 4d and Ge 3d photoelectron spectra of Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I after 

SSB cycling (200 cycles at C/2 rate and 25 °C). Black circles and lines present the 

experimental data and curve-fitting results, respectively. 

 

In summary, we have successfully synthesized a compositionally complex lithium 

argyrodite SE by partially substituting phosphorus with other elements in an equimolar 

manner. The material showed a high ionic conductivity at room temperature (~13 mS 

cm−1), along with very low activation energy for conduction (~0.2 eV), similar to the 

best-performing lithium argyrodites reported so far (Table S7). The properties arise 

from distinct structural features induced by the multicationic substitution. High S2−/I− 

site inversion was achieved (11 %, among the highest values reported in the literature 

for Li6+aP1−xMxS5I materials),16,21 which has been shown to energetically facilitate 

intercage jumps and to be beneficial to the long-range lithium diffusion.20,21,58 In 

addition, multicationic substitution led to a redistribution of Li over the respective 24g 

and 48h sites. Specifically, the 24g site occupancy was much increased, thereby 

decreasing the intercage jump distances. A low activation energy seems to be one of 

the key features of high entropy Li-ion conductors.23,71 Taken together, the unique 

charge-transport characteristics of Li6.5[P0.25Si0.25Ge0.25Sb0.25]S5I result from a 

combination of favorable (local) structural changes to the Li sublattice and lattice 

softening because of the presence of various different elements. The material was also 

tested as a potential SE for use in bulk-type SSBs with a Ni-rich NCM cathode and 

LTO anode. However, it was found to be prone to (electro)chemical degradation, even 
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though the CAM employed was protected by a coating of LiNbO3. The latter prevents 

direct contact with the SE and usually helps to mitigate interfacial stability problems. 

The results of this study might pave the way for designing advanced SEs that not only 

exhibit a high ionic conductivity but are also (electro)chemically stable (essential for 

practical applications). In particular, we have shown that complex substitution in 

superionic lithium argyrodites leads to a low activation energy for Li diffusion and 

further identified specific elemental constituents that negatively affect battery 

performance. Considering the large compositional space available, multicationic 

substituted lithium argyrodites can be seen as providing a starting point for tailoring the 

key properties (by opening up a new playground with infinite possibilities).  
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