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Abstract 
Thriving for a green future, ambitious 
goals are set for the next generation of 
rechargeable batteries: They should 
deliver a high capacity and power and 
enable fast charging. Solid–state–
batteries are considered one of the 
most promising technologies to achieve 
that jump in battery performance while 
guaranteeing high safety. The 
development of inorganic solid 
electrolytes is seen as key to progress, 
and the substitution of lithium by 
sodium or potassium and the 
development of Cobalt– and Nickel–
free cathodes offer a reduction in cost 
and increased sustainability. This work 
contributes to the latter by 
rationalizing the poor battery performance of the ordered, rock–salt–type cathode materials 
Li3NbS4 and Li3TaS4 based on their inherently poor electronic and ionic conduction properties. It 
investigates several solid electrolytes showing fast lithium, sodium and potassium ion conductivity. 
For the first time, the ionic conductivity and diffusivity of Li2SiP2 and LiSi2P3 are reported and for a 
series of supertetrahedral sodium phosphidosilicates (from Na23Si19P33 (T3T3) to HT–NaSi2P3 

(T5T5)) an increase in ionic conductivity with increasing supertetrahedra size is found. The latter 
insight is then applied to discover KSi2P3, the first fast, non–oxide–based potassium ion conductor. 
Moreover, light is shed on the trend in ionic conductivity in the Na5AlS4–Na4SiS4 solid solution 
series. Here, the interplay of charge carrier concentration and low site symmetry of sodium ions 
leads to orders of magnitude increased conductivity. To tackle the question of how to process 
solid electrolytes on an industrial scale, the processability of the fast solid electrolyte Li7SiPS8 in 
aprotic solvents with a low donor number is demonstrated and the decomposition mechanism of 
thiophosphates in alcohols is revealed. Last but not least, this thesis presents fast water–assisted 
lithium ion conduction in restacked lithium tin sulfide nanosheets demonstrating that restacking 
and the presence of humidity in the environment can enhance lithium ion conductivity. All of these 
projects contribute to a solid future of lithium ion batteries and beyond by developing and 
disclosing the properties of new and already known solid electrolytes and cathode materials. 
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1 Introduction 
Rechargeable batteries are one of the key technologies enabling Europe’s transition from fossil 
fuels and nuclear power to renewable energy. They are central for applications ranging from 
stationary energy storage, stabilizing the power grid, over electric vehicles (EV), enabling CO2-
emission free mobility to many more aspects of modern life. However, a few years ago, almost no 
batteries were manufactured in Europe causing a dependency on foreign suppliers. Thus, based 
on the European Green Deal1, the Circular Economy Action Plan2 and the European Industrial 
Strategy3, the European Battery Alliance4 consisting of EU countries, industrial participants and 
the scientific community is building up battery technology and production capacity in the EU. A 
match of production and demand is anticipated by 2025 and from that onwards a battery market 
of up to 250 billion € is predicted.4 However, to ensure sustainability of European batteries, they 
should not only show a competitive, high performance, but also a closed life cycle loop.1-4 At the 
beginning of a battery life, a local and responsible sourcing of the raw materials is needed. Then 
the raw materials should be processed in an environmentally friendly fashion into a cell using 
mostly renewable energy. Then, the cell serves its primary use as e.g. in an EV, possibly followed 
by a secondary use as e.g. a stationary energy storage device. Towards the end of a battery life, 
the cell is recycled and the recovered materials are returned to the battery production. In total, 
the requirements for the next generation batteries are high. They should not only be affordable, 
reliable and safe but also sustainable. 

In order to replace the state of the art lithium ion battery (LIB), the concept of the solid–state–
battery (SSB), in which the liquid electrolyte of a LIB is substituted by a solid electrolyte, is 
worldwide regarded as particularly attractive.5-11 The SSB promises a higher safety in terms of 
flammability and potentially enables a jump in energy density as well as fast rate capability. The 
search of the latter is mainly driven by the demand of the automotive sector.12 The central 
component in a SSB is the solid electrolyte that should have a high ionic conductivity, and a large 
potential stability window among others. Ideally, the solid electrolyte only contains earth–
abundant elements that are low–cost, and it should be easy to process and resistant to a large 
number of environmental influences. Consequently, the search for the “ideal” solid electrolyte of 
the future does not only take the optimization of lithium-ion based systems into consideration, 
but also the elimination of critical elements such as lithium, cobalt and nickel.7, 13 The substitution 
of these elements can be realized by the use of e.g. sodium or potassium ion based materials or 
alternative cathodes for LIBs. These measures promise drastically reduced costs and less 
dependence on raw materials from outside the EU. However, since meeting all criteria with one 
material is very challenging, battery materials are also optimized for specific applications where 
one criterion dominates the other such as weight vs. life time.  

This work contributes to the development of cobalt and nickel–free lithium ion cathode materials 
as well as lithium, sodium and potassium ion solid electrolytes in a variety of projects. First in 
chapter 4.1 the ordered rock–salt–type crystal structures and the real microstructures of Li3NbS4 
and Li3TaS4 are described and the poor battery performance of these cathode materials is 
rationalized by the inherent poor electronic properties originating from their structure. Second, 
in the structural family of supertetrahedral phosphidosilicates several new compounds showing 
high ionic conductivities are introduced. In chapter 4.2, the ionic conductivity and diffusivity of 
Li2SiP2 and LiSi2P3 is investigated for the first time exposing grain boundaries as limiting factor for 
performance. In chapter 4.3, the structure-property-relationship of a series of six new 
supertetrahedral sodium phosphidosilicates showing an increase in ionic conductivity with 
increasing supertetrahedra size up to 4x10–4 S cm–1 

‘in HT–NaSi2P3 is revealed.14 In chapter 4.4, the 
rational of large supertetrahedral entities leading to high ionic conductivity is transferred to a 
potassium based system, leading to the discovery of the first, fast non–oxide based potassium ion 
conductor KSi2P3.15 Moreover, in the newly introduced sulfide based material series Na5AlS4–
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Na4SiS4 in chapter 4.5, the enhancement of ionic conductivity by several orders of magnitude by 
the interplay of charge carrier concentration and low site symmetry of sodium ions is brought to 
light.16 To move the solid electrolyte research beyond the introduction of new compounds, the 
known fast solid electrolyte Li7SiPS8

17 is treated with solvents simulating processing during battery 
cell manufacturing. The evaluation of chemical stability and ionic conductivity of Li7SiPS8 in chapter 
4.6 finds that aprotic solvents with a donor number < 15 kcalmol–1 are suitable for industrial slurry 
fabrication and proposes a reaction mechanism for the decomposition in alcohols into oxygen–
substituted thioethers. In chapter 4.7, restacked lithium tin sulfide (Li–TS) is investigated, to better 
understand the influence of suspension based exfoliation and restacking of an ion conducting 
material and of environmental conditions such as humidity on its lithium ion conduction 
properties. Despite the complicated structure of Li–TS, which is dominated by severe disorder and 
a variable lithium ion content, Li–TS is capable of a fast water–assisted lithium ion conduction at 
high humidities exceeding that of parental Li0.8Sn0.8S2.  

Summarizing, this work further develops new and already known solid electrolytes and sulfide 
based cathode materials. By bringing structure and properties into context, this work contributes 
to a solid future of lithium ion batteries and beyond playing a vital role in reaching the ambitious 
goals for a greener and stronger battery production in Europe and elsewhere.
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2 Theoretical background  
2.1  Rechargeable batteries 

There are several different ways to store electrical energy ranging from mechanical, over electrical, 
thermal, chemical to electrochemical storage. The selection of storage depends on the amount of 
energy that should be stored and requirements originating from the targeted application such as 
the desired mobility, size, life time and many more. For mobile devices and medium scale energy 
storage, the battery has emerged as the storage medium of choice and is implemented in various 
devices such as pacemakers, mobile phones, electric vehicles (EVs) or serves as stationary energy 
storage.  

In Figure 1 the most important parameters of a battery are summarized in the spider diagrams as 
deduced in this thesis. An “ideal” battery (Figure 1a) shows a high energy density (how much 
energy can be stored), high power (how much energy can be extracted in a given time interval), 
high charge/discharge rates (how fast can the energy be extracted) and a long life time (high 
cycling stability).18-21 Besides, it is low cost, safe, easy to process and recycle, environmentally 
friendly and operates in a broad temperature window without a temperature managing system 
and the application of a high pressure. Under storage conditions, it shows only a low self-discharge. 
To meet all these requirements is a multifaceted, highly challenging task. Depending on the 
application, not all requirements must be fully fulfilled. For the application in electrical vehicles 
for instance, the requirements are still quite high as visualized in Figure 1b, but the cost can be in 
a medium range, as EVs, at least at the moment, are premium class vehicles.12 According to a 
recent benchmarking analysis, a gravimetric energy density of 400 Wh kg–1, an volumetric energy 
density of 1000 Wh L–1 and a cycle life of at least 200 cycles with a capacity retention of 80 % are 
targeted for current research projects.22 In contrast, for stationary systems (Figure 1c), the weight 
of a storage unit does not matter so much, thus, the gravimetric energy density is not so 
important.13  

 
Figure 1 Estimated requirements for batteries based on the targeted application: a) an ideal battery b) a battery for the 
application in electric vehicles (EVs) c) a stationary battery for grid storage d) a battery for portable consumer products 
such as a mobile phone. The given values are a qualitative estimates based on the references in this thesis [5-3, 18-22, 
ff.]] 
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However, as large amounts of material are required, low costs are of much higher importance. 
Safety is a key requirement for both applications (EVs and stationary storage), since the life of 
humans can be directly endangered by e.g. large burning battery packs.23 For a battery in a 
portable consumer product such as a mobile phone (Figure 1d), the size is of utmost importance, 
thus the volumetric energy density needs to be high, but other factors are not so important, due 
to the reduced size. However, before going into details on how to improve the current state of art 
lithium ion technology, a concise introduction to rechargeable batteries based on Petrovic et al.21 
and Julien et al.20 is given in the following chapters 1.1.1-1.2.2, additional references are given at 
the relevant position.  

2.1.1  Working principle of a lithium ion battery 

A battery allows converting chemical energy to electrical energy (electrochemical energy storage). 
In a primary cell, the transformation of chemical to electrical energy is irreversible. The most 
commonly used representative of primary cells is the alkaline (Zn–MnO2) battery. In a secondary 
battery (accumulator) the conversion reaction is reversible, thus, after a first discharge, the 
chemical reactions can be reversed by the supply of electrical energy (charging). During discharge, 
the current is created from the reaction between two materials (electrodes). An electron blocking, 
but ion permeable material (electrolyte) separates these two electrodes. Thus, for the reaction to 
proceed, the electrons move from the one electrode (anode, negative pole) through an outer 
circuit to the other electrode (cathode, positive pole) providing electrical energy. The respective 
ions move through the electrolyte to the cathode to recombine there with electrons and be stored 
in the cathode material. 

 
Figure 2 Schemes of a) a state-of-the-art lithium ion battery with a liquid electrolyte and a separator and b) a solid–
state–battery with a solid electrolyte replacing the liquid electrolyte and separator. 

The most commonly used secondary battery is the lithium ion battery (LIB) introduced by Sony24 
in the 1990s and schematically drawn in Figure 2a. As negative electrode (anode), typically 
graphite–type carbon that intercalates lithium between carbon layers is used. During discharge, 
the material is oxidized and lithium ions and electrons are created according to (1). 

 LixC6  xLi+ + xe- + 6C (1) 

The electrons move through the outer circuit and the ions through a separator soaked with a 
typical electrolyte mixture consisting of an aprotic organic solvent such as dimethyl carbonate and 
other alkyl carbonate solvents containing lithium hexafluorophosphate salt (LiPF6). If a solid 



2 Theoretical background 12 

 
electrolyte replaces the liquid electrolyte and separator, a solid–state–battery (SSB), which is in 
focus of this work, is created (cf. Figure 2b).  

At the positive electrode (cathode) a lithium metal oxide, in the easiest case LiCoO2 with a 
deficiency of lithium (x) incorporates the incoming lithium ions and electrons according to (2) 
reducing Co4+ to Co3+. 

 Li1-xCoO2 + xLi++ xe- LiCoO2 (2) 

LiCoO2 is a layered material with the redox active transition metal Co3+/Co4+. It is a so–called 
intercalation cathode that allows the de/insertion of lithium without severe structural changes 
(0 < x < 1) enabling repeated cycling (charge/discharging). The total reaction in a LIB is: 

 Li1-xCoO2 + LixC6  LiCoO2 + 6 C (3) 

Upon charging, the direction of the reactions switches by applying a current. Nominally, during 
charging, the negative electrode (anode) is LiCoO2, but in favor of convention and simplification, 
the following text will refer to the materials as cathode and anode from the perspective of the 
discharge process.   

2.1.2 Key performance indicators of a battery 

As visible from reaction (3), the driving force of the cell reaction is the difference in chemical 
potential of lithium in the anode (C) µA

i and cathode material (LiCoO2) µC
i. The difference in 

chemical potential sets the basis of the maximal potential VOCV (open circuit potential) a cell can 
give according to equation (4) with n being the number of electronic charges involved in the 
reaction and F the Faraday constant.  

 𝑉ை =
1

𝑛𝐹
(µ

 − µ
 )  (4) 

The Nernst–equation (5) allows calculating the potential of the cell reaction under non–standard 
conditions taking the effect of concentrations in solution or effective pressure, and temperature 
into account. In a generalized reaction, µB

i and µD
i are the chemical potentials of a species in the 

products of the anodic oxidation and cathodic reduction, respectively, and R is the gas constant 
and T the absolute temperature. 

 𝐸 = 𝐸 −
𝑅𝑇

𝑛𝐹
𝑙𝑛

µ
 µ



µ
 µ


 (5) 

The standard electrode potential E0 of a cell can be calculated as difference of the standard 
reduction potential Ered

0 of the cathode and anode, respectively. These Ered
0 values are measured 

against the standard hydrogen electrode (SHE) and listed in the standard electrode potential 
series.  

 𝐸 = 𝐸ௗ
 (𝑐𝑎𝑡ℎ𝑜𝑑𝑒) − 𝐸ௗ

 (𝑎𝑛𝑜𝑑𝑒) (6) 

Since lithium has the lowest standard redox potential of –3.04 V against the SHE, the dominance 
of lithium based batteries enabling a high cell voltage is self–explanatory. However, in reality the 
cell voltage is limited by the stable potential window of the liquid electrolyte in a LIB, which is 
typically 4.2 V (depending on the electrolyte and cathode). Another advantage of lithium is its low 
molecular weight (6.9 g mol–1) enabling high specific capacities as the theoretical capacity Qth 
[Ah kg–1] or [mAh g–1] of a material can be calculated via (7) taking the molecular weight Mw and 
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number of involved charges n into account. Pure lithium metal has a high specific capacity of 
3860 mAh g–1.  

 𝑄௧ =  
𝑛𝐹

3600 × 𝑀௪
× 1000 =

26.8

𝑀௪
× 𝑛 × 1000 (7) 

The specific capacity determines the specific energy of a cell. The theoretical specific energy Etheo 
(gravimetric energy density) [Wh kg–1] of a battery is the product of the standard cell potential E0 
and the theoretically stored charge, i.e. the theoretical capacity as given in (8). 

 𝐸௧ = 𝐸𝑄௧
 (8) 

For a complete cell, the capacity of the anode and cathode have to be taken into consideration 
according to (9). 

 𝑄௧, = ൬
1

𝑄௧ௗ
−

1

𝑄ௗ
൰

ିଵ
 (9) 

In practice, the specific energy Epr is calculated by (10) as product of the operating potential VOC 
and the measured discharge capacity Qdis at an appropriate discharge rate.  

 𝐸 = 𝑉ை𝑄ௗ௦
 (10) 

The energy in respect to the volume of a battery is described by the volumetric energy density 
[Wh L–1]. But in a device, the actual energy density of a whole battery pack/system is further 
reduced by additional components such as additives to the active electrode materials, the current 
collectors, the electrolyte, the separator and casing, which all add to the weight and volume of a 
battery but not the energy stored. After considering this addition to weight and volume and the 
imperfect nature of electrochemical reactions, the actual battery energy is typically 25–35% of the 
theoretical energy of the active materials.  

The rate of the discharge/charge of a battery is the C-rate. The C-rate measures the time relative 
to the maximum capacity of a cell. A discharge at nC rate means a full discharge in 1/n hours. For 
instance, a rate of C/2 means a full discharge within 2 h. For many applications, in particular the 
charging of electric vehicles, a fast charging rate with high current densities is desired to minimize 
the time users have to wait to recharge their vehicle.  

Another important key parameter for the performance of a battery is the power Pout [W], given as 
product of the discharge current Idis and the discharge voltage Vdis. 

 𝑃௨௧ = 𝐼ௗ௦𝑉ௗ௦
 (11) 

After normalizing to the specific weight the power density (specific power) [W kg–1] can be derived. 

The performance of a battery over time, i.e. the cycling stability, is represented by the coulombic 
efficiency (CE) which is given as ratio of capacity of discharge and following charging cycle in (12). 
Ideally, the battery capacity should stay above 98 % of the first cycle for several hundred cycles.  

 𝐶𝐸(%) =
𝑄ௗ௦

𝑄
× 100% (12) 
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2.1.3 Processes and phenomena limiting battery performance  

Since batteries are multicomponent systems, the interaction between the different materials and 
their properties lead to a complex behavior and there are many possibilities that limit the 
performance of a battery making it non–ideal as summarized in the following. 

The choice of electrode materials determines the possible voltage window and theoretically 
achievable capacity. As the electrode material (in particular the cathode) makes up the major part 
of a cell in volume and weight, the prices of raw materials and processing dictates a large portion 
of the costs.13 The selection of elements in the electrode materials also determines the 
sustainability of a battery (where and how are the raw materials mined, is recycling possible, 
among others). The partial electronic and ionic conductivity of the electrode materials influences 
the rates of charging and power density. Here, the microstructure and (particle and electrode 
composite) morphology of the electrodes come into play influencing the ionic and electronic 
percolation paths (tortuosity) in the electrodes. The latter limit the accessible amount of active 
material especially during charging at higher rates.11, 25 The influence of the surface area of the 
electrodes is ambivalent. One the one side, a large surface area allows for high rates due to short 
diffusion paths and high currents, on the other side, a lot of active material gets consumed by the 
formation of a solid–electrolyte–interface (SEI) with the liquid electrolyte in a typical LIB, enlarging 
the irreversible capacity loss. The reaction at the electrodes severely influences the cell 
performance in general. For example, the repeated volumetric expansion and contraction 
(breathing) of typical NMC cathode materials during de/intercalation of lithium in the host 
structure, leads to crack formation and mechanical failure of the active material, eventually 
leading to severe capacity loss over time.  

Besides the electrodes, the electrolyte is a key component of a battery. Its ionic conductivity, 
determines the rate and power and thus should be as high as possible. Whereas, to avoid the 
transport of electrons through the cell, the electronic conductivity should be as low as possible. In 
the state of the art LIB a liquid electrolyte on the basis of organic carbonate solvents with lithium 
salts is employed. The ionic conductivity of the liquid electrolyte is limited to about 10 mS cm–1 
with a transference number lower than one, posing a limiting factor for high charging rates and 
the application of high currents. Moreover, the redox stability of the organic liquid is limited to a 
potential window of about 4.2 V restricting the effective maximum voltage a battery with a liquid 
electrolyte can have. An advantage of a liquid is the good wetting of the (partially porous) 
electrodes. But, at the interface to the electrolyte is consumed by a reaction with the electrodes 
forming a SEI, contributing to the loss of active material.  

Upon subsequent cycling, the SEI acts either as a passivating layer kinetically stabilizing the cell 
(after e.g. a formation cycle) or, when the electronic conductivity is too high, grows with cycling 
of the battery leading to continuous capacity fading (limited cycle life). The growth of the SEI 
increases the internal resistances (leading to slower kinetics and heat losses). When a battery 
heats up, either due to high ambient temperature or poor thermal management (cell design) the 
SEI can break down enabling an unhindered, exothermic reaction of the electrolyte with the 
electrodes in turn leading to a further increase in temperature. At elevated temperatures >100 °C, 
the organic solvent decomposes releasing flammable gases, such as ethane and methane building 
up a high pressure in a cell. Then the cell can blow up and when the gases come in contact with 
oxygen from air they can catch fire.23 Such a fatal increase in temperature, can also be caused by 
the fast release of energy during a short–circuit, which is often caused by lithium metal dendrites 
that grow through the internal of a cell. Mechanical damaging of a cell pack, e.g. in a car accident 
can lead to the same hazardous outcome. Moreover, if a cell is overcharged the state of the art 
oxide base cathode materials evolve oxygen gas also increasing the risk of a thermal runaway.23 

Besides the choice of material, microstructuring and assembly, the way of cycling and temperature 
management is of utter importance for the performance. As mentioned earlier, often a formation 
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cycle is needed to enable kinetic stabilization of the cell. However, overcharging can lead to a 
decomposition of the electrodes, e.g. cathodes releasing gaseous oxygen, or a decomposition of 
the electrolyte.26 A too large discharge can lead to irreversible capacity loss. The temperature 
should be kept in an optimum range avoiding too low temperatures that slows down the transfer 
kinetics or even freezes out the liquid electrolyte and too high temperatures posing a safety risk. 
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2.2 Concepts for improving batteries (next generation batteries) 

There are many concepts proposed to improve standard LIBs as wells as to change to completely 
alternative battery system for example based on other akali metals rather than lithium as 
summarized in Figure 3. In the following, a few approaches classified by battery component are 
introduced.   

 
Figure 3 Overview over next generation materials and additional improvement strategies for rechargeable batteries. 

2.2.1 Improvement of the electrodes 
2.2.1.1 Anode 

The state of the art anode material in a LIB is graphite (mostly natural graphite (NG)).27 As 
introduced in chapter 1.1.1, graphite reversibly intercalates lithium between the layers and forms 
LiC6 in the charged state. It ensures relatively stable cycling and easy processing, since graphite 
itself is not hazardous and stable under ambient conditions.  

Nevertheless, some challenges remain: on the one side, the rate capability, especially for charging 
(lithiation) of graphite is limited to a maximum of 1 C and associated with lithium dendrite 
formation (lithium plating) at the electrode surface. The limited rate is a problem for desired fast 
charging of in particular EVs and appears to be the complex interplay of phase transitions, domain 
size, particle size and morphology, electrode architecture, the SEI, the desolvation if Li+ prior to 
entering the SEI layer, and the ambient temperature.27 At the moment, synthetic graphite (SG) 
instead of the prevailing NG is already employed for fast charging applications, due to superior 
de-/lithiation kinetics, which is attributed to the rather isotropic orientation of the crystalline 
domains in SG and a large proportion of edge–planes at the particle surface. However, due to 
extensive research, the energy density of graphite anodes has essentially reached its maximum. 
To further enhance the energy density, the addition of silicon, under–stoichiometric silicon oxide 
or silicon-metal, and silicon–carbon alloys into graphite composite electrodes is a promising 
approach that is already pursued in industrial research.27-30 The main challenge of using pure Si, 
which offers the high theoretical capacity of 3578 mAh g–1 alloying with lithium forming Li15Si4, is 
the large volume expansion up 300 % during lithiation resulting in severe cracking and eventually 
capacity loss and poor cyclability. Large efforts were made to stabilize Si by nanostructuring, 
amorphization, and making composites and alloys. Recently, for instance the Evonik AG 
introduced their Si–C bases material Siridion Black® that can lead to a total increase of 15 % in 
energy density of a LIB with excellent cycling stability.31, 32 The authors claim the superior 
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properties being the result of the formation of an amorphous Si-C alloy nanoparticle with a 
gradient of C from a C–rich surface to a Si–rich center of the particle, obtained by a gas phase 
synthesis.  

In academic research there are many proposed alternatives to graphite such as Li4Ti5O12, lithium-
metal alloys, sulphides, oxides (e.g. Sn, SnO2, SnS2…), but that could never compete with graphite 
in terms of performance, cost, sustainability.33, 34 

Another strongly pursued approach is the use of the pure lithium metal anode (LMA) that in 
principle enables the highest possible energy density and is decisive for the realization of Li–S and 
Li–O post–LIB concepts.35, 36 Attempts to combine a LMA with state of the art liquid electrolytes 
repeatedly showed poor cycling efficiency and lead to short-circuit due to lithium dendrite 
growth.37, 38 However, the combination of a LMA with solid electrolytes forming a SSB (cf. chapter 
1.3) has led to promising results: the use of polymer electrolytes enabled high energy densities 
(but low charge/discharge rates) and the use of inorganic solid electrolytes such as L10GeP2S12–
type thiophosphates provided high energy and power densities.39 Recently, even the cycling of a 
SSB with a thiophosphate electrolyte without the presence of an initial lithium metal reservoir was 
demonstrated, further pointing into the direction of optimized energy and power density.40 There 
are still drawback and open question regarding the use of LMAs. In particular the growth and 
dissolution of dendrites at the interface to the solid electrolyte need to be understood and 
controlled efficiently to ensure a high safety and reliable performance of the cell.35 

2.2.1.2 Cathode 

Several cathode materials have been commercialized in LIBs such as LiFePO4 (LFP), the layered 
oxides Li[NixMnyCoz]O2 (x+y+z = 1) (e.g. Li1.1[Ni1/3Mn1/3Co1/3]0.9O2 (NMC–111)) and 
LiNi0.8Co0.15Al0.05O2 (NCA) derived from LiCoO2 (in the α–NaFeO2–type) and LiMn2O4 (LMO) in the 
spinel structure. With these materials the demanding goals of e.g. the application of batteries in 
EVs cannot be met (cf. Figure 1b) and the next generation of cathode materials is sought after. 
Potential candidates are further developed oxide based materials, but also alternative materials 
with alternative structures such as polyanionic materials (e.g. borates, silicates and phosphates 
among others) and conversion materials (e.g. halogenides, sulphides, nitrides, phosphides and 
many more) also allowing multi–electron-transfer.12 From a cost and sustainability perspective, 
especially, the substitution of critical elements such as cobalt and possibly also nickel is desired. 
41-44 The use of low cost and abundant oxygen from air or elemental sulphur as cathode has been 
explored in the last decades in the so–called lithium-air and lithium–sulfide batteries.36 In theory, 
these cathodes in combination with a LMA enable the highest possible energy densities. However, 
despite intensive effort, both systems have not been fully realized and still face severe challenges, 
such as the use of unfiltered air for the Li–O system and the capacity fading due to polysulfide 
shuttles in Li–S batteries.36, 45-47 

It must be noted, that the full potential of improved cathode materials can only be realized in 
combination with an anode providing a higher energy density and rate capability and an 
electrolyte providing a higher stability window or showing other properties such as the 
suppression of dendrite or polysulfide formation which is anticipated for solid electrolytes.12, 35, 36 
In the following chapters, we want to focus on the developments of oxide and sulfide based 
cathode active materials (CAM). 

2.2.1.2.1 Oxide based cathode active materials 

The family of oxide based materials possess the highest technological maturity and in principle 
there are three groups of material: nickel-rich NCM (Li[Ni1-xCoyMnz]O2 (x ≤ 0.4)), high energy NCM 
(xLi2MnO3(1-x)LiMO2 (M = Ni, Co, Mn) and high voltage spinels (nickel substituted LiMn2O4 

(LNM)).48-50 By increasing the nickel content in NCM (to e.g. NCM622, NCM811) the reversible 
capacity and rate capability increases due to higher electronic and ionic conductivities and the 
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need for expensive and critical cobalt decreases. However, the high nickel content reduces the 
thermal stability.26 By integrating the Li2MnO3 into layered LiMO2 (M=Ni, Co, Mn), the structure is 
stabilized and allows for a larger degree of lithiation and can be cycled to higher voltages and 
materials such as NCM523 are currently under investigation.51, 52 However, so far the cycling 
stability is limited. The substitution of nickel in the LiMn2O4 spinel, high voltages can be achieved 
and the material is inexpensive and has high electronic and ionic conductivities, but similar to high 
energy NCM, capacity fading is severe in these systems. Very recently, in academia, the 
substitution of LiNiO2 with elements such as Mn and Al emerged showing promising results for 
LiNi1-x-yMnxAlyO2 for this entirely cobalt free compound.41 Besides the overall stoichiometry, 
elemental gradients forming core shell cathode particles can have beneficial influence on the 
performance.53 Nevertheless, additional open questions for the next generation of oxide cathode 
materials remain: the powder morphology and particle size distribution can have a large impact 
on the performance and needs to be understood and controlled and a synthesis scale up route, 
especially in a continuous process, is still lacking. 

2.2.1.2.2 Sulfide based cathode active materials 

A completely cobalt- and nickel-free alternative to the introduced oxide cathodes are lithium 
metal sulfides (LixMySz, M=Cu2+, Fe2+, Ti4+, Nb5+, Ta5+). Although they offer only a limited voltage 
range, they promise high energy densities and a better compatibility with sulfide based solid 
electrolytes supporting the development of high performance solid–state–batteries (cf. chapter 
1.3). Lithium metal sulfides are easily oxidized and reduced, i.e. showing anionic redox chemistry. 
This reversible multi-electron process allows the incorporation of large amounts of lithium leading 
to high capacities.12, 44, 54-64 Cells built from metal sulfides such as Li2TiS3 or ball-milled Li3NbS4 as 
cathode with standard liquid electrolytes show capacities between 339–425 mAh g–1  with a 
potential ranging between 2.2–2.5 V vs Li+/Li resulting in a theoretical gravimetric specific energy 
of 780–850 Wh kg–1 exceeding that of NCM–622 (590 Wh kg–1).44, 56  

In principle, different advantages result from the use of sulfide based cathodes in combination 
with sulfide based solid electrolytes and first attempts were demonstrated.56, 58, 59, 64 These 
advantages are the following: i) Simple cold pressing of thiophosphate based solid electrolytes 
such as crystalline Li3PS4, Li2S∙P2S5 (LPS) glasses, Li6PS5X (X = Cl, Br, I), Li10Ge2PS12-type materials etc. 
should enable an intimate contact between these mechanically soft materials. 2) Since the 
oxidation potential of typical oxide based cathode materials exceeds the thermodynamic stability 
of typical thiophosphate-based solid electrolytes,65, 66 they are oxidized at the interface to CAM 
particles, leading to an overall decline in cell performance.65 Whereas, an oxidation at the 
interface with a sulfide based CAM is not expected. 3) Sulfide-based CAMs possess an inherently 
higher electronic conductivity of with respect to isostructural lithium metal oxides. This could 
enable a cathode composite formulation without the need to add electronically conducting 
additives such as carbon, increasing the overall energy density and preventing side reactions with 
the solid electrolyte.67 

A SSB of a lithium metal anode, β-Li3PS4 as solid electrolyte and layered Li1.13Ti0.57Fe0.3S2
59 as CAM 

showed good cyclability with no initial irreversible capacity. Furthermore, the aforementioned 
ball-milled rock–salt–type materials Li2TiS3 and Li3NbS4 were combined with glassy LPS in an SSB.56, 

64  Both SSBs demonstrated high capacities of 300–400 mAh g–1 and a high capacity retention >90 % 
after 50 and 200 cycles, respectively. Since ball-milled Li3NbS4 is a promising candidate for the 
application as CAM in a SSE, but the structural and electronical characterisation was poor so far 
due to its poor crystallinity, we set out in this work (cf. chapter 4.1) to synthesized, crystalline, 
phase pure Li3NbS4 and its heavier homologue Li3TaS4 to deepen the understanding of structure–
property relationship in these type of materials. 
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2.2.2 Improvement of electrolyte  

Since the state of the art electrolyte in a LIB is mixture of aprotic organic solvents with lithium ion 
containing salts, there are several ways to tune its most important properties. These are the ionic 
conductivity (cf. equation (18(22(23), the transference number (cf. equation (40), the formed SEI 
going hand in hand with the columbic efficiency, the viscosity and the thermal stability.37, 38, 68  

Different aprotic organic solvents ranging from carbonates, over phosphonates to nitriles and 
many more can be mixed in different ratios to meet the diverse physical and chemical 
requirements of a battery application. The solvent should dissolve the lithium salts, thus it needs 
a high dielectric constant but be still fluid enough (low viscosity) to allow for a fast lithium ion 
transport. The solvent should only show a low reactivity towards the electrodes, remain liquid in 
a wide temperature range (high boiling point, low melting point) and be safe in terms of 
flammability, toxicity and environment. Mostly the mixing of different organic esters and ethers 
(dimethyl carbonate (DMC), ethyl carbonate (EC), propylene carbonate (PC), etc.) has been 
explored.  

Different lithium salts that can be combined with different solvents to tune the properties. 
Common salt are LiPF6, LiClO4, LiBF4, LiAsF6, lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), 
lithium trifluoromethanesulfonate (LiCF3SO3), and others.  

Besides, the use of a broad variety of additives such as crown ether, aza-ethers, borates, and many 
other organic compounds in low concentrations has been explored enabling the present high 
performance of LIBs in the first place.69 These additives modify targeted properties, especially on 
the electrode surface, without changing the main components.  

As further improvement of the electrolyte, especially in regard to its kinetics and compatibility 
with a LMA, is demanded by the market (cf. Figure 1), and liquid electrolytes fail to meet these 
criteria, alternative electrolyte concepts came on the stage.37, 38 Ionic liquids are one attractive 
also liquid alternative to solvent based electrolytes.70 They still ensure a good wetting of the 
electrode active materials and enable the use of high voltage cathodes (up to 5 or 6 V vs. Li). But 
it is still difficult to achieve stable passivation layers and the anions of the ionic liquids show co–
intercalation into the electrode. In the last decade, solid electrolytes reemerged as another 
attractive electrolyte, enabling high performance SSBs. The concept and advantages of an SSB and 
requirements for a good solid electrolyte are introduced in chapter 1.3 in more depth. Solid 
electrolytes in primary batteries are known since many decades and successfully implemented in 
e.g. pace marker devices.71, 72 However, due to limited ionic conductivity of alkali metal ions (Li+, 
Na+, K+) in easy to process 3D conductors for rechargeable batteries, SBBs were not of large scale, 
industrial relevance for a long time. With the implementation of polymers into batteries for the 
application in the blue car of Bolloré in 2012, solid electrolytes were successfully applied in EVs 
for the first time.73 Now, they give great hope for higher safety due to the absence of flammable 
liquids, for enabling the use of the LMA (cf chapter 1.2.1.1) by an increased mechanical stability 
and for high charging rates due to the high ionic conductivity of modern solid electrolytes. 
Additionally, by the combination with solvent–based liquid electrolytes or ionic liquids forming 
so–called hybrid systems, solid electrolytes enable the exploration of a larger parameter space for 
finding the optimal electrolyte.74 

2.2.3 Battery systems beyond lithium  

In terms of cost, sustainability, geopolitical reasons and performance, the exclusive use of lithium 
ion based systems for rechargeable batteries is currently under debate.13, 24, 75, 76 In particular, the 
sheer mass of lithium containing materials needed for millions (if not billions) of electrical vehicles 
and other material demanding applications such as stationary storage systems, sparks the search 
for alternatives.77 In the last years, rechargeable batteries based on other monovalent alkali 
metals ions  (Na+, K+), but also based on multivalent ions such as Mg2+ and Zn2+, Al3+, and Si4+ were 
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introduced.77 Although showing promising results, only a few of those systems reached 
technologic maturity. Inherently, all systems based on alternative ions have the disadvantage of a 
higher atomic mass and lower possible potential windows in comparison to lithium ions. That 
lowers the accessible power and energy densities. For highly demanding technologies such as EVs, 
lithium ion based systems probably will prevail. However, due to enabling completely different 
cell chemistries (and potentially avoiding the use of “critical” elements such as Co and Ni) and due 
to e.g. lower costs and the higher mobility of sodium ions (and others), alternative ions are 
attractive choices for less demanding applications lowering the overall demand for lithium in 
batteries.  

Here, a brief introduction of sodium ion and potassium ion batteries follows, since two new 
sodium ion conducting material series (cf. Na5AlS4–Na4SiS4 series in chapter 4.5 and sodium 
phosphidosilicates in chapter 4.3) and one potassium ion conducting solid electrolyte (KSi2P3 in 
chapter 4.4) are presented in this work. 

2.2.3.1 Sodium ion batteries 

The substitution of lithium ions by sodium ions creating sodium ion batteries (NIBs) has several 
advantages. the cost of the typically used utilized raw material Na2CO3 is much lower than of Li2CO3 
(150 $/t < 13000 $/t in 2019).[2] The regional accessibility of Na2CO3 is much more beneficial for 
western countries such as the USA and the possibility for harvesting sodium by desalination of sea 
water is a valuable alternative mining source for the European Union. Besides, a broad variety of 
nickel and cobalt free cathodes, also dramatically reducing the cost of a NIB in comparison to a 
LIB, are available and show promising performance with competitive volumetric energy 
densities.13, 78 For the installation of stationary storage in urban environments the volumetric 
energy density is the key performance indicator, since the battery has not to be moved and the 
mass does not matter so much.13  

NIBs work in the same fundamental way as LIBs and until now a broad range of materials 
applicable in a NIB have been developed.77, 79 Typical cathode materials are layered oxide cathodes 
(e.g. Na2/3Fe1/2Mn1/2O2), prussian blue analogues (PBA) and polyanion cathodes. As anode, hard 
carbon (partially disordered carbon), non-carbon intercalation compounds such as Na2Ti3O7 and 
conversion anodes (alloying reaction anodes such as Sn, Sb, P) can be utilized. The use of graphite 
is not possible, since Na+ does not intercalate into graphite. The employed positive current 
collectors, as well as electrolytes and separators, are usually similar to LIBs, except for the use of 
sodium salts in the electrolyte.79 Since these electrolytes pose the same safety hazards as for LIBs, 
the utilization of solid electrolytes to build Na–SSBs is currently under investigation. Very recently, 
a Na–SSB based on a halide–SE coated NaCrO2 cathode, a sulfide based electrolyte and a Na–Sn 
anode, showed the anticipated performance with stable cycling for 1000 cylces.78 However, 
similar to LIBs, although there already a variety of good sodium ion conducting solid electrolytes 
available, still new improved materials for the optimal material combination are looked for (cf. 
chapter 1.3.1). Going to the solid state, could additionally enable the use of the sodium metal 
anode (or other high capacity anodes) further increasing the energy density.13 In comparison to 
lithium, sodium does not electrochemically alloy with aluminium at room temperature. 
Consequently, a replacement of expensive copper by cheaper aluminium is possible at the anode.  

2.2.3.2 Potassium ion batteries 

Potassium ion batteries (KIBs), are another alternative to LIBs. Similar to NIBs, they promise lower 
costs due to significantly lower K2CO3 prices (790 $/t) and alternative Co and Ni free cathodes.77, 

80 In contrast to sodium ions, potassium ions enable the utilization of a conventional graphite 
anode.77 Besides, although potassium ions are heavier than sodium ions, the gravimetric 
difference of a full cell is not necessarily larger than 10 %, since the mass of potassium ions only 
accounts for a small percentage of the system.81, 82 Moreover, upon solvation in organic solvents, 
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potassium ions have the smallest radius, increasing mobility and making KIBs attractive for 
applications that require high charging rates.81 83 

At the horizon, post–KIBs including aqueous KIBs, potassium–sulfur (K–S), potassium–selenium 
(K–Se), and K–SSBs, along with their respective advantages are emerging.84 And although the 
variety of fast solid potassium ion conductor at room temperature is limited so far (see chapter 
1.3.1.3 and 3.4), a K–SSBs was already assembled with a potassium metal anode, K2Fe4O7 as solid 
electrolyte and prussian blue analogue cathode demonstrating high charge/discharge rates.85 In 
this work, the first fast, non–oxide bases solid potassium conductor KSi2P3, which does not contain 
any transition metal ions (which are prone to redox reactions), is introduce in chapter 4.4, 
enlarging the family of potassium ion conductors for the development of high performance K–
SSBs. 

2.3 Solid–state–batteries 

Batteries built with a solid electrolyte are so–called solid–state–batteries (SSBs, Figure 2b). SBBs 
can be realized with a broad range of materials based on Li–ion, Na–ion, technology and others.6-

9, 11, 86, 87 They can be built with different classes of electrolytes coming in different forms ranging 
from thin films (e.g. LiPON88, polymers89) to particles (e.g. oxide, sulfide ceramics)6. Figure 4, 
depicts the microstructure of a SSB with a particulate solid electrolyte, a cathode composite and 
a lithium metal anode and highlights the different interfaces present in such a cell.  

 
Figure 4 Scheme showing the microstructure of a solid-state battery consisting of a lithium metal anode, a ceramic 
particulate solid electrolyte (separator SE) and a cathode composite containing a SE (catholyte), cathode active material 
(CAM) and electronically conducting carbon additive (C). Different important interfaces representing the redox stability 
of the solid electrolyte against the anode-, cathode-material and the carbon additive are highlighted. 

Recently, Li–SSBs reemerged worldwide as attractive cell concept, since in the last years solid 
electrolytes showing sufficiently high ionic conductivities of up to 25 mS cm–1 at 25 °C 
(Li9.54Si1.74P1.44S11.7Cl0.3)39, being significantly better conductors than common liquid electrolytes, 
and forming stable SEIs in contact to lithium metal (lithium thiophosphates (LPS), Li7La3Zr2O12 
(LLZO), etc.) were developed. For the next generation of Li–SSBs, the development targets are a 
specific energy of 400 Wh kg–1, an energy density of 1000 Wh L–1 and a cycle life of at least 200 
cycles with a capacity retention of 80%.22 For the next generation of SSBs on Na–ion bases, the 
development targets are a specific energy of 250 Wh kg–1, an energy density of 700 Wh L–1 and a 
high cycle life.13 In general, several advantages for SSBs over LIBs are anticipated: 1) The 
substitution of the solvent based liquid electrolyte with a solid electrolyte leads to a higher 
thermal stability and reduces the risk gas evolution and fire. 2) Due to increased thermal stability, 
the need for thermal managing is reduced. The use of batteries at lower temperatures is enabled, 
because there is no liquid-transition (freezing) accompanied by a dramatic reduction of ionic 
conductivity as for liquid electrolytes. 3) Implementing a solid electrolyte gets rid of the need for 
casings containing the liquid electrolyte and enables bipolar stacking. 4) The extremely high ionic 
conductivity and transference number of 1 (in inorganic solid electrolytes) enables high charging 
rates and reduces polarization effects in a cell. 5) The high mechanical stability and altered SEI 
formation potentially enables the use of a LMA (chapter 1.2.1.1). Ideally, the LMA is cycled without 
providing a lithium metal reservoir (lithium foil) in the discharged state (as demonstrated by Lee 
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et al.40). Lithium metal free anodes are potentially easier to produce and cheaper. 6) The use of a 
solid electrolyte avoids the use of fluorine–containing conducting salts and binders. 7) The 
absence of a liquid electrolyte simplifies recycling.  

Naturally there are drawbacks and challenges to overcome, before high performance SSBs can be 
commercialized.77 Each promising combination of anode, cathode and electrolyte has to 
optimized and critical problems solved. One problem of solid electrolytes is the poor contacting 
(vs. good wetting with liquid electrolytes) of the active materials. That is mostly overcome by the 
application of high pressures (up to 500 MPa) in laboratory set–ups. For large scale applications 
however, systems showing excellent performance without the application of external pressure 
must be developed (e.g. by the use of binders, modifications, microstructure engineering).  

Moreover, for most of the solid electrolytes the redox stability is limited, i.e. they are either 
reduced by the anode (halides), oxidized by the cathode (LLZO) or even both (thiophosphates).77, 

90 Thus, the usage of at least two different electrolytes implemented as a solid electrolyte 
separator and a catholyte is envisioned, as indicated in Figure 4, exploiting the beneficial 
properties of different SEs. The ionic conductivity of the solid electrolyte in a thin separator can 
be significantly lower than in the case of the catholyte. Thus, e.g. the combination of polymer or 
oxide based separators (low conductivity, but high reduction stability) and thiophosphates as 
catholyte (high ionic conductivity) are possible. Design and processing of the separator in 
sufficiently thin (< 50 µm) and mechanically stable layers, which are ideally stable against dendrite 
growth if a LMA is used, are currently under development. The nature of the formed SEI (by 
reduction by the anode) is of high importance. It is favorable, if it is ionically conducting and 
electronically blocking as for LPS, but unfavorable if both charge carriers are conducted through 
the SEI leading to a continuous decline in cell performance (e.g. mixed ionic electronic conducting 
SEI of LGPS). The ionic conductivity in the catholyte should be as high as possible (at least > 10 
mS cm–1) to ensure fast enough transport to the CAM and avoid polarization.91 Ideally, the 
catholyte is stable against oxidation by the CAM (formation of e.g. oxo-(thio)phosphates) and 
present carbon additives92 that no aging phenomena occur either during storage or operation. 
Alternatively, a reaction of the catholyte at the interface to CAM can be avoided by using a 
protective layer or additive design.93, 94 Coatings based on lithium niobate, zirconate, etc are 
currently under investigation. An alternative to that is the application of CAMs with lower 
potentials such as lithium metal sulfide based materials (chapter 1.2.1.2.2). 

2.3.1 Solid electrolytes 

In this work the structure, properties and processing of several new solid electrolytes from 
different material families for the potential application in Li–, Na– and K–SSBs is investigated. In 
general, the properties of a solid electrolyte dictate the overall cell performance. For decades, 
solid electrolytes based on different material classes ranging from polymers to inorganic glasses 
and crystalline ceramics have been explored for the application in a rechargeable battery, but 
there is still need for new electrolytes with optimized properties.5, 86, 87, 95-97  

Ideally, a solid electrolyte for the application in a rechargeable battery has a high ionic conductivity, 
a low electronic conductivity, a high ion selectivity, a large potential window, beneficial 
mechanical properties (soft), is easy to process, low–cost and safe in a large window of operational 
conditions as summarized in Figure 5. In the last years, inorganic, non–oxide materials, 
demonstrated their superior properties in comparison to oxide and polymer based solid 
electrolytes. In general, they have an ion selectivity close to 1, i.e. they only conduct lithium ions, 
have very high ionic conductivities without large contributions of grain boundaries and are 
relatively soft, enabling the preparation of cells only by cold pressing. An introduction to the 
mechanism and influencing factors on ion conduction in crystalline inorganic solids (structure–
property relationship) and in particular, the materials presented in this thesis, is given in chapter 
2.   
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Figure 5 Qualitative summary of properties of an ideal solid electrolyte for the application in a rechargeable battery 
deduced in this work. 

2.3.1.1 Ortho–thiophosphates 

One of the most promising materials class for the application as solid electrolyte in SSBs are the 
thiophosphates. Sparked by the discovery of liquid like ionic conduction in Li10GeP2S12

98 in 2011, a 
search for more representatives of this structure–type lead to a whole family of LGPS–type 
materials.99 In the LGPS–family, S can be partially replaced by O, Ge can be replace Sn (LSnPS) and 
partially by Si and Al, and a related Na analogue of the Sn-substituted variant is accessible. Since 
Ge is expensive, especially the substitution with the lightweight and easily accessible Si was 
pursued, but the synthesis of the material with a P:Si ratio of 2 has not been successful. However, 
Li11Si2PS12

100 was obtained under high–pressure conditions (but only in small quantities) and 
exhibited a promising large lithium ion diffusivity clearly exceeding that of LGPS and LSnPS. The 
authors found a correlation between the diffusivity and the unit cell volume of the cation 
substituted LGPS-type electrolytes: the smaller the unit cell volume the higher the diffusivity. The 
enhanced diffusivities are in agreement with theoretical predictions cation substituted LGPS-type 
electrolytes.90 By the addition of LiCl to the synthesis, Li9.54Si1.74P1.44S11.7Cl0.3

39 one of the fastest 
lithium ion conductor to–date with an ionic conductivity of 25 mS cm–1 was obtained. The exact 
origin of the boost in ionic conductivity is still under debate, but the material showed extremely 
high charging rate capabilities in a SSB. In 2019, the glassy ceramic tetra-Li7SiPS8

17 (LiSiPS) was 
introduced and the inhibiting influence of the amorphous side phase on the ionic conductivity was 
deduced. Like the other LGPS–type materials, LiSiPS is a solid solution of lithium ortho–
thiophosphate and an ortho–thiosilicate and crystallizes isotypically to tetragonal Li7GePS8.101 The 
PS4/SiS4 tetrahedra partially order with an underlying pseudocubic face–centered unit cell as 
depicted in Figure 6. The lithium ions sit either tetrahedrally or octahedrally coordinated in the 
anionic framework, forming chains along the c-axis (cf. Figure 6a). With a room temperature ionic 
conductivity of 2 mS cm–1, LiSiPS holds great promise for the application in SSBs and is used as 
model system for the study in chapter 4.6. As representative of the LGPS–type family, LiSiPS is 
treated with a broad range of solvents, evaluating potential solvent candidates for processing on 
industrial scale (cf. chapter 1.3.2 and 3.6).  
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Figure 6 Crystal structure of tetra-Li7SiPS8 a) viewed along the c-axis and b) rotated depiction. The black lines mark the 
tetragonal primitive unit cell and the red lines the underlying pseudocubic face–centered unit cell. 

Another highly interesting class of thiophosphates are the halogen substituted argyrodites (Li6PS5X, 
X = Cl, Br, I). In Li6PS5X, the X– form a cubic close packing with PS4 tetrahedra occupying the 
octahedral sites as depicted in Figure 7. Free S2− sit in half of the tetrahedral voids. In Li6PS5I, the 
I− and S2− anions are ordered on the different crystallographic sites, but for the Br−− and 
Cl−−containing compounds the anions are significantly disordered (site disorder) leading to higher 
conductivities and lower activation energies.102-104 Since the Li6PS5X (X = Cl, Br, I) compounds lack 
a tetrel element (T = Ge, Si, Sn), they show a higher reduction stability compared to the LGPS-type 
materials.105 The tetrel element is typically reduced to LiT-alloys when LGPS-type materials are 
brought into contact with a LMA showing significant electronic conduction (mixed ionic–electronic 
conducting interface) leading to a subsequent destruction of the electrolyte and fade in battery 
performance. The argyrodites only decompose into electronically insulting products such as Li3P, 
Li2S and LiX leading to a stable SEI formation. In a round robin study, that material class was used 
to investigate the quality of measurements of ionic conductivity and activation energy by 
electrochemical impedance spectroscopy of thiophosphate based solid electrolytes in different 
laboratories across the world.106 The ionic conductivity showed a relative standard deviation 
35−50 % and the activation energy a relative standard deviation 5−15 % across all samples 
pointing to the necessity of a more rigorous methodology for the evaluation of samples, in 
particular the need to report ionic conductivities as a function of the external pressure applied.  

 

Figure 7 Crystal structures of Li6PS5X with X = Cl, Br, I. In a) viewed along the c-axis and b) in a rotated perspective 
highlighting the cubic closed packing of the X− anions. The black lines mark the unit cell.  

2.3.1.2 Ortho–thiotetrelates and –trielates and other sulfides 

Ternary ortho–thiophosphates are characterized by the presence of isolated PS4
3- tetrahedra 

building the anionic framework of the ionic conductors. Replacing the P atom with other elements 
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such as the tetrels Si, Sn and even the triels Al, thiosilicates16, 107, 108, thiostannates109 and 
thioaluminats16 containing SiS4

4-, SnS4
4- and AlS4

5- anions can be formed. Together with sulfides 
showing other patterns of MxSy conectivities such as rocksalt–type Li2SnS3

110, 111 and layered 
Li0.8Sn0.8S2

112 containing octahedrally coordinated Sn4+, these thiotetrelates and –trielates show 
relatively fast ion conduction either for lithium or sodium ions, especially, when iso– or aliovalent 
doping is applied. Usually, doping increases the defect concentration and raises the ionic 
conductivity dramatically (cf. chapter 2.1).  

One example is the sodium thiostannat Na4SnS4.109 By silicon doping, the conductivity of Na4SnS4
 

improves by two orders of magnitude. In this work in chapter 4.5, the materials space of sodium 
thio–ortho–tetrelates and –trielates is enlarged by aliovalent substitution of Al into Na4SiS4.16 That 
leads to the discovery of the three new ion conducting materials Na5AlS4, Na4SiS4, and 
Na9(AlS4)(SiS4) crystallizing in different structures. The enhancement of ionic conductivity of 
Na8.5(AlS4)0.5(SiS4)1.5 in comparison to the border phases can be rationalized by an increase in 
charge carrier concentration accompanied by a low site symmetry of sodium ions in that structure.  

 
Figure 8 a): Crystal structure Li4SnS4 and b) of Li0.8Sn0.8S2 with partially substituted tin positions. A top-view of the layers 
illustrates the different Sn/Li positions (highlighted in red). The black lines represent the unit cells. 

Another example is the lithium thiostannat Li4SnS4.113 It crystallizes isostructural to the thio-
LISICON Li4GeS4 in the orthorhombic space group Pnma (no. 62) as shown in Figure 8a. Li4SnS4 an 
ionic conductivity of 7x10−5 S cm−1 at 20 °C that after doping with As5+ increases to 1 mS cm–1.114 
The doping with As5+ additionally enhances the stability of the compound towards humidity in air. 
In combination with LiI, Li4SnS4 forms a glass that is coat–able from a methanol solution retaining 
a moderate ionic conductivity of 0.4 mS cm–1, potentially opening ways for solvent based 
electrode processing.115 Li2SnS3 is one example of an ion conducting thiostannat with a higher 
coordination number. It features octahedrally coordinated Li+ and Sn4+ and shows an ionic 
conductivity of < 2x10–5 S cm–1 at room temperature, but is stable under ambient atmosphere.111 
The structure can be deduced as an ordered variation of a rock–salt–type structure forming 
[SnS3]2–layers of honeycomb nets with lithium ions occupying the space between the ABAB 
stacked layers. The observed enhanced stability towards humidity in air is in accordance with the 
exfoliation behavior of Li2SnS3, observed by Kuhn et al. with Li2SnS3 (with x = 0.33) being part for 
the solid-solution series Li4xSn1-xS2 with 0.11 ≤ x ≤ 0.33.110 The members of the solid solution series 
do not decompose upon contact with water but rather exfoliate into nanosheets comprised of a 
defective anionic Sn–S network. Li0.8Sn0.8S2 a member of the solid solution series, which is a lithium 
depleted version of Li2SnS3, also possess significant ionic conductivity at room temperature (1x10–

5 S cm–1) and exfoliates into single layer nanosheets.110, 112, 116. Li0.8Sn0.8S2 crystallizes in the 
monoclinic space group C2/m (no. 12). Octahedrally and tetrahedrally coordinated lithium is 
arranged between layers of edge–sharing tin sulfide octahedra as shown in Figure 8b. Within the 
layers, Sn is partially substituted by Li and the preferential occupancy of two different Sn positions 
(highlighted in Figure 8b in red) leads to the monoclinic supercell. The ionic conductivity of 



2.3 Solid–state–batteries  26 

 
Li0.8Sn0.8S2 increases from 0.01 up to 10 mS cm–1 upon the hydration with water forming 
Li0.8Sn0.8S2∙x H2O (x = 0 and 0.8) hydrates.116, 117 That conductivity is very high for a solid electrolyte. 
Since for the development of solid-state batteries, the exploration of lithium ion conducting solid 
electrolytes that are on the one hand robust against environmental conditions (such as humidity) 
and can be fashioned into thin films and other device geometries by solvent based processing are 
desired,86 the conduction properties of exfoliated and restacked Li–TS are investigated in chapter 
4.7. Li–TS is capable of a fast water–assisted lithium ion conduction at high humidities exceeding 
that of parental Li0.8Sn0.8S2. Thus, we find that nano–sizing, solution processing and restacking can 
even boost the performance in a humid environment.  

2.3.1.3 Phosphidosilicates 

Phosphidosilicates are an emerging class of fast conducting solid electrolytes that contain only 
earth–abundant elements. In phosphidosilicates, SiP4

8- anions with varying degree of connectivity 
are the main building units. The structure of a supertetrahedral phosphidosilicate, as investigated 
in this thesis, schematically shown in Figure 9a. The representative supertetrahedron in Figure 9a 
is built from three SiP4 units forming a so–called T3 supertetrahedron. Three T3 supertetrahedra 
are connected via corners or share a SiP4 unit forming interpenetrating rings. The topology of the 
supertetrahedra can be described as interpenetrating sphalerite– or diamond–like networks.  

 
Figure 9 Example of the building units of supertetrahedral phosphidosilicates. Here, the T3 supertetrahedra are built 
from three SiP4 tetrahedra. The supertetrahedra from interpenetrating networks of six-membered rings. The topology 
of T3 supertetrahedra can be described by two interpenetrating diamond-like networks. The nodes represent the centers 
of gravity of the T3 supertetrahedra. 

In the last years, two lithium ion containing representatives of that class were introduced. Li2SiP2
118, 

119 (T2) and LiSi2P3
118 (T4 and T5) consist of interpenetrating 3D networks of corner–sharing SiP4 

supertetrahedra with lithium ions located in channels between the supertetrahedra (cf. chapter 
4.2). Li2SiP2 shows reasonably fast ionic conductivity at room temperature, but so far conductivity 
data on LiSi2P3 has been missing. A complementation of the data on ion conduction and diffusion 
of Li2SiP2 and LiSi2P3 is given in this thesis in chapter 4.2.  

The promising ion conduction properties of the lithium phosphidosilicates initiated the search for 
its sodium and potassium ion counterparts. In chapter 4.3, a series of supertetrahedral sodium 
phosphidosilicates is explored. By increasing the supertetrahedra size from T3 to T5, respectively, 
by the formal addition of neutral “Si3P4”, the ionic conductivity increases several order of 
magnitudes up to 4x10–4 S cm–1 in HT-NaSi2P3 making this material competitive to state–of–the art 
sodium ion conductors.5, 7, 14 In chapter 4.4, the connection of large supertetrahedral entities 
leading to high ionic conductivities is transferred to a potassium based system, leading to the 
discovery of the first, fast non–oxide based potassium ion conductor KSi2P3.15 As potassium ion 
batteries are the at most immature technology in comparison with NIBs and LIBs, there are only a 
few well characterized, high performance solid electrolytes. Until now, all solid electrolytes have 
been based on oxides with K2Fe4O7

85 being the fastest with 50 mS cm–1 at room temperature. 
Chapter 4.4 gives a summary over all oxide based potassium ion electrolytes and so far transition–
metal–free compounds that are not prone to redox reactions have been missing. KSi2P3 shows a 
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room temperature total ionic conductivity which is comparable to that of the sodium analogue 
NaSi2P3, and higher than that of the lithium compound LiSi2P3. 

2.3.2 Processing of solid electrolytes for SSBs 

Processing inorganic solid electrolytes into electrode composites or separator electrolytes, is key 
to the realization of high–performance next generation SSBs especially in regard to upscaling in 
an industrial production.40, 120-123 However, most solid electrolytes are characterized after a regular 
high–temperature solid state synthesis and the influence of processing on these relatively new 
materials, their properties and the interaction/interface to other components of a full cell is not 
fully understood yet. Typically, batteries are built into coin, pouch or cylindrical cells.21 For that 
the electrode materials have to be brought into intimate contact with the sheet–type current 
collectors and shaped into the needed forms. To produce free standing electrolyte separators or 
cathode composites including solid electrolytes, primarily solvent based processes are applied as 
visualized in Figure 10. For some sulfide based electrolytes the procedures have been established 
on the basis of typical battery production processes.40, 120-124 The solid electrolyte is obtained by a 
synthesis in a first step. Then a dispersion of the solid electrolyte in an organic solvent with 
optimized properties like viscosity, particle size distribution and drying speed is prepared and 
often a polymeric binder (typically a polymer such as isobutyl isobutyrate, polyvinylidene fluoride 
(PVDF) or nitrile-butadiene rubber (NBR)) is added to the dispersion. For the cathode composite, 
the CAM, and usually a carbon-based additive (such as Vapor grown carbon nanofibers (VGCF)) 
are added to ensure electronic percolation and structural integrity of the thick composite, 
respectively. Then the mixture is coated onto a substrate via doctor blading/tape casting. 
Alternatively, the CAM is coated onto the current collector foil in a first step and the electrolyte 
suspension is added in a second step, infiltrating the pre–dried CAM.125 In general, a cathode 
composite should be as dense and pore-free as possible. Besides, the volume fraction of CAM 
should be as high as possible without reducing the effective ionic conductivity of the solid 
electrolyte too much and preserving also a high electronic percolation.25 For obtaining free 
standing separator electrolytes a transfer method was introduced.40 Subsequently, the sheets are 
dried and sometimes densified via warm pressing.40 In the future, the as prepared cathode should 
be combined with the separator and anode in a roll-to-roll process enabling a fast cell production 
on industrial scale.  

 
Figure 10 Scheme of slurry preparation and casting process for the preparation of thin solid electrolyte films, electrode 
films or electrode infiltration. 

In general, the choice of solvent in these processes is often subject to screening or to the intuition 
of the operator (and literature comparisons), but data on chemical reactions, changes in structure 
and composition, changes in microstructure key parameters such the ionic conductivity are only 
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rarely published. In this work in chapter 4.6, we set out to gather an in–depth understanding of 
the interplay between a broad variety of solvents and the fast ionic conductor LiSiPS during 
processing. Chapter 4.6 gives a review on the existing literature of solvent processing of 
thiophosphates and takes a closer look on the chemical stability and the ionic conductivity of LiSiPS. 
We clarify that residual water in solvents up to 800 ppm has only a minor influence on the 
properties and propose a general decomposition mechanism of thiophosphates in alcohols.
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3 Theoretical Background of Analytical Methods 
3.1 Ionic Conduction in solids  

For a wide range of applications, in particular in the fields of energy storage and conversion and 
sensing (environmental monitoring), solid state electrolytes and mixed ionic–electronic materials 
are key components. These materials are essential parts of devices such as batteries, fuel cells and 
sensors. Controlling and optimizing the properties of solid electrolytes and mixed ionic–electronic 
materials is indispensable for improving the device. A basic understanding of the underlying ionic 
diffusion process and ionic conduction under the influence of an electric field, is mandatory to 
find suitable strategies for optimization.126 

 
Figure 11 Schematic depiction of Schottky and Frenkel defects in respect to an ideal crystal without intrinsic defects.  

A solid in the fully ordered ideal state is invariant. Ionic movement origins from the behavior of 
so–called intrinsic defects that are created in structures above 0 K by an increase in configurational 
entropy as driving force. In e.g. an ionic crystal in Figure 11, these intrinsic point defects can be 
either caused by the movement of a cation and anion to the surface of the material leaving behind 
vacant lattice sites (Schottky defects) or by the movement of an ion to an interstitial lattice site 
leaving behind a vacancy in the lattice (Frenkel defect).127 The latter is relevant in crystal structures 
that possess unoccupied positions that are suitable for occupation with the respective ion. Since 
the number of intrinsic defects in many structures is rather low, the introduction of extrinsic 
defects by an excess or deficiency of an ion is very important to increase ionic conductivity to 
application–relevant levels. The excess or deficiency of an ion can be caused by non–stoichiometry 
or the introduction of aliovalent ions without changing the overall structure.128 Exceptions from 
this are several solid fast ionic conductors, that in contrast to the idealized picture of crystal 
structures, possess a sublattice of sites that is only partially occupied.126 This sublattice of mobile 
charge carriers supports a random distribution of carriers over an excess number of sites with a 
similar potential resembling the disordered nature of ions in a liquid. Nevertheless, the transport 
of ions in fast ionic conductors still occurs via jumps between crystallographic sites rather than a 
liquid–like motion as in aqueous or molten salt electrolytes.  

As there is a wide range of factors influencing ion motion in solids and the outcome of tuning one 
parameter is not easily predictable, here a brief description of the classical model treating ion 
transport in solids as uncorrelated ion hopping followed by a compilation of influencing factors 
loosely adapted from Gao et al.129 and Tuller et al.126 is given.  

Uncorrelated ion hops, depending on point defects such as vacancies or interstitials, can be 
described with a random walk model.130 In equation (13) with a random diffusion coefficient Dr, 
the jump length a between two neighboring sites and the jump frequency of successful jumps ν is 
used to describe ion motion in solids. Depending on the dimensionality of diffusion the geometric 
factor b takes the value of 2 (1D), 4 (2D) or 6 (3D). The schematic drawing in Figure 12 shows an 
ion hopping between two octahedral coordinated sites via a tetrahedral empty interstitial position 
with the corresponding energy landscape. 
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𝐷 =

𝑎ଶ𝜈

𝑏
 (13) 

The random diffusion coefficient Dr is a microscopic quantity and is typically measured by 
microscopic techniques such as NMR relaxometry, variable temperature NMR and quasi elastic 
neutron scattering (QENS) among others.  

By linking the jump frequency ν to thermally activated Brownian motion, ν can be described with 
expression (14) with ν0 being the attempt frequency (or the number of successful and unsuccessful 
jumps), ΔG the Gibbs free energy of activation, kb the Boltzmann constant and T the temperature. 
This expression can be broken down by describing the Gibbs free energy by the activation entropy 
ΔS (entropy of migration) and the activation enthalpy ΔH.  
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The activation enthalpy ΔH is often referred to as activation energy or activation barrier and 
denoted as Ea, particular in the context of temperature dependent measurements. For intrinsic 
defects that are thermally activated, the activation energy is the sum of the defect formation 
energy and the migration energy. For extrinsic defects (which often have a much higher 
concentration than intrinsic defects), the activation energy represents the migration energy. 
However, if there are strong interactions between defects or mobile ions, the situation is more 
complex and a defect trapping energy has to be considered. 

 
Figure 12 Scheme of ion hopping via interstitial tetrahedral site with corresponding energy landscape. 

To link the random diffusion coefficient Dr to the macroscopically observed ionic diffusion, 
described by the diffusion coefficient D, it is modified by the Haven ratio H and the correlation 
factor f as given in (15).  

 
 

𝐷 =
𝐷 ∙ 𝑓

𝐻
 (15) 

Here, f takes single-ion and H multi-ion correlations into account. The correlation factor f is 
defined as the ratio of the tracer diffusion coefficient Dtr and the random diffusion coefficient (cf. 
(16)), whereas  the Haven ratio is the ratio between the tracer diffusion coefficient Dtr and the 
long–range diffusion coefficient D.131 In a random, uncorrelated system f and H are both 1.  

 𝑓 =
𝐷௧

𝐷
 ;  𝐻 =

𝐷௧

𝐷
 (16) 

Dtr and D are both macroscopic quantities describing the ion transport on a relatively large length 
scale. Dtr can be quantified by methods such as tracer diffusion detection or pulsed field gradient 
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NMR (cf. p. 42). The long–rage diffusion coefficient D, which is linked to the long–range conduction 
σ, can be deduced by the Nernst–Einstein equation (17). Here, n is the charge carrier 
concentration, z the charge of the ion and e the elementary charge. (The ionic conductivity σ is 
typically assessed in terms of electrochemical impedance spectroscopy (cf. p. 33)). 

 𝜎 =
𝐷𝑛𝑧ଶ𝑒ଶ

𝑘𝑇
 (17) 

By combining equation (13)–(17) the isotropic 3D ionic conductivity can be expressed in the 
following way:  
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To evaluate the activation energy of ionic conduction, the conductivity is measured as a function 
of temperature. The formula (18) is typically simplified to equation (19) with the pre-exponential 
factor σ0 given in (20). 

 
𝜎 =

𝜎

𝑇
𝑒

ିாೌ
್்  (19) 

 

 𝜎 =
1𝑓𝑛𝑧ଶ𝑒ଶ𝑎ଶ𝜈

6𝐻𝑘
𝑒

∆ௌ
್  (20) 

 
By forming the natural logarithm, the formula (19) can be linearized and equation (21) is obtained. 
By plotting ln(σT) vs. 1/T the activation energy Ea can be obtained from the slope of the linear 
regression line and the pre-exponential factor σ0 as intercept with the Y-axis.  

 ln(𝜎𝑇) = 𝜎 −
𝐸

𝑘𝑇
 

(21) 

 

Therefore, for a high ionic conductivity a material should possess a high pre–exponential factor 
and a low activation energy.  

Since the electrical conductivity is the proportionality constant between the current density J and 
the electrical field E, it can be alternatively described as the total sum of the product of the charge 
carrier concentration ni, the mobility µi and the charge (zi*e) of all charge carriers in a system (i) 
as given in (22). The charge carrier concentration influences the thermodynamics of a system and 
the mobility of a charge the kinetics. Since solid electrolytes are typically single ion conductors 
with a rigid anionic network (anions do not move), only the conduction of electronic charge 
carriers (electrons or holes) and not on anions has to be taken into consideration. Normally, the 
concentration and conductivity of these electronic charge carriers is several magnitudes lower 
than that of the ionic ones (this is a prerequisite for a good SE) and can be often neglected.  

 
𝐽
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Figure 13 Summary of influences on the pre-exponential factor, activation energy and mobility regarding ionic 
conductivity. 

Now, let’s take a look on what influences the ionic conductivity and tackle the question on how to 
change a material to increase its ionic conductivity. In the following, we focus on fast solid ionic 
conductors. In Figure 13, a variety of influences are assigned to the parameters influencing the 
conductivity (in the models above). Obviously, the overall composition of a system strongly 
influences its structure and properties. Regarding the structure, fast ionic conduction was found 
in both, crystalline and amorphous solids. For crystalline solids a highly ordered, immobile 
sublattice (i.e., e.g. a rigid anionic framework) providing continuous open channels for ion 
transport and a sublattice that minimizes the activation (migration) energy while providing high 
charge carrier concentrations within the mobile carrier sublattice were determined to be 
beneficial for ion transport.126  

In this work, we applied these structural design principles on a series of sodium 
phosphidosilicates14 (chapter 4.3). We went from Na23Si19P33 (T3T3), only possessing fully occupied 
sodium positions and relatively small channels between the rigid phosphidosilicate anionic 
framework to HT–NaSi2P3 (Na23Si46P69, T5T5) by formally adding charge neutral “Si3P4” increasing 
the supertetrahedra size from T3 to T5. This addition led to a structure with larger channels and 
only partially occupied sodium positions. These changes boosted the ionic conductivity from 
initially 2x10–9 to 4x10–4 S cm–1 at 25 °C and lowered the activation energy from 0.47 eV to 0.25 eV 
in HT–NaSi2P3. Consequently, these structural guidelines allowed us to develop the first non–oxide 
based fast potassium ion conductor KSi2P3, which is isostructural to its sodium cousin and exhibits 
a low Ea of 0.20 eV and an ionic conductivity of 3x10–4 S cm–1 at 25 °C.15 

A change in lattice volume, with in principle a larger lattice volume (more space for an ion to move) 
leading to a reduced activation barrier and an increased jump distance a can increase ionic 
conductivity. The lattice volume can be changed by either mechanical strain or strain introduced 
by a change in chemical composition. However, as a change in chemical compositions also alters 
parameters such as coordination environment, energy landscape and site disordering, the 
outcome on ionic conductivity is not easily predictable. Besides, structural bottle necks for ion 
migration can tighten although the lattice volume increases. As Krauskopf et al.132 demonstrated, 
the substitution of Ge4+ with Sn4+ in Li10Ge1−xSnxP2S12 leads to an initially unexpected lower 
conductivity. The origin of this behavior was deduced to an increase in the lattice softness and the 
strengthening of the local ionic bond between Li+ and S2− increasing the activation barrier. 
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The lattice properties can be tuned via substitution of atoms (usually isovalent substitution). One 
prominent example is the increase in lattice softness by the exchange of e.g. oxygen by sulfur that 
is generally regarded as beneficial for ion transport increasing the ion mobility µ and was known 
to decrease the activation energy.126, 129, 133 The covalency of atomic bonds (e.g. Li–S vs. Li–O) 
directly influence the softness or elastic stiffness of a lattice which is correlated to the lattice 
vibrations (phonons). The anion polarizability (e.g. I– better polarizable than Cl–; lattice with I– 
softer than with Cl–) influences the oscillator strength of a lattice and thus the attempt frequency 
ν0 of an ion hopping. The attempt frequency is related to the activation energy (migration enthalpy) 
carrying the ion across the saddle point of a transition state during ion hopping (as depicted in 
Figure 12). However, as recently shown by Kraft et al.102 and being in accordance with the Meyer–
Nedel–rule (compensation effect), the lattice vibrations and correlated attempt frequencies do no 
only influence the activation energy but also the pre–exponential factor σ0 (cf. equation (18)). A 
lattice softening leads to a decrease in activation energy and pre–exponential factor via a change 
of the attempt frequency and by a change in the entropy of migration.134, 135 The Ea and σ0 tend to 
compensate each other not necessarily leading to a higher ionic conductivity with increased lattice 
softness. In cases where the Meyer-Nedel-rule applies, improving the conductivity via engineering 
of the lattice softness is inherently limited. A way to lower the energy barrier and to increase the 
pre–exponential factor simultaneously was demonstrated recently by Di Stefano et al.136 They 
showed for LiTi2(PS4)3 that the highly distorted coordination polyhedra of lithium ions lead to a 
frustrated energy landscape manifesting itself by lowering the energy barrier, but increasing the 
pre–exponential-factor by a raise in entropy and average jump distance for lithium ions. In this 
work, we suspect a similar influence in the Na5AlS4–Na4SiS4 substitution series16 (chapter 4.5), 
rationalizing the superior properties of Na8.5(AlS4)0.5(SiS4)1.5 in respect to the border phases by a 
flattening of the energy landscape by the presence of highly distorted sodium coordination 
polyhedra. Further studies are necessary on the complex interplay between structural factors and 
the energetics of ion transport in these systems. 

Staying within a certain structure type, excess or deficiency of charge carriers (e.g. Li+) caused by 
or without aliovalent substitution of atoms (i.e. introduction of point defects) leads to a change in 
defect and/or charge carrier concentration. Since extrinsic defects often dominate the ionic 
conduction process, this type of modification greatly enhances ionic conductivity. A change in 
composition, and/or in the synthesis method can severely influence the defect concentration. As 
elucidated for ball-milled seemingly cubic Na3PS4 by Krauskopf et al.137, the high ionic conductivity 
does not depend on the crystal structure but rather depends on differences in the defect 
concentration induced by the harsh ball–milling conditions. Synthesis via ball-milling or rapid 
quenching does not only influence the defect concentration, but also the site disorder of cation 
and anions as recently shown for rare earth halides Li3MCl6 (M = Er, Y) 138 and halide containing 
lithium argyrodites Li6PS5X (X = Cl, Br, and I)103, 104. In ball-milled Li3MCl6 (M = Er, Y), where Er/Y are 
disordered to a new position, a cation defect emerges that improves the ionic conductivity and 
decreases the activation barrier. In Li6PS5X (X = Cl, Br, and I), the site-disorder between S2− and X− 
can be engineered via rapid quenching from high temperatures. The site-disorder, present at high 
temperature is kinetically trapped by the fast cooling and leads to a decrease in the jump distance 
between clustered lithium ions (cages) that are present in the lithium ion substructure. These 
cages expand with anion site disorder, leading to better connected pathways for ion migration 
enhancing the overall ionic conductivity. 

Long-range cation-disorder plays a huge role facilitating lithium ion diffusion in lithium-excess 
cation-disordered rock–salt–type lithium metal oxide cathode (DRX) materials. 139, 140 Usually, 
high-energy density cathodes are well–ordered, layered materials with lithium ions and other 
cations occupying distinct sites. In disordered Li1.211Mo0.467Cr0.3O2, Lee et al.139 observed an 
unexpectedly facile lithium diffusion. From calculations, they deduced the percolation of a certain 
type of active diffusion channel in disordered Li–excess materials to be responsible for the 
enhanced diffusion. However, local distortion and short-range order (SRO) in seemingly cation-
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disordered materials should not be underestimated as already shown DRX cathode materials by Ji 
et al.140 and can inhibit fast lithium diffusion worsening the overall battery performance. They 
explain the hindered lithium ion transport in Li1.2Mn0.4Zr0.4O2 compared to the isostructural 
Li1.2Mn0.4Ti0.4O2 by a difference in SRO, which is only detectable by local methods such as 
transmission electron microscopy. In this work, our study on Li3NbS4 and Li3TaS4 (chapter 4.1) 
touches upon this topic and highlights the importance of thorough microstructure analysis, as SRO 
can be decisive for the electrical properties. 

Another phenomenon that influences the ionic conductivity is the controversial “paddle wheel” 
effect (or “revolving door”) that is used to describe a coupled cation–anion transport.129, 141, 142 As 
described by the paddlewheel effect, polyanions such as SO4

2-, closo-borates, PS4
3- and others do 

not show translational motion, but show a certain freedom for rotation facilitating the ion 
migration. The revolving door mechanism says that ion migration leads to rotation of the anion. 
Currently, the exact mechanism is still unclear. 

Fast ionic conduction is not only present in crystalline solids, but also in amorphous material such 
as inorganic glasses.126, 143 Therefore, the existence of a highly ordered lattice with suitable ion 
channels can be helpful, but is not necessary to allow for fast ion conduction. The absence of long–
range order (equivalent to liquids) characterizes amorphous materials. However, they retain a 
certain short–range order. The ionic conductivity of a material e.g. lithium thiophosphates in the 
amorphous state can be superior compared to its crystalline counterpart,144 however, it can also 
be the other way round. For instance, even only the presence of a minor amorphous side phase 
in a crystalline solid electrolyte can have a severe detrimental influence on the performance as 
demonstrated for the glassy ceramic Li7SiPS8 by Harm et al.17  

A rather special case, touched upon in this thesis, is the water–assisted lithium ion conduction in 
restacked lithium tin sulfide nanosheets (chapter 4.7).145 Here and in crystalline Li2Sn2S5–
hydrates,116 the systems represent the borderline case between ionic conduction in a solid vs. a 
liquid (i.e. aqueous solution). In the Li2Sn2S5 hydrates and restacked Li–TS, upon hydration with 
gaseous water lithium ions are coordinated with water molecules between the tin sulfide anionic 
layers due to the large hydration energy of lithium (leading to a swelling of the material). During 
conduction, the anions stay rigid, but the lithium ions can move much faster than in the parental 
water–free Li2Sn2S5 anhydrate as the intercalated water screens the interaction of the lithium ions 
with the ionic framework.  

3.2 Measurement of the specific conductivity  

The following introduction on the measurement of the specific conductivity of solid electrolytes 
by terms of impedance spectroscopy is compiled from textbooks from Orazem146, Laszia147, 
MacDonalds148 and a review from Huggins149. Other sources are marked where they were used. 

The specific conductivity σ [S cm–1] (S = Siemens = Ω–1), which is a key property of many materials 
and can arise either from the movement of electrons, holes or ions and is calculated via equation 
(23) by dividing the thickness d by the area A times the resistance R of the sample. 

 𝜎 =
𝑑

𝐴 ∙ 𝑅
 (23) 

The resistance R of a conductor can be measured by applying a direct current (DC) and measuring 
the resulting voltage following Ohm’s law (24).  

 𝑅 =
𝑈

𝐼
 (24) 
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However, this technique can be only applied if suitable non-blocking electrodes for the respective 
charge carrier are available leading to a rectangular response curve upon the DC application as 
shown in Figure 14a. For electrons and holes a simple metal is suitable, but for an ionic conductor 
an appropriate material that conducts both the same ionic species and electrons is needed 
otherwise one of the charge carriers is blocked at the interface of the electrode leading an increase 
of the voltage over time similar to Figure 14b.128  

 
Figure 14 a) rectangular shape of voltage response to a current I0 according to Ohm’s law (24) if non-blocking electrodes 
are applied b) polarization curve if ion–blocking electrodes are used.  

For e.g. a lithium ion conductor, the use of lithium metal or lithium metal alloys is possible, but 
often leads to practical limitations. Due to the high negative potential, these material reduce the 
material that is characterized and dramatically altering its properties. Therefore, the destruction–
free method of choice is to apply ion–blocking electrodes (a non–alloying metal) and use 
impedance spectroscopy to determine the ionic resistance. The partial electronic conductivity is 
measured via galvanostatic or potentiostatic polarization with ion–blocking electrodes (cf. chapter 
2.2.2).150

3.2.1 Impedance spectroscopy of solid ionic conductors 

Impedance spectroscopy is a standard technique to probe electrochemical properties and was 
developed for a broad variety of applications. It allows probing interfacial processes such as redox 
reactions and adsorption to investigate for example the corrosion of materials and electrocatalytic 
reactions. It can help to elucidate geometric effects (e.g. linear, spherical or cylindrical mass 
transfer) or to simply determine the resistance of a solution. It is applied in many fields such as 
ionic conductors, batteries, fuel cells, sensors and membranes besides others.  

But what is actually impedance? A simple definition is as follows: the complex impedance Z of an 
electrical circuit is the response of an (electrochemical) system (in the steady state), as response 
to an alternating current (AC). In a measurement, the current response I and phase shift ϕ upon 
the application of a small perturbation voltage U is measured. From this the impedance is 
calculated, following Ohm’s law (24) on first sight. The unit of the impedance is [Ω]. The impedance 
of a resistor ZR follows Ohm’s law (25), because if a current is applied to a resistor the voltage 
follows immediately without a time delay.  

 𝑍ோ = 𝑅 =
𝑈

𝐼
 (25) 

If the impedance of more complex electrical circuit element such as an inductor (I) or a capacitor 
(C) is investigated, a dependence of the impedance on the time (i.e. on the frequency) is found. 
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The impedance ZL of an inductor, a simple metal coil with the inductance L, depends on the angular 
frequency ω as described in (26). 

 𝑍 = 𝑖𝜔𝐿 (26) 

The impedance of a capacitor Zc is proportional to the reciprocal angular frequency times the 
capacitance C.  

 𝑍 =
1

𝑖𝜔𝐶
 (27) 

Since an alternating current is typically described as a sinus function, the impedance Z can be 
calculated via (28) by dividing the voltage function U(t) by the current function I(t). The voltage 
function U(t) consists of the amplitude of the voltage U0 times sin(ωt) and current function I(t) 
includes a phase shift ϕ caused by the time delayed response of a system possessing inductive of 
capacitive properties. 

 𝑍 =
𝑈(𝑡)

𝐼(𝑡)
=

𝑈sin (𝜔𝑡)

𝐼sin (𝜔𝑡 + 𝜑)
= 𝑍

sin (𝜔𝑡)

sin (𝜔𝑡 + 𝜑)
 (28) 

In Figure 15, the current response of the basic electrical circuit elements a) resistor, b) inductor 
and c) capacitor with standard values (R = 50 Ω, L = 10 µH and C = 1 µF) is schematically shown. 
On the right, the current and voltage as a function of time is given. On the left, the so–called 
Nyquist plot that divides the impedance in a complex plane with a real (ZRe) and an imaginary (ZIm) 
part. This is possible by describing the AC current as a linear combination of a cosine and a sinus 
function and switching to polar coordinates by applying the Euler expression given in (29). By 
applying the Euler expression (29) in equation (28), the impedance is expressed as equation (30). 

 𝑒ఝ = cos(𝜔𝑡) + 𝑖𝑠𝑖𝑛(𝜔𝑡 + 𝜑) (29) 

 𝑍 =
𝑈(𝑡)

𝐼(𝑡)
=

𝑈 ∙ 𝑒ఠ௧

𝐼 ∙ 𝑒(ఠ௧ିఝ)
=

U

𝐼
∙ 𝑒ఝ  (30) 

Expression (30) can be split into the real and imaginary part as shown in (31). By convention, in 
the Nyquist plot, the positive Y-axis is the negative imaginary part. It equals all capacitive 
properties in the measurement. The frequency is only given implicitly with being large close to 0 
(ω → ∞, ZRe/Im → 0) and small at maximum distance from 0 (ω → 0, ZRe/Im → ∞). 

 𝑍 =
U

𝐼
∙ 𝑒ఝ = |𝑍|𝑒ఝ = 𝑍ோ + 𝑖𝑍ூ

 (31) 

In the middle of Figure 15, the so–called Bode plot shows the magnitude of impedance vector |Z| 
and the phase shift ϕ as function of frequency. The magnitude is calculated via (32) and the phase 
angle is defined as (33). 

 |𝑍| = ට𝑍ோ
ଶ + 𝑍ூ

ଶ  (32) 

 𝜑 = tanିଵ(
𝑍ூ

ଶ

𝑍ோ
ଶ ) (33) 
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A simple resistor gives only one value in the Nyquist plot and straight line with no phase shift in 
the Bode–Plot, because it shows no dependence on the frequency. The impedance of a capacitor 
increases to infinity (-ZIm → ∞) with decreasing frequency (ω → 0) and shows a phase shift of –
90 °. The inductor shows the same behavior but with opposite sign (ZIm → ∞; ϕ = 90 °).  

 
Figure 15 Impedance response of the simple circuit elements a) resistor, b) a capacitor and c) an inductor given in a 
Nyquist plot (left), a Bode plot (middle), and the U/I curves as function of time.  

Circuit elements re combined by Kirchhoff’s law for a combination in series (34) or in parallel (35). 
Impedance spectra of typical combinations of circuit elements are given in Figure 16. 

 

 
 

𝑍 = 𝑍ଵ + 𝑍ଶ = 𝑅 +
1

𝑖𝜔𝐶
 (34) 

 

1

𝑍
=

1

𝑍ଵ
+

1

𝑍ଶ
=

1

𝑅
+ 𝑖𝜔𝐶 ; 𝑍 =

𝑅

1 + 𝑖𝜔𝐶
 (35) 
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Figure 16 Impedance response of typical combination of circuit elements a) resistor and capacitor in parallel, b) inductor 
in series with a resistor and a capacitor in parallel c) a resistor and a capacitor in parallel with a second a capacitor in 
series. The spectra are given as Nyquist plot (left), as Bode plot (middle) and the U/I curves as function of time. 

A solid ionic conductor possesses a unique electrochemical behavior that is modelled by at least 
an equivalent circuit with a resistance and capacitor in parallel resulting in a semicircle in the 
Nyquist–plot (cf. Figure 16a, more details see 2.2.1.1). The resistance represents the ion 
conducting properties and the capacitor the dielectric behavior of the material. Depending on the 
frequency, the current can either pass through the resistance or the capacitor. At high frequencies 
(ω → ∞) the impedance of the capacitor is very low (lower than the impedance of the resistor ZR), 
thus the current passes unhindered and the total impedance is low (Figure 17a). When the 
frequency increases, ZC increases and the current starts to pass through the resistor (Figure 17b). 
When ZC exceeds ZR, the total current passes through the resistor and the semicircle in the 
Nyquist–plots intersects with the X-axis (no imaginary component of vector Z, no phase-shift ϕ=0, 
Figure 17c). The ZRe value obtained at this point gives the resistance R that is used to calculate the 
specific conductivity σ in (23). 
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Figure 17 Current flow as function of angular frequency.  

A capacitance C can be obtained by fitting the semicircle with an equivalent circuit model. By 
comparing C with literature data, often the origin of the capacitance can be assigned being either 
the bulk, grain boundaries or something else (see Table 1). If the capacitance is small ~10–12 F and 
corresponds to the bulk properties of a material, the relative permittivity (dielectric constant) εr 
of the material can be calculated via equation (36) using the relative permittivity of the vacuum 
ε0, the thickness of sample d and the area A. 

 𝜀 =
𝐶𝑑

𝜀𝐴
 (36) 

Since a typical dielectric constant of a non–polar solid is in the range of 1–100 (vs. ferroelectric 
materials that have much higher dielectric constants), a value above this threshold hints to other 
processes rather than the bulk response. 

Table 1 Possible interpretation of capacitance values adapted from ref.151 

Capacitance / F Possible origin 
10–12

 bulk 
10–11 Minor, second phase 
10–11–10–8 Grain boundary, current contrictions152 
10–10–10–9 Bulk ferroelectric 
10–9–10–7 Surface layer 
10–7–10–5 Sample–electrode interface 
10–4 Electrochemical reaction 

In Figure 16b an inductor influences the impedance at high frequencies (ω → ∞) and leads to 
positive ZIm values. Such a behavior is regularly observed, if long cables (that behave as a simple 
inductor) and frequencies > 1 MHz are used. A typical value of inductance of 1 m of cable is about 
1 µH.153 

In a typical experiment, the solid ionic conductor is placed between two blocking metal electrodes. 
Therefore, the ions are blocked at the interface to the electrode and accumulate (they cannot 
penetrate into the metal). Thus, a polarization at the electrode takes place equaling the behavior 
of another capacitor placed in series to the material (cf. Figure 16c). If this capacitor shows an 
ideal behavior, the polarization leads to a straight line (-ZIm → ∞, ϕ = –90 °) going upwards in the 
Nyquist plot.  

If the semicircle or the spike representing the ion polarization is depressed or deviates from –90 °, 
respectively, the empirically developed constant phase element (CPE) can substitute the ideal 
capacitor in an equivalent circuit model. This can happen if a distribution of relaxation times is 
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present, which is observed frequently for polycrystalline samples with e.g. a certain surface 
roughness, heterogeneity and inhomogeneity in the material. For liquid electrolytes the 
polarization often shows a ϕ of 45 °, which is modelled with a Warburg element and represents a 
diffusion limited regime for the polarization of ions. As to our knowledge, for ion conducting solids 
this context has not be shown to apply, thus we refrain from using the Warburg element for 
modelling such a non-ideal capacitor and restrict ourselves to the use of a CPE for modelling. 

The impedance ZCPE of this empirical parameter is given (38) where Q is the effective CPE 
coefficient and α is the CPE’s exponential factor. 

 𝑍ா =
1

𝑄(𝑖𝜔)ఈ
 (37) 

If the CPE is placed in parallel to an resistor, an effective capacitance Ceff can be calculated by the 
Brug-equation154 (38) with Q being the effective CPE coefficient, R the resistance in parallel to the 
CPE, α a fitting parameter between 0 < α < 1 (if α = 1 the CPE is an ideal capacitor).  

 
𝐶 = ൬

𝑄

𝑅ିଵ
൰

ଵ/
 (38) 

In Figure 18a typical impedance spectrum of a solid electrolyte with contributions stemming from 
the bulk properties, grain boundaries and an imperfect polarization of ions at the electrodes is 
simulated with the respective values. Since a fitting of such a spectrum with an equivalent circuit 
model is not unambiguous and always demands the application of a reasonable model for 
interpretation, complementing analytical techniques should be applied. Such techniques could be 
analysis of the surface morphology, structure, microstructure, composition, and dc 
electrochemical characterization and many more. In general, studies may begin with simple and 
well understood sample followed by a subsequent increase in complexity e.g. a substitution series. 

 
Figure 18 typical response of a real solid electrolyte sample showing several contributions to the impedance.  

3.2.1.1  Microstructural models for polycrystalline solids 

To probe the bulk ionic conductivity of a material directly, impedance spectroscopy can be applied 
on single crystals. However, since this is sample– and instrumental–wise very demanding and 
often even impossible (either large single crystals are necessary, or single grains of an electron 
beam stable sample are evaluated using microcontacts)155, 156, in practice the ionic conductivity of 
polycrystalline powder samples is measured most often. As the presence of secondary phases 
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including impurity phases, grain boundaries and even the atmosphere from the environment (i.e. 
porosity of a sample) and (imperfect) interfaces such as the sample–electrode–interface influence 
the impedance response of a sample, one can think of such a system in terms of different simple 
layer models as depicted in Figure 19.157 If enough information on the system under investigation 
is available (e.g. thickness of the grain boundary), these models can help to deduce the 
microscopic properties such as the resistivity of the grain boundary phase. Otherwise, the 
measured properties such as the resistivity of a sample (after correction for length/area) are only 
macroscopic properties meaning that the microscopic conductivity of e.g. the grain boundary can 
deviate from the macroscopic conductivity.148  

 
Figure 19 Series, parallel and Brick-Layer-Model for a two phase system of a polycrystalline ionic conductor with 
respective equivalent circuit models. 

The simple arrangement of two phases between a pair of electrodes is either in parallel or in series 
in respect to the electrode as drawn in Figure 19. In the series model158, a (R)(C)–elements is 
assigned to each phase representing the ion conducting and capacitive properties of the solid as 
described above (cf. chapter 33). These two phases are in series to each other resulting in a linear 
mixing of their resistivities. This is represented by the serial arrangement of the two (R)(C) –
elements. In the impedance spectrum two semicircles are present and well resolved if the 
capacities differ enough. In the parallel model, the phases are stacked across the electrodes and 
parallel to each other. This leads to linear mixing of the conductivities that is represented by a 
parallel arrangement of the two (R)(C)–elements. However, this arrangement is equivalent to a 
single (R)(C)–element which shows only one relaxation (semicircle). The contributions of the two 
phases cannot be distinguished. For a real polycrystalline sample, these two models are over 
simplified and especially the layer model cannot describe the behavior of grain boundaries in solid 
electrolytes. A more realistic picture is drawn by the Brick–Layer–Model159, 160 (cf. Figure 19), 
where the microstructure is treated as an array of cubic grains covered by thin a layer of grain 
boundary (normally in 3D, but in Figure 19 simplified to 2D). The thickness of the grains (bulk) is 
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much larger than the thickness of the grain boundaries Dbulk >>> dGB. In this system, the current 
can flow depending on the respective conductivities σbulk and σGB either through the grain and 
across a grain boundary (case 1) or within the grain boundaries (case 2). If the conductivity of the 
grain boundaries is high (σGB >> σbulk), the current flows within the grain boundary (case 2) and the 
impedance spectrum does not contain information about the grain properties (consistent with 
parallel model). If the conductivity of the grain boundaries is low (σbulk >> σGB), the current flows 
through the grains and across the grain boundary (case 1). This is consistent with a situation in the 
series model leading to two contributions in the impedance spectrum. To obtain information 
about the nature of the “grain boundary” material, complementary methods such as electron 
microscopy or temperature dependent measurements assessing the activation energy of the 
present processes give information. If the activation energy of the “grain boundary” differs largely 
from the activation energy of the bulk (i.e. higher), the presence of a real second phase (= grain 
boundary) or a space–charge region161 seems plausible. Space–charge regions form near 
interfaces to compensate for defects and impurities segregated to surfaces, grain and phase 
boundaries introducing a resistive layer into the system.126, 161 If the activation energy of the “grain 
boundary” is very similar to the bulk, this second phase could just be the inclusion of atmosphere 
into a porous sample leading to current constriction equaling the situation of the presence of a 
resistive second phase.152, 162 This can be the case if a sample is not 100 % dense or e.g. imperfect 
grain–to–grain contacts are present. Both cases are rather the rule than the exception. Or in other 
words, there are regions of good contact between grains where ions can pass through easily (“easy 
paths”) and regions where ion conduction is hindered.163 Since, in the second phase there is no 
fundamentally different activation barrier for ion hopping, the activation energy of the resistance 
stemming from current constriction equals the activation energy of the bulk.  

Calculations, based on finite–elements, taking a non–ideal microstructure into account that 
substantially influences the “grain boundary” semicircle in an impedance spectrum of a 
polycrystalline material where developed by Fleig et al.162 152, 164, 165  These show the limit of the 
Brick–Layer–Model: an irregular shape and size of grains, as well as non–ideal and different 
fractions of contact area, and many more factors influence the size and shape (depression) of the 
low frequency semicircle (“grain-boundary” semicircle). The Brick-Layer-Model sets the basis to 
understand ion conduction in polycrystalline solids, but the exact impedance response is 
influenced by a large variety of factors and a deconvolution solely based on impedance 
spectroscopy is rather impossible.  

In reality, especially for soft materials such as fast sulfide based solid electrolytes (e.g. LGPS–type 
materials) a deconvolution of the bulk and grain boundary contributions is inherently difficult.166 
The bulk ionic conductivity is often extremely high, and its impedance response is only measurable 
under extreme conditions such as low temperatures (–140 °C) or at high frequencies > 10 MHz. 
The grain boundaries are not highly resistive and show a very similar activation barrier as the bulk. 
The microstructure of these materials can be very complicated and since these materials are not 
stable in the electron beam, only limited information about the microstructure of fast sulfide 
based solid electrolytes is available so far.  

3.2.1.2 Remarks on bias errors, artifacts and convolution of processes 

Since in impedance spectroscopy only the resulting net current and phase shift of a sample and 
measurement setup as function of frequency are measured, the existence of many bias errors, 
convolution of processes, and other influences has to be kept in mind. An extensive discussion of 
bias errors can be found by Orazem146 and MacDonalds148. From a user perspective, the following 
influences are particularly important: 

1) Bias errors can arise from the instrument set up. Parts of the measured system are not the 
investigated sample, but electrical components such as wires and connectors, also giving rise to 
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impedance in particular at high frequencies. These have to be identified in terms of model 
identification and minimized by optimizing the setup. 

2) The system under investigation can show non-stationary behavior during a measurement (in 
particular at low frequencies). A non-stationary behavior is caused for example by a change in 
temperature, change in concentration and growth of interface among others. To identify such a 
deviation from the stationary behavior, the Kramers–Kronig–relation is applied. Under the 
conditions of causality, linearity and stability of a system, it allows to calculate of the real part of 
the impedance from the frequency and the imaginary part, or vice versa. If the system does not 
behave accordingly, a deviation between the measured data and the calculated data via the 
Kramers–Kronig–relation occurs. In this work, the test was applied through the software Relaxis3 
from RHD INSTRUMENTS. This program is based on a modelling of the data by a long series of (R)(C)-
elements and a subsequent linearization of the problem.  

3) The choice of measurement parameters, especially the amplitude of the excitation voltage is 
very important. The excitation voltage should be as small as possible, to keep the investigated 
system in the linear (ohmic) regime where a current responds linearly to an applied voltage 
(R = U/I). Typically, the root mean square of the excitation voltage has a value of 0.01–0.1 V for 
solid electrolytes. By checking the impedance response to differing voltages, the linearity of a new 
sample in the region of choice can be confirmed. Alternatively, the Kramers–Kronig–relation can 
be applied.  

4) The preparation of the sample is of crucial importance. If a new material is characterized, it 
should be as phase pure as possible. Especially the presence of highly conducting side phases 
(electronically or ionically) is undesired, because these could dominate the overall impedance of 
the system. The surrounding atmosphere and temperature also influences the system and its 
conductivity. Often even trace amounts of water can adsorb onto the surface of a material leading 
to conduction on the surface, or changing the degree of doping etc. To assess the bulk properties, 
a polycrystalline material should be compacted into a pellet as dense as possible. If helpful, a 
sample pellet can be directly synthesized and/or sintered after pelletizing and/or hot–pressed into 
a pellet. Deconvolution of bulk and other influences on the conductivity is in principle possible by 
e.g. temperature, pressure, bias and thickness dependent measurements. Alternatively, the 
microstructure such as particle size and shape can be varied.  

5) To ensure a good contact of the sample with the electrodes, the surface should be as smooth 
as possible. This avoids additional sample–electrode resistances and poor shape of the impedance 
spectrum by a convergence of the capacitance values or the different processes.149 Therefore, 
samples can be polished (if possible) or the electrode itself can be applied via techniques such as 
sputtering leading to a low surface roughness and thus to a maximal contact with a rigid electrode 
(e.g. common stainless steel electrode). Moreover, a suitable electrode material avoiding reaction 
with the material under investigation (be aware of non-blocking electrodes) or even alloying with 
charge carrier needs to be selected. Therefore, e.g. for lithium ion conductors, ruthenium metal 
that does not allow with lithium is suitable. Using other materials such as gold, platinum, indium 
or graphite should always be critically checked in the applied parameter range. Electrodes made 
from materials such as indium metal and graphite foil are mechanically soft and can improve the 
electrode contact if other techniques are not available.  

6) To obtain good data, a sufficiently high signal to noise ratio should be ensured by e.g. averaging 
over several measurements per frequency. For temperature dependent measurements at least a 
heating and cooling cycle should be analyzed. 
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3.2.2 Potentiostatic and galvanostatic polarization measurements for determining partial 

electronic conductivity and transference numbers 

To determine the partial electronic conductivity and the ionic transference number of a mainly 
ionic conducting sample (solid electrolyte) or a mixed ionic–electronic conducting sample 
(electrode material), direct current (DC) galvanostatic or potentiostatic polarization 
measurements with ion–blocking electrodes can be applied. From the presence or absence of a 
polarization in the EIS measurements, the majority charge carrier in the system can be identified 
either as electronic (no polarization) or ionic (polarization), respectively. According to Maier et 
al.167, 168, the processes in a mixed conducting sample can be described with the equivalent circuit 
model in Figure 20 as a parallel arrangement of electrical Reon and ionic resistance Rion with the 
bulk capacitor Cbulk and the ion blocking capacitor Cblock.  

 
Figure 20 a) equivalent circuit model of a mixed ionic–electronic conducting sample between blocking electrodes and 
b) a exemplary voltage curve with an IR drop VIR and a saturation voltage Vs. 

For the DC polarization measurement, typically, a small current or moderate voltage is applied 
until a steady state of the corresponding voltage or current, respectively, is reached. The observed 
initial sharp IR-drop after turning on the current (or voltage) represents the total resistance of the 
sample in the time interval of the measurement (VIR = IRtot, typically measured in 0.1 s). The total 
resistance Rtot includes the ionic and eletrotronic contributions Rion and Reon in parallel: 

 
1

R୲୭୲
=  

1

Rୣ୭୬
+

1

R୧୭୬

 (39) 

At the steady state, the saturation voltage Vs  representing the electronic resistance (Vs = IReon), is 
obtained. From this the partial electronic conductivity can be calculated via equation (23). If a 
sample does not reach a steady state, the estimated partial electronic conductivity represents an 
upper limit.   

Subsequently, the determination of the partial conductivities via EIS (σion) and DC polarization (σeon) 
allows the calculation of the ionic transference numbers ti,: 

 t୧ =
σ୧୭୬

σ୧୭୬ + σୣ୭୬

 (40) 

For a mainly ionic conductor, the transference number is ideally close to 1.0 to avoid a reduction 
of the material and a shorting of e.g. a battery cell. If the transference number is much greater 
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than zero, but much smaller than one, a material is considered being a mixed conductor.169 For an 
electrode material (mixed conductor) both partial conductivities should be large. 
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3.3 Measurement of ion diffusivities via pulsed field gradient NMR 

Pulsed field gradient NMR (PFG NMR) allows probing the tracer diffusion coeffienct Dtr giving 
information about the long-range diffusion in a material that is linked to the ionic conductivity by 
the Nernst–Einstein–equation (cf. equation (16) and (17)).129 This is an invasion and contact free 
alternative to the application of impedance spectroscopy to obtain information about the ion 
transport kinetics in a material. PFG NMR can be applied on different nuclei such as 1H, 7Li, 19F, 
23Na and 31P in liquids and solids. The only prerequisite for a successful measurement is that the 
diffusion coefficient is high enough in the temperature range accessible with the respective NMR 
spectrometer.  

As depicted in Figure 21, the motion of molecules or ions is determined in relation to the locally 
varied magnetic field by measuring an attenuation of the NMR signal in a spin–echo–
experiment.170 A gradient coil (Maxwell–coil) generates the local varied magnetic field and 
applying a gradient causes a frequency variation of nuclei as a function of position along the 
direction of the gradient. The first gradient pulse leads to a dephasing of the nuclei spins, thus the 
magnetization vectors rotate differently at different positions in the tube cancelling out the total 
signal. Within the diffusion time Δ, the nuclei diffuse changing their position accordingly. The 
second gradient pulse leads to a refocusing of the nuclei spins, thus the total signal reappears. The 
physical movement of the nuclei reduces the effectiveness of the refocusing pulse reducing the 
resulting signal strength (I). The field gradient strength g and duration of the magnetic field 
gradient pulse δ determine the distance that a nucleus can diffuse and still yield a signal.171  

 
Figure 21 Working principle of PFG NMR measurement: the by ionic motion attenuated signal is observed with a 
stimulated spin echo experiment (PFG-SSE in the observation channel.  

By increasing the gradient strength g (the variable in the measurement), the intensity being the 
observable of the measurement (either integration over the area of the static NMR spectrum or 
intensity of the signal) decreases accordingly as schematically drawn in Figure 22. Subsequently, 
the data is evaluated by processing the measured echo attenuation curve I(g, δ, ∆) using the 
Stejskal–Tanner equation (41).172 With γ being the gyromagnetic ratio of the nucleus under 
investigation, g the strength and δ the duration of the pulse field gradient, Dtr is the tracer diffusion 
coefficient, and ∆ the time interval between the field gradients. 

 

𝐼(𝑔, 𝛿, 𝛥) = 𝐼𝑒൫ିఊమఋమమ൯ೝ(௱ି
ఋ
ଷ

) (41) 
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Figure 22 Attenuation of signal intensity by increasing the gradient strength as observed in a PFG NMR measurement 
to extract the tracer diffusion coefficient by fitting with the Stejskal–Tanner equation. 

Tuning g and Δ allows investigating processes occurring at different time and length scales. In 
general, PFG NMR probes the motion of ions on the time scale of 10–2 to 1 s with a length scale of 
about 10 µm. Equation (42) estimates the isotropic diffusion radius of the observed nucleus.173  

 
𝑟௦ = ඥ2𝐷ேெோ𝛥 (42) 

The diffusion coefficient obeys an Arrhenius-type law in a temperature dependent measurement.  
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4. Experimental, Results and Discussion 

4.1 Taking a closer look: (Micro)Structure and electronic properties of rock-salt 

type Li3NbS4 and Li3TaS4  

A.-K. Hatz, S. Harm, V. Duppel, R. Hooijer, P. Minnman, L. Balzat, J. Blahusch, D. H. Fabini, B. V. 

Lotsch 

Abstract 

One approach to improve lithium ion batteries is the 

implementation of novel cathode materials based on 

lithium metal sulfides. These materials are cobalt- and 

nickel-free alternatives to state-of-the-art oxide cathodes 

and they promise a better compatibility with sulfide-based 

solid electrolytes supporting the development of high 

performance all-solid-state-batteries (ASSB). One of these 

materials is ball-milled Li3NbS4 that has been only 

rudimentarily characterized to date due to its low 

crystallinity. Here, we have synthesized phase pure and 

highly crystalline Li3NbS4 and its heavier homologue 

Li3TaS4 via high temperature synthesis and analyzed their 

structure and electronic properties. Both compounds crystallize in a low-temperature polymorph 

which is isostructural to the cubic cation-ordered rock-salt-type Li3NbO4 ( 𝐼4̅3𝑚 , Nr. 217) 

corroborating the proposed rock-salt-type structure of ball-milled Li3NbS4. Crystallization from the 

melt yields a high temperature tetragonal polymorph with a new structure type exhibiting an 

alternative cation-order (𝑃41212 , Nr. 92). By a combination of computational methods, we show 

that the observed ordering reflects a competition between electrostatic considerations, covalency, 

and a tendency to avoid extended connectivity that is not observed in the corresponding oxides. 

Anomalies in the powder X-ray diffractogram of cubic Li3NbS4 are explained by a defect-rich 

microstructure elucidated by high-resolution transmission electron microscopy reflecting the 

tendency to preserve isolated [M4S16]12—clusters (M = Nb, Ta). Consistent with the local cluster 

motif, both materials possess pronounced bandgaps and are poor, predominately electronic 

conductors (< 10–8 S cm–1), while cubic Li3NbS4 fails as cathode active material in an ASSB. These 

findings are in direct contrast to the reports on superior battery performance of ball-milled Li3NbS4, 

hinting to a large influence of amorphous phases or the absence of short-range order induced by 

ball-milling opening up new starting points for the evaluation of ball-milled sulfide-based cathode 

materials.  

Introduction 

Lithium ion batteries (LIBs) are the state of the art energy source for a variety of devices ranging 

from portable consumer electronics to electric vehicles and beyond. For further improving the 

performance in terms of high energy density, long cycle life and fast charge/discharge kinetics, 

different strategies are currently being pursued. All-solid-state-batteries (ASSBs), for instance, 

promise high charging rates by incorporating fast ion conducting solid electrolytes, as well as an 

increase in energy density by enabling the use of a lithium metal anode.1-4 Recently, high 
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performance systems without providing a lithium metal reservoir (lithium foil) in the discharged 

state were introduced, optimizing the energy density even further.5, 6 Another way to increase the 

capacity is the implementation of high voltage cathodes or high-capacity cathode materials that 

allow a reversible multi-electron process to incorporate more lithium.7, 8 Lately, materials based 

on sulfides that show anion redox chemistry, have emerged. 9-19 They not only promise high energy 

densities, but also cobalt- and nickel-free alternatives to stat-of-the-art high-capacity cathode 

materials for LIBs. 

In cells employing standard liquid electrolytes and metal sulfides such as Li2TiS3 or Li3NbS4 as the 

cathode, capacities between 339 mAh g–1 for layered Li2TiS3
11, 386 mAh g–1 for rock-salt-type 

Li3NbS4
10

 and 425 mAh g–1 for rock-salt-type Li2TiS3
10 have been reported. The potential ranges 

between ∼2.2–2.5 V vs Li+/Li and 2.5–3.5 electrons are transferred (multi-electron process). Their 

theoretical gravimetric specific energy is between 780–850 Wh kg–1 exceeding that of standard 

NCM–622 (lithium-nickel-cobalt-manganese-oxide) of 590 Wh kg–1. 

The exact mechanism of the anion redox chemistry remained unclear until recently: after reports 

on Li1.33−2x/3Ti0.67−x/3S2.28
16 that mentioned sulfide oxidation upon delithiation (charging), Flamary-

Mespoulie et al.11 confirmed the formation of S2
2- species via X-ray photoemission spectroscopy 

(XPS) in the layered sulfide LiTiS2-Li2TiS3 series. Almost at the same time, Hansen et al.12 reported 

on lithium-rich layered iron sulfide Li2FeS2 showing that delithiation results from oxidation of Fe2+ 

to Fe3+ followed by reversible formation of polysulfides (S-S bonds; S2
2-). Thus, Li2FeS2 can 

reversibly store ≥1.5 electrons per formula unit and supports extended cycling. 

High reversibility of the anion redox in some cathode materials seems to be supported by 

amorphization during charging (delithiation) with a return to the pristine crystal structure during 

discharging (lithiation). Disordered cubic rock-salt-type Li2TiS3
9, 10 and disordered antifluorite-type 

Li3CuS2
13 show such a behaviour that enables the reversible formation of polysulfide bonds, 

without irreversible structural degradation. Hints to a similar behaviour were found for the solid 

solution series xLi2S∙NbS2∙(2-x)S (x=0.5–2; LiNbS4-Li4NbS4). 18, 19 Additionally, amorphous species 

play a vital role during cycling of mechanochemically prepared amorphous NbSx (x=3–5). 20 

To enhance the performance of LIBs, first attempts to combine ASSBs and lithium metal sulfide 

cathodes were made.10, 13, 14, 19 In theory, several advantages can be deduced for such a system. 1) 

The combination of lithium metal sulfide with thiophosphate based solid electrolytes such as 

crystalline Li3PS4, Li2S∙P2S5 (LPS) glasses, Li6PS5X (X=Cl, Br, I), Li10Ge2PS12-type materials etc. seems 

promising since both material classes are mechanically soft and intimate contact between these 

materials can be realized by simple cold pressing. 2) The redox potential of regular metal oxides 

exceeds the thermodynamic stability of thiophosphate-based electrolytes,21, 22 i.e. the 

thiophosphates are oxidized at the interface to the metal oxide cathode particles, leading to an 

overall decline in cell performance.21 However, to first approximation, oxidation at the interface 

with metal sulfide cathodes is not expected, potentially leading to a much more stable cell 

performance. 3) The inherently higher electronic conductivity of lithium metal sulfides with 

respect to isostructural lithium metal oxides should enable a cell fabrication without electronically 

conducting additives such as carbon, increasing the overall capacity and preventing side reactions 

with the solid electrolyte.23 

An ASSB of layered Li1.13Ti0.57Fe0.3S2
14 with β-Li3PS4 as solid electrolyte and a lithium anode 

exhibited good cyclability, small polarization, and no initial irreversible capacity. In the latter work, 

the layered metal sulfide was also proposed as a novel coating material for regular metal oxide 
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cathodes. First proof-of-principle experiments demonstrated superior cell performance. Besides, 

the aforementioned rock-salt type materials Li2TiS3 and Li3NbS4 were successfully combined with 

glassy LPS in an ASSB.10, 19  Both cells showed high capacities of about 300–400 mAh g–1 and a high 

capacity retention >90 % after 50 and 200 cycles, respectively. The cell working with Li3NbS4 

showed a good performance at higher currents as compared to its titanium counterpart 

(0.5 mA cm–1 vs. 0.1 mA cm–1).  

The X-ray powder diffraction pattern of Li3NbS4 synthesized via mechanochemical ball-milling 

(hereafter denoted as bm-Li3NbS4) showed only a few very broad reflections, indicating the 

presence of an amorphous side phase.10, 17, 19 A rock-salt-type structure was assumed in 

accordance with bm-Li3NbS4 crystallizing isostructural to cation-disordered Li3NbO4 (after nickel 

doping).24 However, the reported high electronic conductivity of >10–2 S cm–1 is unexpected for an 

un-doped rock-salt-type material with bonding character between ionic and covalent and a band 

gap of 1.4 eV (i.e. being a semiconductor according to simulations on cubic Li3NbS4 on the 

materials project platform (MP–769032)).25, 26 In cation-disordered nickel doped Li3NbO4
24

 the 

ionic contributions (conduction of lithium ions) dominate its electrical properties.  

We therefore set out to synthesize phase pure, highly crystalline Li3NbS4 to take a closer look at 

its structure and properties, unbiased by the presence of an amorphous side phase. As is well-

known from solid electrolytes, the presence of an amorphous side phase can strongly influence 

electronic and ionic transport.27 Such characterisation of structure and properties is necessary to 

understand why bm-Li3NbS4 is superior to the intercalation of lithium in metallic NbS2.28 For 

comparison, we synthesized the heavier homologue Li3TaS4. We find that at low temperatures 

both compounds crystallize in the non-centrosymmetric, cation-ordered rock-salt-derived 

Li3NbO4-type29, 30 structure with space group 𝐼4̅3𝑚 (Nr. 217). At high temperatures, both adopt a 

new cation-ordered, rock-salt-derived structure type, characterized by enantiomorphic symmetry 

in the tetragonal space group 𝑃41212 (Nr. 92). For phase pure cubic Li3NbS4 (cub-Li3NbS4), which 

can only be obtained upon quenching from moderate temperature, we find via high-resolution 

transmission electron microscopy (HRTEM) an intriguing microstructure of small, cation-ordered 

domains joined by planar defects, explaining anomalies in the powder X-ray diffractogram (PXRDs) 

that could be mistaken for cation disorder at first sight. We find that both materials are 

predominately electronic conductors with a low electronic and ionic conductivity of <1.5x10–8 

S cm–1 and that cubic Li3NbS4 fails as cathode active material in an ASSB. These results are 

rationalized by the computational investigation of the thermodynamics of cation ordering of rock-

salt type structures with a stoichiometry of Li3MS4 (M = Nb5+, Ta5+) by Madelung energies, a 

determination of the dimensionality of MV+–S connectivity, and the analysis of space group 

symmetry as well as an examination of the phase stability and electronic structure by DFT 

calculations. The observed ordering reflects a competition between electrostatic considerations, 

covalency, and a tendency to avoid extended connectivity that is not observed in the 

corresponding oxides, in accordance with the observed poor electronic and ionic conductivity in 

the here prepared Li3MS4 (M = Nb5+, Ta5+) compounds.  

Experimental 

Synthesis of single crystals 

Li3TaS4 and Li3NbS4 single crystals were obtained from a stoichiometric mixture of Li2S (99.9 % ALFA 

AESAR), Ta or Nb (powders, 99.9 % SIGMA ALDRICH) and S (sublimed in vacuo, GRÜSSING).  The mixture 

was placed in a glassy carbon crucible and sealed in a quartz tube under vacuum (10–3 mbar). The 
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mixture was heated at 950 °C for tetra-Li3TaS4 and at 750 °C for cub-Li3NbS4 for 30 h (110 °C/h) 

each. Subsequently, the products were cooled down with 30 °C/h to room temperature (RT) and 

red single crystals could be separated from a heterogeneous mixture containing LiNbS2 side phase. 

To obtain phase pure cub-Li3NbS4, the same initial reagent mixture was heated at 600 °C for 90 h 

(100 °C/h) and then rapidly quenched in a water bath to RT. A fine dark red powder was obtained. 

To obtain cub-Li3TaS4 and tetra-Li3NbS4, the same reaction mixtures were heated at 600 °C and 

850 °C for 90 h (100 °C/h), respectively. Subsequently, the products were cooled down with 

25 °C/h to RT. 

Energy dispersive X-ray spectroscopy 

Energy dispersive X-ray spectroscopy (EDX) was performed on a Jeol JSM–6500 and an electron 

field emission source with an EDX-detector from OXFORD Instruments.  

Transmission electron microscopy 

Bulk samples of cub-Li3NbS4 and tetra-Li3TaS4 were ground and distributed onto a holey 

carbon/copper grid. TEM was performed with a PHILIPS CM 30 ST microscope (300 kV, LaB6 cathode) 

equipped with a spinning star device enabling the use of precession electron diffraction (PED)31. 

Simulations of the diffraction patterns and the high-resolution micrographs (multi-slice formalism) 

were obtained with the JEMS software package.32  Images were taken with a TVIPS TemCam-F216 

CMOS Camera. 

Single crystal X-ray diffraction 

Single crystal X-ray diffraction measurements were performed on a BRUKER D8 Quest 

diffractometer with fixed-κ-geometry, an IµS microfocus-source with Mo-Kα1 radiation 

(λ = 70.93 pm), a graphite(001) monochromator, OXFORD CRYOSYSTEMS cooling and a PHOTON 100 

CCD-detector with Peltier-cooling. Crystal samples were prepared in 0.1 mm glass capillary tips in 

paraffin oil dried over metallic potassium. The structure solution and refinement were performed 

with the programs SHELXS97, SHELXL97, and PLATON.33 

Powder X-ray diffraction 

PXRD was measured on a STADI P diffractometer working in Debye-Scherrer geometry with Cu-Kα1 

(λ = 154.0562 pm) or Mo-Kα1 radiation (λ = 70.93 pm) and a Ge(111) monochromator. The powder 

was filled in a glass capillary under Ar atmosphere and sealed. Rietveld refinement was performed 

with TOPAS Academic v.5.34 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) 

For a quantitative assessment of the Li and Ta/Nb ratio in the samples, ICP-OES was performed 

with a VARIAN Vista-Pro and a VARIAN Vista RL spectrometer. The characteristic wavelengths are 

separated with an Echelle-Polychromator (VARIAN) and detected with a photomultiplier. The 

materials were digested in a microwave (Discover-SP-D von CEM) in concentrated HNO3 (65 %) and 

HF (40 %) in ratio of 1:2 at 155 °C for 25 min.  



4.1 Taking a closer look: (Micro)Structure and electronic properties of rock-salt type 

Li3NbS4 and Li3TaS4 

53 

 

 

Differential scanning calorimetry 

For differential scanning calorimetry (DSC) measurement, about 50 mg of samples was sealed in 

small quartz ampoules with ~5 mm outer diameter and ~15 mm length under Ar. For improved 

heat-flow, the quartz ampoules were placed in Pt-crucibles. The measurements were carried out 

using a NETSCH STA 449 F5 Jupiter with an Ar flow of 20 mL/minute in a temperature range 

between room temperature and 1020 °C for Li3TaS4 and 850 °C Li3NbS4 and heating/cooling rates 

of 5 and 15 K/min. The data was analyzed with the NETSCH Proteus software package. 

Electrochemical measurements 

Cylindrical pellets of Li3TaS4 and Li3NbS4 were prepared by uniaxial cold pressing (10 kN) with a 

thickness of 0.5–1.0 mm and a diameter of 5 mm. The pellets were sputtered with ruthenium 

metal as ion-blocking electrodes on both sides. Impedance spectra (1 MHz–1 Hz, rms AC voltage 

of 100 mV) and DC potentiostatic polarization were measured with an IVIUM compactstat.h (24 bit 

instrument) in a two-electrode setup after 1 h of equilibration time inside a glovebox under argon. 

For temperature control, RHD INSTRUMENTS TSC Battery cells were loaded onto a RHD INSTRUMENTS 

Microcell HC cell stand with an integrated Peltier heater. The analysis of the spectra was 

performed with RelaxIS3 from RHD INSTRUMENTS.  

Computational methods 

Calculations of phase stability and electronic structure were performed using the Kohn–Sham 

formulation of density functional theory with a plane-wave basis set and the projector-augmented 

wave formalism35 as implemented in VASP.36-38 Exchange and correlation were treated by the 

revised Perdew–Burke–Ernzerhof generalized gradient approximation functional for solids 

(PBEsol).39 Plane wave cutoff was 600 eV due to the anticipated steep gradients around small, 

electropositive Li+. Structures were relaxed to a force tolerance on the ions of 1 meV Å–1.  

Several tools implemented in pymatgen40 were utilized in the examination of the thermodynamics 

of cation ordering: Ewald summation of Madelung energies,41 determination of the dimensionality 

of MV–S connectivity,42and analysis of space group symmetry via the interface to spglib43. Random 

cation orderings were generated with custom python code. Crystal structures were visualized with 

VESTA.44 
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Results and discussion 

Structural characterization 

 

Figure 1 Depiction of a) cub-Li3NbS4 (𝐼4̅3𝑚 (Nr. 217)) being isostructural to Li3NbO4. The cation order gives rise to 
[Nb4S16]-clusters surrounded by lithium ions. b)  tetra-Li3TaS4 (𝑃41212 (Nr. 92)) has [Ta4S16]-clusters that are connected 
via edges in a plane rather than in a tetrahedron as in cub-Li3NbS4. 

By slowly cooling from temperatures below the melting point of Li3NbS4 and above that of Li3TaS4 

(cf. DSC measurements in Figure S2), red single crystals of Li3NbS4 and Li3TaS4 were obtained and 

used for structure determination (the crystallographic data and refinement parameters are 

summarized in Table 1). The stoichiometry was confirmed by EDX and ICP-OES measurements (cf. 

Table S11 and Table S12). Li3NbS4
 is isotypic to cation-ordered rock-salt type Li3NbO4

29, 30
 in the 

cubic space group  𝐼4̅3𝑚 (Nr. 217) and is hereafter denoted as cub-Li3NbS4 (crystallographic data 

given in Table 1, Table S1-Table S5). The structure can be viewed as decorated rock-salt structure45 

(cations are octahedrally coordinated by anions and vice versa building a three-dimensional 

network of edge-sharing octahedra) in which the nature of the cation order gives rise to isolated 

clusters of four edge-sharing NbS6 octahedra building Nb4S16-tetramers as shown in Figure 1a.  

These clusters can be viewed as 0D polyanions (no connection between polyanions) that are 

surrounded by lithium ions occupying octahedral positions. On the contrary, Li3TaS4 (hereafter 

denoted as tetra-Li3TaS4) crystallizes in the tetragonal space group ( 𝑃41212 , Nr. 92, 

enantiomorphous with P43212, Nr. 96) showing a different cation ordering (crystallographic data 

given in Table 1, Table S6-Table S10). The crystal structure of tetra-Li3TaS4 consists of [Ta4S16]-

clusters that are connected via edges in a plane rather than in a tetrahedron as in cub-Li3NbS4. 

Notably, Li3TaS4 is not isotypic to monoclinic Li3TaO4, which occurs in three different monoclinic 

polymorphs. As such, tetra-Li3TaS4 represents a new structure type.46-48  

Table 1 Crystallographic information and data for the structure solution and refinement of cub-Li3NbS4 and tetra-Li3TaS4 
on the basis of single crystal data. Standard deviations are given in parentheses.  

Formula Li3NbS4 Li3TaS4 

space group 𝐼4̅3𝑚 (Nr. 217) 𝑃41212 (Nr. 92) 

a / Å 10.2865(5) 10.2878(3) 

b / Å - 20.6069(6) 

Vcell / Å3 1088.44(9) 2181.01(11) 

Z 8 16 

ρX-ray / g·cm–3 2.953 4.020 
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μ / mm–1 3.567 21.520 

Θ-range / ° 4.85–39.99 2.21–40.00 

reflections measured 15394 61396 

independent reflections 663 6753 

parameters 21 148 

Rσ 0.0133 0.0210 

Rint 0.0399 0,0468 

R1 (F2>2σ(F2)) / all 0.0202/0.0206 0.0189/0.0213 

wR2 (F2>2σ(F2)) / all 0.0513/0.0513 0.0582/0.0692 

Goof 1.333 1.323 

Δρ max/min / e·Å–3 1.514/–1.234 2.339/–2361 

 

When Li3NbS4 is cooled from the melt (cf. DSC in Figure S2b) the high temperature polymorph can 

be obtained. It crystallizes in the tetragonal structure with layered Li0.5NbS2 and Li2S as side phases 

(cf. Figure S1b and c) and lattice parameters of a = 10.30 and b = 20.61 Å according to Rietveld 

refinement. As both polymorphs have different unit cell sizes, the high temperature phase (tetra) 

having a lower symmetry than the low temperature phase is rather unusual, but not without 

precedence. The low temperature polymorph of Li3TaS4 in the cubic structure (cf. Figure S1b and 

d) with a = 10.30 Å is accessible, when the reaction mixture is moderately cooled from 600 °C after 

a protracted solid state reaction. After applying the DSC program on cub-Li3TaS4 (first melting and 

then recrystallizing), tetra-Li3TaS4 is obtained. Notably, there is no group–subgroup relationship 

between the two polymorphs (cubic and tetra), and the phase transition is reconstructive as there 

is a substantial energy barrier between them (see below). The change in the [M4S16]-clusters 

(M=Nb, Ta) of the reconstructive phase transition is depicted in Figure 2. 

 

Figure 2 Depiction of change of position of MS6 octahedron (M=Nb, Ta) in [M4S16]-clusters between cubic and tetragonal 
Li3MS4 from perspective a) and b). 

Microstructure of cub-Li3NbS4 

Phase pure cub-Li3NbS4 (a = 10.30 Å) is obtained by quenching the reaction mixture from 600 °C. 

However, the reflections in the powder diffractogram in Figure 3a are unusual, showing a 

mismatch of intensity and reflection profile, similar to diffractograms of the nominally cation-

disordered Li-excess rock-salt Li1.25Nb0.25Mn0.5O2
49 (solid solutions of rock-salt type Li3NbO4 and 

LiMnO2, Li-excess vs. LiMnO2) and cannot be fitted adequately via Rietveld refinement with the 

cubic structure. In general, the reflections of such a cation-ordered rock-salt type structure can be 
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categorized into reflections stemming from the rock-salt aristo-type structure (backed with grey 

in Figure 3a, scheme Figure 4a) and from the cation-ordered hetto-type structure resulting in 

additional super-structure reflections (all other reflections in Figure 3a; scheme Figure 4b). A 

compound containing more than one type of cation (e.g. NaCl vs. Na1-xKxCl) only showing the rock-

salt aristo-type reflections would be regarded as fully cation-disordered (cf. Figure 4a). Here, for 

phase pure cub-Li3NbS4, the intensities and profiles of the reflections stemming from the rock-salt 

aristo-type do not match the super-structure reflections:  The intensity of the aristo-type 

reflections is higher than expected and the profiles are very narrow and sharp. On the other hand, 

the super-structure reflections show a lower than expected intensity and significant broadening. 

These profiles normally hint to small crystalline domains and the presence of planar defects.  

 

Figure 3 a) powder diffractogram of phase pure cub-Li3NbS4 shows unusual reflections: the reflection profile and 
intensities of the reflections stemming from the aristo-type do not fit the ones stemming from the hetto-type. b) HRTEM 
images show defect rich cub-Li3NbS4, zone axis [001]. Simulations are inserted (exemplary Nb atoms are marked as green 
dots) and show a good agreement. 

Considering the previous reports of fully cation-disordered bm-Li3NbS4
10, 19, a microstructure as 

sketched in Figure 4c with small cation-ordered domains next to large cation-disordered Li3NbS4 

regions seemed a plausible explanation for the observed deviations in the diffractogram. However, 

HRTEM, which is a local method, shows a different picture: small domains of fully ordered cub-

Li3NbS4 (< 9 nm) are connected to each other via planar defects in [001] and [101] as visible in 

Figure 3b, Figure S and Figure S4. There are no fully cation-disordered domains present. At the 

domain boundary, the Nb5+ are still clustered in isolated polyanions. We conclude from this, that 

the abnormalities in the PXRD do not result from cation-disorder, but from the defect rich 

microstructure in cub-Li3NbS4.  

 

Figure 4 Schematic depiction of possible cation-ordering and microstructure. a) Hypothetical cation-disordered rock-salt 
structure in Li3NbS4 (Li+ in white and Nb5+ in purple). b) Fully ordered cub-Li3NbS4; c) Domains of cation-ordered cub-
Li3NbS4 next to cation-disordered domains.  c) Domains of cation-ordered cub-Li3NbS4 connected via {100} planar defects. 
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Microstructure of tetra-Li3TaS4 

The microstructure of tetra-Li3TaS4 shows larger domains than in cub-Li3NbS4 and only minor 

amounts of defects as visible in Figure S5. The simulations fit excellently to the precession electron 

diffraction (PED) images.  

Electronic properties 

Besides a high theoretical voltage and capacity, a high performance cathode material should 

possess beneficial electrical properties, i.e. a high electronic and ionic conductivity, for beneficial 

kinetics and low charge transfer resistance within a cell. The state-of-the-art oxide-based cation-

ordered rock-salt type materials are ionic materials with a large band gap. Thus, they are mainly 

electrically insulating. The ionic conductivity is also very low, due to a high potential barrier for 

lithium ions to move between edge-sharing octahedral positions in these rock-salt type structures 

(high activation energy) and the low number of intrinsic vacancies (if fully occupied, without 

substitution with lower valence transition metals). Pure cation-ordered cub-Li3NbO4 shows a poor 

lithium ion conductivity of about 4x10–7 S cm–1 at 300 °C with an activation energy of 0.78 eV.24 

Upon the increase in vacancies by substitution of lithium with nickel and the associated 

stabilization of a cation-disordered phase, the ionic conductivity increases to 5x10–4 S cm–1 at 

300 °C. By the substitution of both lithium and niobium by nickel, manganese or iron, an increase 

in partial electronic conductivity was assumed by Yabuuchi et al.50 The appearance of the powder 

turned from white (Li3NbO4) to black (Li1.3Nb0.3Mn0.4O2) indicating a decrease in band gap, but no 

explicit data on the electronic conductivity was reported and carbon additives were still needed 

to improve the performance. Besides, Yabuuchi et al. derived that their observed excellent 

electrode performance is partially due to fast lithium migration in this cation-disordered 

compound. This reasoning is based on reports of Lee et al.51 that demonstrated a facile lithium 

diffusion in Li1.211Mo0.467Cr0.3O2 and traced the origins of this unexpected behaviour back to 

percolation of a certain type of active diffusion channels enabled by the Li-excess (vs. LiMO2) inside 

the cation-disordered structure. For the sulfide analogue bm-Li3NbS4, a high electronic 

conductivity of 0.2–1x10–2 S cm–1 was reported but no data for ionic conductivity were given.17, 19 

Besides, very little is known about tantalum containing compounds: the ionic conductivity of the 

rock-salt structured β-Li3TaO4 solid solution series Li3+5xTa1−xO4 (0 ≤ x ≤  0.059) was in the range of 

10−6 to 10−3 S cm−1 (at 200 °C to 850 °C) with activation energies ranging from 0.63-0.68 eV. The 

ionic conductivity decreased with increasing Li content presumably by limited available empty Li 

sites.48 Regarding sulfides, only the battery performance of TaS2 as lithium intercalation compound 

was investigated so far.52 

In Figure 5, the impedance spectra and corresponding potentiostatic polarization measurements 

of phase pure cub-Li3NbS4 (a) and tetra-Li3TaS4 (b) reveal a predominate electronic conductivity of 

1.5x10–8 S cm–1 (at 25 °C ) and 7.2x10–10 S cm–1 (at 95 °C), respectively. For tetra-Li3TaS4, only at 

elevated temperature the data was reliable. For both samples a depressed semicircle is present in 

the impedance spectra and the phase angle approaches zero at low frequencies demonstrating 

that the conducting species (electronic charge carriers) is not blocked at the ruthenium metal 

electrode (ion-blocking electrode).  These data can be fitted with an equivalent circuit model of a 

resistance R in parallel with a constant phase element (CPE), representing the contribution of 

conduction and capacity in the material. From the CPE, effective capacitances (Ceff) of 10–12–10–11 

F can be derived via the Brug-equation53 Ceff = (Q/(Rα–1))1/α indicating that the measured response 

probably rises from the bulk of the materials.54 Since under these conditions the electronic 
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conductivity predominates, a possible ionic conductivity must be below 1.5x10–8 S cm–1 (at 25 °C) 

for cub-Li3NbS4 and below 7.2x10–10 S cm–1 (at 95 °C) for tetra-Li3TaS4. Concluding, the Li3MS4 

(M=Nb, Ta) compounds show a higher electronic conductivity than the oxides, but similarly low 

ionic conductivities. However, the electronic conductivity cub-Li3NbS4 is far below the conductivity 

observed for bm-Li3NbS4.  

 
Figure 5 Impedance spectra and potentiostatic polarization measurements at 0.5 V of a) cub-Li3NbS4 at 25 °C showing a 
predominantly electronic conductivity of roughly 1.5x10–8 S cm.1 and b) tetra-Li3TaS4 at 95 °C showing a predominantly 
electronic conductivity of 7.2x10–10 S cm–1.  

Nevertheless, we built an ASSB with cub-Li3NbS4 as cathode active material, halogen substituted 

argyrodite as ionic conductor, vapor grown carbon fibers as electronic conducting additive and 

InLi alloy as anode as shown in Figure S6b to test the ability of the material as cathode. However, 

cycling of the material in a potential window of 0.9–2.5 V, even at a very low C-rate (0.033 C, cf. 

Figure S6a) shows a poor discharge capacity and limited cyclability. Taking also the measured low 

currents during potential sweeps of the ASSB (Figure S6b) into consideration, the results of the 

ASSB testing suggest severe kinetic limitations for lithium de/insertion into cub-Li3NbS4, as already 

foreshadowed by the low electronic and ionic conductivity measured for the pure compound. 

Electronic structure and thermodynamics of cation order/disorder 

To rationalize the electronic conductivity of these possible cathode materials, as well as to 

reconcile the ordered polymorphs we observe with the reports of cation disorder despite the large 

mismatch in charge and bonding tendencies between Nb5+ and Li+, we turned to computational 

examination of the electronic structures and the thermodynamics of cation order. 

The computed electronic densities of states (DOS) for both polymorphs of both compounds are 

given in Figure 6. These calculations use the generalized gradient approximation (the tetragonal 

polymorph has 128 atoms in the primitive cell, making hybrid functionals prohibitively expensive) 

which is known to poorly reproduce experimental bandgaps, and we focus here on the qualitative 

trends in bandgaps and orbital contributions. The bandgaps of the Nb compounds are somewhat 

narrower than those of the Ta compounds, consistent with the darker color observed in 

experiment (dark red/black for cub-Li3NbS4, red for tetra-Li3TaS4). The inclusion of spin-orbit 

coupling for heavy Ta has a negligible effect (Figure S7). As expected for the isolated [MV
4S16]12– 

tetramers, the bands (not shown) are quite flat, and the orbital contributions reflect the closed-
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shell configuration: S p orbitals dominate the valence bands, while the transition metal t2g orbitals 

make up the lowest conduction bands. 

 

Figure 6 Computed densities of states (DOS, „F.U.“ = formula unit) of both polymorphs of Li3NbS4 and Li3TaS4 
(GGA–PBEsol). As expected, the valence bands are derived primarily from S p, and the conduction bands 
from transition metal t2g orbitals. The narrower bandgap (gray shading) for Li3NbS4 is consistent with the 
experimentally observed colors. Band widths (not shown) are modest, as expected for the isolated [Nb4S16]12– 
tetramers. 

Over the last century, various empirical rules have been devised for predicting and rationalizing 

the structures of ionic crystals, notably including those by Pauling. While these have demonstrated 

immense utility, they also come with notable limitations. The ability to explicitly compute energies, 

charge densities, and associated properties by quantum chemical calculations has overcome some 

of these limitations, while sometimes introducing new challenges in terms of interpretability. In 

reviewing cation-ordered rock-salt oxides, Mather and co-workers45  noted that AI
3MVO4 phases 

appear to be more complex and unpredictable in their structures than several other 

stoichiometries in this class, possibly related to the fact that Pauling’s 2nd rule (of local 

electrostatic valence) cannot be satisfied. This is exemplified by the distinct structure types 

adopted by α-Li3TaO4, β-Li3TaO4, and Li3SbO4, despite their similar ionic radii and MV–O bond 

lengths.45 With this background in mind, in the following section, we address the observed 

polymorphism of Li3NbS4 and Li3TaS4, our finding of a new structure type, and the possibility of 

cation disorder in these systems. 



4.1 Taking a closer look: (Micro)Structure and electronic properties of rock-salt type 

Li3NbS4 and Li3TaS4 

60 

 

 

Though these sulfides exhibit greater MV–S covalency than the corresponding oxides, 

electrostatics should still play an important role in the energetics of cation ordering. We generated 

random 3:1 Li/MV orderings in rock-salt supercells and computed their Madelung energies, and 

the results are shown as histograms in Figure 7a. While the smallest supercells can be studied 

exhaustively, the number of possible configurations grows intractably large with supercell size 

(~107 configurations for a 2x2x2 supercell with respect to the rock-salt conventional cell, ~1014 for 

4x2x2) and we generate only 1000 random samples at each size. Several features of these 

distributions are of note. First, the tetra-Li3NbS4 polymorph is slightly favored (Madelung energy 

~1.4% more negative) compared to the cub-Li3NbS4 polymorph. Second, there are several 

orderings, particularly at small supercell sizes, that are more favorable from a purely electrostatic 

perspective than the experimentally observed polymorphs. Lastly, the energy distributions shift 

upward with supercell size. That is, as they approach a state of no long-range order, they became 

more unfavorable – the (electrostatic) energy of mixing is positive. Electrostatic considerations, 

then, favor relatively simple, high symmetry arrangements of the two cations. 

Next, using density functional theory (DFT) calculations, we optimize the low Madelung energy 

orderings of Li3NbS4 up to a 2x1x1 supercell size (those in the shaded area in Figure 7a) and 

evaluate their total energies as well as their electronic structures. The energy differences with 

respect to cub-Li3NbS4 are plotted against their band gaps in Figure 7b. Importantly, these possible 

alternative orderings which appeared favorable from an electrostatic perspective are without 

exception actually substantially higher in energy (42–207 meV atom–1) than the observed 

structures. Barely visible on this energy scale, the tetra-Li3NbS4 polymorph is just 0.65 meV atom–

1 above cub-Li3NbS4 in energy (a similar difference of 0.16 meV atom–1 is found for the respective 

polymorphs of Li3TaS4). This is consistent with the finding that the tetragonal polymorphs are the 

high temperature phases, which result from cooling the melt, while the cubic polymorphs are the 

low temperature phases, accessed by prolonged solid state reaction well below melting. Recall 

that there is no group–subgroup relationship between the two polymorphs, and they have 

different unit cell sizes, so this finding is not in any obvious sense in conflict with the notion that 

matter adopts higher symmetry arrangements at high temperature, and lower symmetries at low 

temperature. There is a substantial energy barrier between them (as the phase transition is 

reconstructive) which combines with the small difference in free energy at the relevant 

temperatures to explain why the tetragonal phase is obtained on cooling from the melt even at 

the relatively modest rate of 25–30 °C/h: A much slower rate would be required for significant 

conversion to the cubic polymorph. 
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Figure 7 Energetics of cation ordering in Li3NbS4. (a) Madelung energies, UMadelung, of 1000 random Li+/M5+ 
cation orderings (rock-salt, a = 5 Å) for various supercell sizes. The Madelung energies of the cub-Li3NbS4 (c-
Li3NbS4)  and tetra-Li3NbS4 (t-Li3NbS4) structures (with idealized atomic positions) are overlaid, as is the 
energy for Mg2+S2– at the same lattice parameter. Orderings without extended Nb–S connectivity are 
extremely rare (see text). (b) DFT-computed energies relative to the cub-Li3NbS4, ΔUDFT, of the small-supercell 
orderings from (a) which are competitive in Madelung energy with the observed polymorphs (shaded region), 
as well as those of the observed polymorphs, as a function of computed bandgap. The dimensionality of the 
Nb–S anions is indicated. Extended connectivity tends to produce configurations which are metallic or nearly 
so, reducing the ionic part of the lattice energy (see text). (c) Crystal structures of several low Madelung 
energy orderings from (b). Nb–S polyanions are depicted as green octahedra, and Li cations are omitted for 
clarity. The Niggli formulae of the anions and the space group symmetries are indicated. See the text for a 
discussion of the importance of the second-order Jahn–Teller (SOJT) distortion for d0 Nb5+.  

To understand why alternative cation orderings (in respect to the observed cub-Li3NbS4 and tetra-

Li3TaS4), which seem favorable from an electrostatic perspective, are in fact energetically quite 

unfavorable, consider the clear bandgap-dependence in Figure 7b. All of these alternative 

orderings with small supercells are metals or narrow gap semiconductors, and the bandgap is 

inversely related to the total energy. We hypothesize that a metallic or nearly metallic charge 

distribution is suppressing the „ionic“ part of the total energy, reducing the electrostatic 

stabilization that one would expect for these orderings. Recall that the Madelung energy is 

computed as the energy of a periodic lattice of point charges in vacuum interacting only via 

Coulomb forces. The charge distribution (and dielectric screening of the Coulomb interaction) in 

the real crystal is not taken into account, and would be much less energetically favorable in a 

metal or narrow gap semiconductor approaching metallicity. 

We can further relate the bandgaps to the crystal structures by examining the dimensionality of 

extended MV–S connectivity (annotated by the markers in Figure 7b). All the 3D and 2D phases 

are metallic, 1D phases are metallic or have narrow bandgaps, and only the 0D experimentally 

observed phases have substantial gaps. The structures (and Niggli formulae of the extended 

anions) of several of these phases are shown in Figure 7c. Examining the band structures (not 

shown) of several of these orderings, extended connectivity is associated with broadening of the 

conduction band due to stronger interaction of MV t2g and S 3p, to the point that they fully overlap 
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the valence band in the metallic case. This marks an important departure from the case of the 

oxides – Li3TaO4, Na3BiO4, and Li3SbO4 all exhibit extended MV–O connectivity but they maintain 

substantial bandgaps due to the much deeper 2p orbitals of O. We note that at this stoichiometry, 

0D structures (with isolated MV–S polyanions) are not possible up to a supercell size of 2x2x1 as 

there will be, at minimum, extended connectivity in the direction of the short lattice vector. 

However, they remain extremely rare at the larger supercell sizes – only five, zero, and zero among 

1000 random samples for 2x2x2, 3x2x2, and 4x2x2, respectively. Notably, all five observed random 

2x2x2 orderings with 0D connectivity are very low symmetry (space group P1) and electrostatically 

disfavored relative to the observed cubic polymorph. 

The remaining important factor which we have not yet discussed is covalency. While it is generally 

hard to predict a priori whether a particular MV–S polyanion structure will be favored over another 

without resorting to quantum chemical calculations, one consideration that is more easily spotted 

is the second-order Jahn–Teller (SOJT) effect. In short, ions like Nb5+ and Ta5+ with the d0 electron 

configuration are more stable in an acentric environment than in perfect octahedral coordination, 

as this allows for a stabilizing interaction between the t2g orbitals of the ligand p orbitals which is 

symmetry-forbidden in the undistorted state. Thus, cation orderings which reduce the site 

symmetry for MV to one without inversion are favored. In practice, this criterion is met for all but 

the most high-symmetry configurations (e.g. those labeled #1 and #2 in Figure 7b,c). 

Combining these findings, the cubic polymorph appears to be the smallest, highest symmetry 

(electrostatically-favorable) cation ordering which allows for fully isolated MV–S polyanions which 

maintain a large bandgap. The structure of this polyanion also allows for SOJT distortions of the 

d0 metal environment. The tetragonal polymorph maintains the isolated polyanions (though with 

a slightly different polyanion structure and packing thereof) as well as the SOJT distortions, and 

presumably allows for a slightly larger vibrational entropy (vide infra). Notably, even the abundant 

planar defects observed in c-Li3NbS4 maintain the isolated nature of the polyanions. Thus, the 

ordering observed in these sulfides reflects a competition between electrostatic considerations 

(generally favoring high overall symmetry), covalency (favoring acentric MV site symmetry), and a 

tendency to avoid extended connectivity, the latter of which is not observed in the corresponding 

oxides. Disordered configurations which maintain isolated polyanions appear to be 

electrostatically unfavorable, while those with extended connectivity are even more so for the 

same reasons as the metallic or narrow gap ordered configurations above. 

Having shown above that other cation orderings (or disordered configurations) appear to be 

energetically unfavorable compared to the two observed polymorphs, we turn to the question 

of whether they may be stabilized at finite temperature. The Gibbs free energy, which is 

minimized for the thermodynamically favored phase in the isothermal–isobaric ensemble, is 

given by 𝐺 = 𝑈 + 𝑝𝑉 − 𝑇𝑆. We can then define equation (1) 

 ∆𝐺 = ∆𝑈 + 𝑝∆𝑉 − 𝑇(∆𝑆𝑒𝑙𝑒𝑐 + ∆𝑆𝑚𝑖𝑥 + ∆𝑆𝑣𝑖𝑏) (1) 

 as the difference in Gibbs free energy (ΔG) with respect to the low temperature cubic polymorph, 

and separate the entropic term into electronic (ΔSelec), cation mixing (ΔSmix), and vibrational (ΔSvib) 

contributions. The pΔV term is negligible for solid–solid transitions at ambient pressure (of order 

~10–4 meV atom–1 even for a large ∆V of 10 %). 

From the DFT calculations on low Madelung energy orderings above, we estimate a lower bound 

on the energy term of roughly 50 meV atom–1. Note that the experimentally observed tetragonal 
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polymorph is an exception, at < 1 meV atom–1 above the observed cubic polymorph, explaining 

why a typically small difference in vibrational entropy can stabilize this phase before melting. We 

cannot guarantee that other rare low energy orderings do not exist, though they have not been 

observed experimentally. With respect to the possibility of cation disorder, this is a rather 

conservative lower bound on the energy of mixing, as lower symmetry, larger supercell orderings 

(approximating disorder) appear to be much higher in energy even than 50 meV atom–1. 

 

Figure 8 Thermodynamics of cation order/disorder in Li3NbS4. (a) Quantities used in computing an upper 
bound for the contribution of electronic entropy at 1000 K. The density of states (DOS) for the metallic 
ordering from Figure 7 with the highest DOS at the Fermi energy (EF) is shown, as well as the Fermi–Dirac 
distribution (f) and the occupational factor in the configurational entropy integral (see text). (b) Ideal 
solution mixing entropy, ∆Smix, representing an upper bound for the real mixing entropy, with the 1:3 cation 
ratio indicated. kB is the Boltzmann constant. (c) Energetic, volumetric, and entropic contributions to the 
Gibbs free energy with respect to the observed low temperature cubic polymorph (∆G, see text). (d) 
Schematic diagrams of (isothermal–isobaric) thermodynamics based on an estimated lower bound for 
energy differences from Figure 7 and the upper bounds for entropy differences at T = 1000 K from (a) and 
(b). Both alternative orderings and disordered configurations are disfavored (see text for discussion of the 
high temperature tetragonal polymorph). 

The electronic entropy Selec (configurational entropy associated with the different ways to 

occupy the states near EF at finite temperature) is given by equation (2) 

 𝑆𝑒𝑙𝑒𝑐 = −𝑘𝐵∫𝑛(𝐸)[𝑓 ln 𝑓 + (1 − 𝑓) ln(1 − 𝑓)]𝑑𝐸 (2) 
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where 𝑓(𝐸, 𝑇)  is the Fermi–Dirac distribution. 𝑓(𝐸, 𝑇)  and the occupational factor in the 

electronic entropy integral are shown in Figure 8a at 1000 K (approximating the temperature of 

the reactions described here), alongside the DOS for the most metallic ordering from Figure 7b. 

The densities of states at the Fermi level, N(EF), for the various electrostatically favored orderings 

in Figure 7b (0–0.65 eV–1 atom–1) give rise to electronic entropy contributions at 1000 K of TSelec=0–

14 meV atom–1. Therefore, we define TΔSelec = 15 meV atom–1 as an upper bound for this term. 

Again, this is a conservative choice, as the metallic ordering which gives this large entropy 

contribution is actually much higher in energy than the configurations with energies closer to the 

lower bound for ΔU selected above. 

Turning to the cation mixing term, the upper bound for ΔSmix is quite simply the ideal entropy of 

mixing in a two-component mixture at 1:3 stoichiometry (Figure 8b), which works out to ~25 meV 

atom–1 at 1000 K (there is a factor of ½ here because there is no mixing on the sulfur sublattice). 

While not particularly small, this mixing entropy is much lower than that of multinary mixtures 

with more components and equimolar compositions, as for entropy-stabilized rock salt oxides 

with five distinct metals.55 

The last term, the vibrational entropy contribution, is costly to compute explicitly, but is typically 

of the order of ~ meV atom–1 (it can be somewhat higher for certain structure types like 

perovskites with large differences in the vibrational DOS for different polymorphs, or substantially 

higher in plastic crystals with rotating molecular ions, neither of which are applicable here). Note 

that this is corroborated by the small energy differences (< 1 meV atom–1) computed between the 

experimentally observed low temperature and high temperature Li3(Nb,Ta)S4 polymorphs, where 

the other entropy difference terms are zero. This term is thus small relative to the others discussed 

above. 

Taken together, these estimates of the various energetic and entropic contributions to the Gibbs 

free energy (shown schematically in Figure 8d) suggest that cation-disordered Li3NbS4 and Li3TaS4 

are likely quite thermodynamically unfavorable, and other cation orderings are only accessible if, 

like the tetra-Li3TaS4 structure, they exhibit very competitive energies. As noted in the discussion 

above, such low energy orderings appear to be extremely rare, and are a manifestation of the 

competition between electrostatics (favoring high symmetry Li+/M5+ motifs), SOJT distortions of 

the M5+ environment (favoring somewhat low site symmetry for the d0 cation), and the need for 

electronically insulating configurations with isolated MV–S polyanions so as not to suppress the 

electrostatic contribution to the total energy. 

Discussion 

Now the question arises, whether the [Nb4S16]-clusters are still preserved in bm-Li3NbS4 or if a real 

cation disorder is present, which is a interesting future avenue of research. Overall, the 

preservation of this structural motif seems plausible to us, since similar to the quenching from 

high temperatures as applied here, high energy ball milling should lead to a large number of 

structural defects and small domains sizes, but not necessarily to a loss of short-range order.  

What do our findings on microstructure and electronic properties imply about cation-disordered 

rock-salt-type bm-Li3NbS4?  First, as deduced for cub-Li3NbS4, a material may show an apparent 

cation-disorder, but in reality only contains large amounts of planar defects. Thus, as high energy 

ball milling leads to a large number of structural defects and small domain sizes, similar to 

quenching from high temperatures (as applied here), a local cation-order in bm-Li3NbS4 is plausible 
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and also corroborated by our computations of the thermodynamics of cation ordering, which 

highly favours low connectivity inside the structure.  The short-range order (SRO) in ball-milled 

materials should be investigated in the future by local methods such as HRTEM or pair-distribution 

function analysis. In general, the importance of SRO in seemingly cation-disordered rock-salt-type 

structures should not be underestimated as already shown for long-range disordered rock-salt-

type (DRX) lithium metal oxide cathode materials by Ji et al.56. They explain the significantly 

different Li transport by subtle structural differences between DRX Li1.2Mn0.4Ti0.4O2 (LMTO) and 

Li1.2Mn0.4Zr0.4O2 (LMZO). By electron diffraction they observe diffuse scattering patterns that are 

completely different for the two materials, indicating significant difference in SRO. In LMTO they 

find characteristics of octahedral cation clusters similar to [Li3Fe3] in cubic-LiFeO2
57, whereas the 

SRO in LMZO is possibly associated with tetrahedral clusters58. The authors then deduce the 

clustering being influenced by the charge and size of the present transition metal cations with 

respect to the lithium ions.  

Second, by comparing the obtained conductivities of cub-Li3NbS4 and tetra-Li3TaS4 with literature 

values in Table 2 it becomes evident that the ionic and electronic conductivity in cation-ordered 

rock-salt materials at room temperature (RT) are much lower than in bm-Li3NbS4. To elucidate if 

the high electronic conductivity of bm-Li3NbS4 is caused by the cation-disorder or by amorphous 

side phases (amorphous NbSx < 20 nm were reported)20 the material needs to be explored in more 

depth. Notably, full cation-disorder opens the possibility of long range -(Nb,Ta)-S- percolation 

networks, whereas the ordered materials (and the local structure we observe) has only isolated 

tetramers and very ionic interaction with the surrounding lithium ions. However, a cation-disorder 

is normally only beneficial in Li-excess materials51 and only increases the ionic rather than the 

electronic conductivity. Therefore, our findings make the presence of amorphous species, which 

are possibly very similar to the precursor NbS2
59 with properties ranging from semiconducting to 

metallic, or NbS3
60 that possess Nb-Nb bonds and a high electronic conductivity, highly plausible. 

Table 2 Summary and comparison of electronic properties of cub-Li3NbS4 and tetra-Li3TaS4.*values are upper limits 
estimated from the electronic conductivities. 

Material σeon / S cm–1 σion / S cm–1 Temperature / °C Literature 

bm-Li2TiS3 8x10–6  n.a. RT 10 

bm-Li3NbS4 0.2–1x10–2  n.a. RT 10, 17, 19 

Li2.8Ni0.1NbO4 n.a. 5x10–4 300 24 

cub-Li3NbS4 1.5x10–8  <1.5x10–8* 25 This work 

Tetra-Li3TaS4 7.2x10–10 <7.2x10–10* 95 This work 

 

Conclusion 

Concluding, taking a closer look at the seemingly ordinary ternary sulfides cub-Li3NbS4 and tetra-

Li3TaS4 lead to the discovery of 1) unexpected cation-order in rock-salt-type tetra-Li3MS4 (M = Nb, 

Ta) and 2) of an intriguing microstructure found by HRTEM that explains the unusual profiles and 

intensities of sub- and superstructure reflections in the PXRD, contradicting simple cation-disorder. 

The poor electronic properties match naïve assumptions on these types of materials and are 

corroborated by our computational description, but disagree with findings reported earlier on bm-
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Li3NbS4. However, they set the basis to re-investigate the structure and properties of this 

promising anion-redox active cathode material. Similar to Li3NbO4
24, 50

  a substitution with other 

transition metals such as Ni, Mn and Fe could be explored to further improve the ionic conduction 

properties. On the one hand, this might increase the number of ionic charge carriers and on the 

other hand, it might increase the mobility of charge carriers as demonstrated for oxide based 

lithium-excess DRX materials. Here, ball-milling seems to be the synthesis method of choice 

introducing electronically conducting species. Another approach for improvement could be a 

substitution of sulfide with selenide anions, which in the solid solution series Li2FeS2-ySey lead to a 

controllable shift in the high voltage oxidation plateau.15 Besides, these sulfide based cathode 

materials could be applied in a sulfide electrolyte based ASSB as a blend with common oxide 

cathode materials. Here, the sulfides could function as a protection layer for the solid electrolyte 

enabling better cycling stability. All in all, our findings open up a playground for material 

optimization in metal sulfide electrode materials combined with a thorough understanding of 

their complex structures across multiple length scales.  
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4.1.1 Supporting information for Taking a closer look: (Micro)Structure and electronic 

properties of rock-salt type Li3NbS4 and Li3TaS4 

 

Table S1 Crystallographic data and structural solution and refinement data of cub-Li3NbS4. All standard deviations are given 
in units of the last digit in parentheses. 

cub-Li3NbS4 

Crystal class kubisch 

Space group 𝐼4̅3𝑚, (Nr. 217) 

  Lattice parameter a = 10.2865(5) Å 

V [Å3] 1088.44(9) 

Z 1 

Density [gcm−3] 2.953 

Diffractometer Bruker D8 Venture (Rotary anode), 

MoKα-radiation, Göbel mirror 

Temperature [K] 295 

Absorption coefficient [mm−1] 3.576 

ϑ-range [◦ ] 4.85–39.99 

Index-range –18 ≤ h ≤ 

18, –18 ≤ k 

≤ 18, 

–18 ≤ l ≤ 18 

reflections measured 15394 

independent reflections 663 

independent reflections with (I ≥ 2σ(I)) 657 

Rint 0.0399 

Rσ 0.0133 

F(000) 912 
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corrections Lorentz-, polarisation-, absorption 

effects 

Absorption correction numerical 

Structure solution Direct methods, SHELXS97 

Structure refinement Least-Squares on F2, SHELXL97 

Number of free parameter 21 

Goof 1.333 

R-values (for reflections with I ≥ 2σ(I)) R1 = 0.0202, wR2 = 0.0513 

R-values (all data) R1 = 0.0206, wR2 = 0.0513 

Residual electron density [e−/˚A−3] 
1.514/–1.234 

Extinction coefficient 0.0011(5) 

 

 
Table S2 Interatomic distances of the compound cub-Li3NbS4. All standard deviations are given in units of the last digit in 
parentheses. 

Atom1 Atom2 Distance 

[Å] 

Atom1 Atom2 Distance 

[Å] 

Li S1 2.519(4)i  Li 2.631(4)vii 

 S1 2.519(4)ii  Li 2.699(5)viii 

 S1 2.631(4)iii S2 Nb 2.6411(5)iii 

 S1 2.631(4)iv  Nb 2.6411(5)viii 

 S2 2.697(5)  Nb 2.6411(5)iv 

 S1 2.699(5)v  Li 2.697(5)i 

 Nb 3.279(5)  Li 2.697(5)ii 

 Li 3.487(8)i Nb S1 2.3201(5)i 

 Li 3.487(8)ii  S1 2.3201(5)ii 

S1 Nb 2.3201(5)  S2 2.6411(5)vii 

 Li 2.519(4)i  S2 2.6411(5)v 
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 Li 2.519(4)ii  S2 2.6411(5)vi 

 Li 2.631(4)vi  Li 3.279(5)i 

    Li 3.279(5)ii 

i x, z, y ii z, x, y iii -y+

, x- , -z+ iv y- , -x+ , -z+ 

v -x+ , -y+ , z+ vi y+ , -x+ , 

-z+ vii -y+ , x+ , -z+ viii -

x+ , -y+ , z-  

Table S3 Coefficients of the anisotropic deflection parameters [Å2] for cub-Li3NbS4. Uij is defined as: Uij = exp–2π2[U11(ha∗)2 
+ ... + 2U21hka∗b∗]. All standard deviations are given in units of the last digit in parentheses. 

Atom U11 U22 U33 U23 U13 U12 

Li 0.0186(11) = U11 0.0205(19) 0.0034(11) = U23 -0.002(2) 

S1 0.01336(13) = U11 0.0103(2) 0.00087(9) = U23 -0.00018(16) 

S2 0.00879(13) = U11 = U11 0.00018(12) = U23 = U23 

Nb 0.01101(8) = U11 = U11 -0.00142(6) = U23 = U23 

Table S4 Bond angle of cub-Li3NbS4. All standard deviations are given in units of the last digit in parentheses 

Atoms Angle [◦ ] Atoms Angle [◦ ] Atoms Angle [◦ ] 

S1-Lii-S1ii 89.36(17) Nb-Li-Liii 57.87(7) S1-Nbii-S1 99.52(2) 

S1-Lii-S1iii 93.546(18) Li-Lii-Liii 60.0 S1-Nbi-S2vii 164.61(2) 

S1-Liii-S1iii 176.90(18) Nb-S1-Lii 85.20(8) S1-Nbii-S2vii 90.36(2) 

S1-Lii-S1iv 176.90(18) Nb-S1-Liii 85.20(8) S1-Nb-S2vii 90.36(2) 

S1-Liii-S1iv 93.546(18) Li-S1i-Liii 87.6(2) S1-Nbi-S2v 90.36(2) 

S1-Liiii-S1iv 83.53(15) Nb-S1-Livi 97.05(11) S1-Nbii-S2v 90.36(2) 

S1-Lii-S2 95.77(13) Li-S1i-Livi 174.88(5) S1-Nb-S2v 164.61(2) 

S1-Liii-S2 95.77(13) Li-S1ii-Livi 87.99(14) S2-Nbvii-S2v 77.72(3) 

S1-Liiii-S2 82.87(14) Nb-S1-Livii 97.05(11) S1-Nbi-S2vi 90.36(2) 

S1-Liiv-S2 82.87(14) Li-S1i-Livii 87.99(14) S1-Nbii-S2vi 164.61(2) 
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S1-Lii-S1v 91.93(15) Li-S1ii-Livii 174.88(5) S1-Nb-S2vi 90.36(2) 

S1-Liii-S1v 91.93(15) Li-S1vi-Livii 96.28(15) S2-Nbvii-S2vi 77.72(3) 

S1-Liiii-S1v 89.06(12) Nb-S1-Liviii 168.51(12) S2-Nbv-S2vi 77.72(3) 

S1-Liiv-S1v 89.06(12) Li-S1i-Liviii 86.519(15) S1-Nbi-Lii 99.70(9) 

S2-Li-S1v 169.2(2) Li-S1ii-Liviii 86.519(16) S1-Nbii-Lii 49.957(14) 

S1-Lii-Nb 44.84(8) Li-S1vi-Liviii 90.60(11) S1-Nb-Lii 49.957(14) 

S1-Liii-Nb 44.84(8) Li-S1vii-Liviii 90.60(11) S2-Nbvii-Lii 95.69(9) 

S1-Liiii-Nb 137.91(7) Nb-S2iii-Nbviii 101.06(3) S2-Nbv-Lii 140.04(2) 

S1-Liiv-Nb 137.91(7) Nb-S2iii-Nbiv 101.06(3) S2-Nbvi-Lii 140.04(2) 

S2-Li-Nb 93.83(13) Nb-S2viii-Nbiv 101.06(3) S1-Nbi-Li 49.957(14) 

S1-Liv-Nb 97.02(16) Nb-S2iii-Li 88.22(7) S1-Nbii-Li 49.957(14) 

S1-Lii-Lii 90.63(9) Nb-S2viii-Li 165.25(12) S1-Nb-Li 99.70(9) 

S1-Liii-Lii 46.20(11) Nb-S2iv-Li 88.22(7) S2-Nbvii-Li 140.04(2) 

S1-Liiii-Lii 132.58(11) Nb-S2iii-Lii 165.25(12) S2-Nbv-Li 95.69(9) 

S1-Liiv-Lii 90.60(8) Nb-S2viii-Lii 88.22(7) S2-Nbvi-Li 140.04(2) 

S2-Li-Lii 49.72(8) Nb-S2iv-Lii 88.22(7) Li-Nbi-Li 64.25(14) 

S1-Liv-Lii 138.02(7) Li-S2-Lii 80.56(17) S1-Nbi-Liii 49.957(14) 

Nb-Li-Lii 57.87(7) Nb-S2iii-Liii 88.22(7) S1-Nbii-Liii 99.70(9) 

S1-Lii-Liii 46.20(11) Nb-S2viii-Liii 88.22(7) S1-Nb-Liii 49.957(14) 

S1-Liii-Liii 90.63(9) Nb-S2iv-Liii 165.25(12) S2-Nbvii-Liii 140.04(2) 

S1-Liiii-Liii 90.60(8) Li-S2-Liii 80.56(17) S2-Nbv-Liii 140.04(2) 

S1-Liiv-Liii 132.58(11) Li-S2i-Liii 80.56(17) S2-Nbvi-Liii 95.69(9) 

S2-Li-Liii 49.72(8) S1-Nbi-S1ii 99.52(2) Li-Nbi-Liii 64.25(14) 

S1-Liv-Liii 138.02(7) S1-Nbi-S1 99.52(2) Li-Nb-Liii 64.25(14) 

i x, z, y ii z, x, y 

iii -y+ , x- , -z+ iv y- , -x+

, -z+ v -x+ , -y+ , z+ vi y+ , -x+
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, -z+ vii -y+ , x+ , -z+ viii

 -x+ , -y+ , z-  

Table S5 Standardized fractional atomic coordinates and equivalent isotropic deflection parameter [Å2] for cub-Li3NbS4. The 
equivalent isotropic deflection parameter is defined as one third of the trace of the anisotropic deflection parameter. All 
standard deviations are given in units of the last digit in parentheses. 

Atom occupation Wyckoff- x y z Uequi 

  position     

Li 1 - 0.1347(4) = x 0.3744(5) 0.0192(8) 

S1 1 - 0.37952(4) = x 0.13603(5) 0.01233(9) 

S2 1 - 0.11391(6) = x = x 0.00879(13) 

Nb 1 - 0.359854(17) = x = x 0.01101(8) 

 

 

 

 
Table S6 Crystallographic data and structural solution and refinement data of tetra-Li3TaS4. All standard deviations are given 
in units of the last digit in parentheses. 

tetra-Li3TaS4 

Crystal system tetragonal 

Space group P41212, (Nr. 92) 

Lattice parameter a = 10.2878(3) Å 

 c = 20.6069(6) Å 

V [Å3] 2181.01(11) 

Z 8 

Density [g cm−3] 4.020 

Diffractometer Bruker D8 Venture (Drehanode), 

MoKα-Strahlung, Göbelspiegel 

Temperature [K] 295 

Absorption coefficient [mm−1] 21.520 
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ϑ-range [◦ ] 2.21–40.00 

Index-range –18 ≤ h ≤ 18, –

18 ≤ k ≤ 18, 

–37 ≤ l ≤ 37 

reflections measured 61306 

independent reflections 6753 

independent reflections with (I ≥ 2σ(I)) 6476 

Rint 0.0468 

Rσ 0.0210 

F(000) 2336 

corrections Lorentz-, polarisations-, absorption effects 

Absorption correction numerical 

Structure solution Direct methods, SHELXS97 

Structure refinement Least-Squares on F2, SHELXL97 

Number of free parameter 148 

Goof 1.323 

R-values (for reflections with I ≥ 2σ(I)) R1 = 0.0189, wR2 = 0.0582 

R-values (all data) R1 = 0.0213, wR2 = 0.0692 

Residual electron density [e−/˚A−3] 
2.339/–2.361 

Extinction coefficient ? 

 

Table S7 Interatomic distances of the compound tetra-Li3TaS4. All standard deviations are given in units of the last digit in 
parentheses. 

Atom1 Atom2 Distance [Å] Atom1 Atom2 Distance [Å] 

S1 Ta1 2.3185(9) Li5 S6 2.508(11) 

 Li2 2.578(9)  S4 2.661(11)viii 



4.1.1 Supporting information: Taking a closer look on rock-salt type Li3NbS4 and Li3TaS4 

 
75 

 

 

 Li3 2.587(12)  S5 2.711(10) 

 Li2 2.589(9)i  S7 2.729(10)i 

 Li1 2.61(2)i S4 Ta3 2.3005(11)xi 

 Li4 2.703(12)ii  Li5 2.661(11)iii 

Li1 S8 2.54(2)iii  Li2 2.696(11)xii 

 S5 2.569(12)iv  Li1 2.700(15)vi 

 S5 2.594(12) S5 Ta3 2.4459(9)xi 

 S1 2.61(2)v  Li1 2.569(12)xii 

 S7 2.635(15)i  Ta1 2.6322(10)v 

 S4 2.700(15)vi S6 Li6 1.88(5)v 

 Li2 3.44(2)  Ta1 2.3258(9)v 

Ta1 S2 2.3124(11)  Li7 2.642(12)v 

 S6 2.3258(9)i S7 Li2 2.578(11)v 

 S7 2.5916(8)i  Ta1 2.5916(8)v 

 S8 2.6254(9)vii  Ta3 2.6333(8)xi 

 S5 2.6322(10)i  Li1 2.635(15)v 

 Li6 3.17(6)  Ta2 2.6391(10)xi 

 Li2 3.306(9)i  Li5 2.729(10)v 

 Li3 3.431(9) S8 Ta2 2.4497(9) 

 Li7 3.432(8)  Li1 2.54(2)viii 

Li2 S6 2.464(11)  Ta1 2.6254(9)x 

 S7 2.578(11)i  Li4 2.687(11)viii 

 S1 2.589(9)v  Li6 2.96(8)v 

 S4 2.696(11)iv Li6 S6 1.88(5)i 

 S3 2.835(11)ii  S6 1.88(5)vii 

 Ta1 3.306(9)v  Li7 2.4(2) 
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 Li5 3.431(15)  S8 2.96(8)i 

S2 Li3 2.522(9)vii  S8 2.96(8)vii 

 Li5 2.553(10)  Ta1 3.17(6)xiii 

 Li3 2.628(9)  Li3 3.25(4)vii 

 Li7 2.6309(11)  Li3 3.25(4)i 

 Li4 2.717(11)viii Li7 S3 2.614(12)viii 

S3 Ta2 2.3005(11)iii  S3 2.614(12)x 

 Li5 2.545(11)  S2 2.6309(11)xiii 

 Li4 2.562(13)  S6 2.642(12)vii 

 Li3 2.602(12)vii  S6 2.642(12)i 

 Li7 2.614(12)iii  Ta2 3.396(17) 

 Li2 2.835(11)ix  Ta1 3.432(8)xiii 

Li3 S2 2.522(9)x Ta2 S3 2.3005(11)x 

 S8 2.575(12)  S3 2.3005(11)viii 

 S3 2.602(12)x  S8 2.4497(9)xiii 

 S6 2.819(12)  S7 2.6391(10)xiv 

 Li6 3.25(4)v  S7 2.6391(10)xv 

 Ta2 3.446(12)  Li3 3.446(12)xiii 

Li4 S4 2.446(13) Ta3 S4 2.3005(11)xiv 

 S5 2.662(11)  S4 2.3005(11)xv 

 S8 2.687(11)iii  S5 2.4459(9)xv 

 S1 2.703(11)ix  S5 2.4459(9)xiv 

 S2 2.717(11)iii  S7 2.6333(8)xv 

    S7 2.6333(9)xiv 

i y- , -x+ , z ii -y, -x+1, -z+ 

iii -y+ , x- , z+ iv x- , -y+ , 

-z+ v -y+ , x+ , z+  
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vi y, x, -z+1 vii -x+ , y- , -z+ 

viii y+ , -x+ , z ix -y+1, -x, -

z+  

x -x+ , y+ , -z+  

xi -x+1, -y+1, z+ xii x+ , -y+ , -z+ xiii y, x, -z xiv -

y+1, -x+1, -z+ xv -x+1, -y+1, z-   
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Table S8 Coefficients of the anisotropic deflection parameters [Å2] for tetra-Li3TaS4. Uij is defined as: Uij = exp–2π2[U11(ha∗)2 
+ ... + 2U21hka∗b∗]. All standard deviations are given in units of the last digit in parentheses. 

Atom U11 U22 U33 U23 U13 U12 

S1 0.0117(3) 0.0082(3) = U11 0.0002(3) -0.0006(3) -0.0004(3) 

Li1 0.023(6) 0.065(8) 0.047(8) -0.025(6) -0.018(5) 0.010(5) 

Ta1 0.00884(5) 0.00843(5) 0.00688(5) 0.00098(4) 0.00104(4) -0.00087(4) 

Li2 0.022(4) 0.020(4) 0.026(4) -0.003(3) -0.008(4) 0.011(3) 

S2 0.0090(3) 0.0117(4) 0.0110(3) 0.0005(3) -0.0006(3) 0.0010(3) 

S3 0.0079(3) 0.0132(4) 0.0115(3) -0.0002(3) -0.0011(3) 0.0000(3) 

Li3 0.023(4) 0.012(4) 0.042(6) -0.022(4) -0.001(4) -0.007(3) 

Li4 0.033(5) 0.024(5) 0.038(6) 0.003(4) -0.004(5) -0.024(4) 

Li5 0.021(5) 0.035(6) 0.017(4) -0.007(4) -0.005(3) 0.001(4) 

S4 0.0133(4) 0.0079(3) 0.0115(3) -0.0008(3) 0.0000(3) 0.0009(2) 

S5 0.0106(3) 0.0090(3) 0.0061(3) -0.0001(3) 0.0005(3) -0.0002(2) 

S6 0.0125(4) = U11 0.0075(3) -0.0010(3) -0.0004(3) -0.0002(3) 

S7 0.0075(3) 0.0077(3) 0.0063(3) -0.0002(2) = U23 -0.0013(2) 

S8 0.0111(3) 0.0078(3) 0.0060(3) -0.0003(3) -0.0009(3) 0.0001(2) 

Li6 1.1(3) = U11 0.013(12) 0.008(8) -0.008(8) = U11 

Li7 0.046(7) = U11 0.006(4) 0.012(4) -0.012(4) -0.023(9) 

Ta2 0.00803(5) = U11 0.00878(7) -0.00105(4) 0.00105(4) -0.00159(6) 

Ta3 0.00787(5) = U11 0.00841(7) -0.00091(4) 0.00091(4) -0.00139(6) 

 

Table S9 Bond angle of cub-Li3TaS4. All standard deviations are given in units of the last digit in parentheses 

Atoms Angle [◦ ] Atoms Angle [◦ ] Atoms Angle [◦ ] 

Ta1-S1-Li2 93.6(2) Li4-S3-Li7iii 92.6(3) Ta2-S8-Li4viii 88.1(3) 

Ta1-S1-Li3 88.60(19) Li3-S3vii-Li7iii 87.42(19) Li1-S8viii-Li4viii 85.3(3) 
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Li2-S1-Li3 88.7(4) Ta2-S3iii-Li2ix 168.8(2) Li3-S8-Li4viii 88.0(3) 

Ta1-S1-Li2i 84.5(2) Li5-S3-Li2ix 91.1(3) Ta1-S8x-Li4viii 169.2(3) 

Li2-S1-Li2i 178.1(3) Li4-S3-Li2ix 90.9(3) Ta2-S8-Li6v 156(3) 

Li3-S1-Li2i 91.2(4) Li3-S3vii-Li2ix 85.6(3) Li1-S8viii-Li6v 106(3) 

Ta1-S1-Li1i 95.0(3) Li7-S3iii-Li2ix 82.8(3) Li3-S8-Li6v 71(2) 

Li2-S1-Li1i 97.3(4) S2-Li3x-S8 86.3(3) Ta1-S8x-Li6v 69(3) 

Li3-S1-Li1i 172.8(4) S2-Li3x-S1 94.1(4) Li4-S8viii-Li6v 101(3) 

Li2-S1i-Li1i 83.0(4) S8-Li3-S1 179.1(6) S6-Li6i-S6vii 150(10) 

Ta1-S1-Li4ii 172.3(3) S2-Li3x-S3x 89.2(4) S6-Li6i-Li7 75(6) 

Li2-S1-Li4ii 93.6(4) S8-Li3-S3x 86.6(4) S6-Li6vii-Li7 75(6) 

Li3-S1-Li4ii 88.7(3) S1-Li3-S3x 94.3(4) S6-Li6i-S8i 102.6(14) 

Li2-S1i-Li4ii 88.3(4) S2-Li3x-S2 177.3(5) S6-Li6vii-S8i 89.1(14) 

Li1-S1i-Li4ii 87.0(4) S8-Li3-S2 95.1(4) Li7-Li6-S8i 113(4) 

S8-Li1iii-S5iv 82.9(5) S1-Li3-S2 84.5(3) S6-Li6i-S8vii 89.1(14) 

S8-Li1iii-S5 97.5(6) S3-Li3x-S2 93.2(3) S6-Li6vii-S8vii 102.6(14) 

S5-Li1iv-S5 177.7(7) S2-Li3x-S6 91.3(3) Li7-Li6-S8vii 113(4) 

S8-Li1iii-S1v 177.2(6) S8-Li3-S6 90.7(4) S8-Li6i-S8vii 134(7) 

S5-Li1iv-S1v 94.3(5) S1-Li3-S6 88.4(4) S6-Li6i-Ta1 46.8(12) 

S5-Li1-S1v 85.2(5) S3-Li3x-S6 177.2(5) S6-Li6vii-Ta1 123(5) 

S8-Li1iii-S7i 84.4(5) S2-Li3-S6 86.3(4) Li7-Li6-Ta1 75(4) 

S5-Li1iv-S7i 83.8(4) S2-Li3x-Li6v 74(3) S8-Li6i-Ta1 147.2(16) 

S5-Li1-S7i 98.5(5) S8-Li3-Li6v 60(3) S8-Li6vii-Ta1 50.59(5) 

S1-Li1v-S7i 96.0(7) S1-Li3-Li6v 119(2) S6-Li6i-Ta1xiii 123(5) 

S8-Li1iii-S4vi 94.6(6) S3-Li3x-Li6v 142.7(10) S6-Li6vii-Ta1xiii 46.8(12) 

S5-Li1iv-S4vi 93.8(5) S2-Li3-Li6v 105(3) Li7-Li6-Ta1xiii 75(4) 

S5-Li1-S4vi 83.9(4) S6-Li3-Li6v 35.2(7) S8-Li6i-Ta1xiii 50.59(5) 
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S1-Li1v-S4vi 84.9(5) S2-Li3x-Ta1 136.5(4) S8-Li6vii-Ta1xiii 147.2(16) 

S7-Li1i-S4vi 177.4(6) S8-Li3-Ta1 137.1(3) Ta1-Li6-Ta1xiii 149(7) 

S8-Li1iii-Li2 132.4(5) S1-Li3-Ta1 42.49(14) S6-Li6i-Li3vii 114(3) 

S5-Li1iv-Li2 92.5(5) S3-Li3x-Ta1 90.8(3) S6-Li6vii-Li3vii 59.8(11) 

S5-Li1-Li2 88.8(5) S2-Li3-Ta1 42.33(14) Li7-Li6-Li3vii 80(4) 

S1-Li1v-Li2 48.3(4) S6-Li3-Ta1 90.7(3) S8-Li6i-Li3vii 143(2) 

S7-Li1i-Li2 48.0(4) Li6-Li3v-Ta1 124.5(6) S8-Li6vii-Li3vii 48.7(3) 

S4-Li1vi-Li2 133.1(7) S2-Li3x-Ta2 92.0(3) Ta1-Li6-Li3vii 68.2(11) 

S2-Ta1-S1 98.40(3) S8-Li3-Ta2 45.20(19) Ta1-Li6xiii-Li3vii 106(2) 

S2-Ta1-S6i 99.79(4) S1-Li3-Ta2 135.6(4) S6-Li6i-Li3i 59.8(11) 

S1-Ta1-S6i 99.25(4) S3-Li3x-Ta2 41.87(18) S6-Li6vii-Li3i 114(3) 

S2-Ta1-S7i 91.78(3) S2-Li3-Ta2 90.6(3) Li7-Li6-Li3i 80(4) 

S1-Ta1-S7i 91.20(3) S6-Li3-Ta2 135.4(4) S8-Li6i-Li3i 48.7(3) 

S6-Ta1i-S7i 163.04(3) Li6-Li3v-Ta2 105(2) S8-Li6vii-Li3i 143(2) 

S2-Ta1-S8vii 89.58(3) Ta1-Li3-Ta2 115.9(2) Ta1-Li6-Li3i 106(2) 

S1-Ta1-S8vii 167.13(3) S4-Li4-S3 178.4(6) Ta1-Li6xiii-Li3i 68.2(11) 

S6-Ta1i-S8vii 89.25(3) S4-Li4-S5 85.6(4) Li3-Li6vii-Li3i 159(7) 

S7-Ta1i-S8vii 78.40(3) S3-Li4-S5 93.0(4) Li6-Li7-S3viii 137.4(3) 

S2-Ta1-S5i 166.95(3) S4-Li4-S8iii 96.3(4) Li6-Li7-S3x 137.4(3) 

S1-Ta1-S5i 90.41(3) S3-Li4-S8iii 83.0(4) S3-Li7viii-S3x 85.2(5) 

S6-Ta1i-S5i 88.18(3) S5-Li4-S8iii 92.4(4) Li6-Li7-S2xiii 88.3(4) 

S7-Ta1i-S5i 78.36(3) S4-Li4-S1ix 91.5(4) S3-Li7viii-S2xiii 92.8(3) 

S8-Ta1vii-S5i 80.15(3) S3-Li4-S1ix 89.3(4) S3-Li7x-S2xiii 89.6(3) 

S2-Ta1-Li6 78(3) S5-Li4-S1ix 90.0(3) Li6-Li7-S2 88.3(4) 

S1-Ta1-Li6 131(2) S8-Li4iii-S1ix 172.0(5) S3-Li7viii-S2 89.6(3) 

S6-Ta1i-Li6 36.1(4) S4-Li4-S2iii 92.6(4) S3-Li7x-S2 92.8(3) 
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S7-Ta1i-Li6 137.6(19) S3-Li4-S2iii 88.9(4) S2-Li7xiii-S2 176.6(7) 

S8-Ta1vii-Li6 61(3) S5-Li4-S2iii 176.7(5) Li6-Li7-S6vii 43.4(3) 

S5-Ta1i-Li6 103(3) S8-Li4iii-S2iii 90.5(3) S3-Li7viii-S6vii 94.28(3) 

S2-Ta1-Li2i 101.87(19) S1-Li4ix-S2iii 87.3(4) S3-Li7x-S6vii 174.14(8) 

S1-Ta1-Li2i 51.22(18) S6-Li5-S3 174.4(5) S2-Li7xiii-S6vii 84.6(3) 

S6-Ta1i-Li2i 48.11(18) S6-Li5-S2 94.9(4) S2-Li7-S6vii 93.0(3) 

S7-Ta1i-Li2i 141.2(2) S3-Li5-S2 89.8(3) Li6-Li7-S6i 43.4(3) 

S8-Ta1vii-Li2i 136.94(17) S6-Li5-S4viii 90.9(3) S3-Li7viii-S6i 174.14(8) 

S5-Ta1i-Li2i 91.15(19) S3-Li5-S4viii 91.9(4) S3-Li7x-S6i 94.28(3) 

Li6-Ta1-Li2i 81.0(17) S2-Li5-S4viii 91.5(3) S2-Li7xiii-S6i 93.0(3) 

S2-Ta1-Li3 49.93(19) S6-Li5-S5 82.9(3) S2-Li7-S6i 84.6(3) 

S1-Ta1-Li3 48.91(19) S3-Li5-S5 92.3(4) S6-Li7vii-S6i 86.9(5) 

S6-Ta1i-Li3 99.2(2) S2-Li5-S5 176.3(5) Li6-Li7-Ta2 180(5) 

S7-Ta1i-Li3 97.7(2) S4-Li5viii-S5 91.5(3) S3-Li7viii-Ta2 42.6(3) 

S8-Ta1vii-Li3 139.4(2) S6-Li5-S7i 93.7(4) S3-Li7x-Ta2 42.6(3) 

S5-Ta1i-Li3 139.26(18) S3-Li5-S7i 83.9(3) S2-Li7xiii-Ta2 91.7(4) 

Li6-Ta1-Li3 106(4) S2-Li5-S7i 83.7(3) S2-Li7-Ta2 91.7(4) 

Li2-Ta1i-Li3 66.5(3) S4-Li5viii-S7i 173.6(4) S6-Li7vii-Ta2 136.6(3) 

S2-Ta1-Li7 49.99(13) S5-Li5-S7i 93.5(3) S6-Li7i-Ta2 136.6(3) 

S1-Ta1-Li7 98.2(2) S6-Li5-Li2 45.8(3) Li6-Li7-Ta1xiii 62.8(3) 

S6-Ta1i-Li7 50.26(16) S3-Li5-Li2 131.5(4) S3-Li7viii-Ta1xiii 90.56(5) 

S7-Ta1i-Li7 141.48(10) S2-Li5-Li2 89.2(4) S3-Li7x-Ta1xiii 131.55(18) 

S8-Ta1vii-Li7 94.6(2) S4-Li5viii-Li2 136.5(5) S2-Li7xiii-Ta1xiii 42.31(11) 

S5-Ta1i-Li7 138.34(18) S5-Li5-Li2 87.2(3) S2-Li7-Ta1xiii 135.5(4) 

Li6-Ta1-Li7 43(4) S7-Li5i-Li2 47.8(3) S6-Li7vii-Ta1xiii 42.60(12) 

Li2-Ta1i-Li7 64.7(2) Ta3-S4xi-Li4 93.9(3) S6-Li7i-Ta1xiii 94.1(4) 
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Li3-Ta1-Li7 63.4(3) Ta3-S4xi-Li5iii 172.0(2) Ta2-Li7-Ta1xiii 117.2(3) 

S6-Li2-S1 96.9(4) Li4-S4-Li5iii 89.6(4) Li6-Li7-Ta1 62.8(3) 

S6-Li2-S7i 98.6(3) Ta3-S4xi-Li2xii 95.3(2) S3-Li7viii-Ta1 131.55(18) 

S1-Li2-S7i 85.9(3) Li4-S4-Li2xii 91.5(3) S3-Li7x-Ta1 90.56(5) 

S6-Li2-S1v 88.9(3) Li5-S4iii-Li2xii 91.8(4) S2-Li7xiii-Ta1 135.5(4) 

S1-Li2-S1v 172.6(4) Ta3-S4xi-Li1vi 89.4(3) S2-Li7-Ta1 42.31(11) 

S7-Li2i-S1v 97.9(4) Li4-S4-Li1vi 174.6(4) S6-Li7vii-Ta1 94.1(4) 

S6-Li2-S4iv 176.9(4) Li5-S4iii-Li1vi 86.5(3) S6-Li7i-Ta1 42.60(12) 

S1-Li2-S4iv 85.5(3) Li2-S4xii-Li1vi 92.3(5) Ta2-Li7-Ta1 117.2(3) 

S7-Li2i-S4iv 83.5(4) Ta3-S5xi-Li1xii 97.3(4) Ta1-Li7xiii-Ta1 125.6(5) 

S1-Li2v-S4iv 88.6(3) Ta3-S5xi-Li1 88.8(4) S3-Ta2x-S3viii 100.52(5) 

S6-Li2-S3ii 93.1(4) Li1-S5xii-Li1 170.63(4) S3-Ta2x-S8 96.69(3) 

S1-Li2-S3ii 86.1(3) Ta3-S5xi-Ta1v 101.18(3) S3-Ta2viii-S8 94.08(3) 

S7-Li2i-S3ii 166.6(4) Li1-S5xii-Ta1v 97.5(5) S3-Ta2x-S8xiii 94.08(3) 

S1-Li2v-S3ii 88.9(3) Li1-S5-Ta1v 88.2(5) S3-Ta2viii-S8xiii 96.69(3) 

S4-Li2iv-S3ii 85.2(2) Ta3-S5xi-Li4 85.5(3) S8-Ta2-S8xiii 163.12(5) 

S6-Li2-Ta1v 44.65(16) Li1-S5xii-Li4 88.6(5) S3-Ta2x-S7xiv 90.92(3) 

S1-Li2-Ta1v 141.0(4) Li1-S5-Li4 84.8(5) S3-Ta2viii-S7xiv 167.93(3) 

S7-Li2i-Ta1v 103.5(3) Ta1-S5v-Li4 170.2(3) S8-Ta2-S7xiv 80.68(3) 

S1-Li2v-Ta1v 44.28(14) Ta3-S5xi-Li5 168.5(2) S8-Ta2xiii-S7xiv 86.20(3) 

S4-Li2iv-Ta1v 132.7(3) Li1-S5xii-Li5 88.2(4) S3-Ta2x-S7xv 167.93(3) 

S3-Li2ii-Ta1v 89.5(3) Li1-S5-Li5 84.6(4) S3-Ta2viii-S7xv 90.92(3) 

S6-Li2-Li5 46.9(2) Ta1-S5v-Li5 88.0(2) S8-Ta2-S7xv 86.20(3) 

S1-Li2-Li5 92.5(3) Li4-S5-Li5 84.6(4) S8-Ta2xiii-S7xv 80.68(3) 

S7-Li2i-Li5 51.7(2) Li6-S6v-Ta1v 97.1(8) S7-Ta2xiv-S7xv 77.95(4) 

S1-Li2v-Li5 94.9(3) Li6-S6v-Li2 151(6) S3-Ta2x-Li7 50.26(2) 
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S4-Li2iv-Li5 135.1(5) Ta1-S6v-Li2 87.2(2) S3-Ta2viii-Li7 50.26(2) 

S3-Li2ii-Li5 139.5(5) Li6-S6v-Li5 120(6) S8-Ta2-Li7 98.44(2) 

Ta1-Li2v-Li5 66.9(2) Ta1-S6v-Li5 100.3(2) S8-Ta2xiii-Li7 98.44(2) 

S6-Li2-Li1 91.5(3) Li2-S6-Li5 87.3(3) S7-Ta2xiv-Li7 141.023(19) 

S1-Li2-Li1 135.3(5) Li6-S6v-Li7v 62(6) S7-Ta2xv-Li7 141.023(19) 

S7-Li2i-Li1 49.4(3) Ta1-S6v-Li7v 87.15(5) S3-Ta2x-Li3xiii 94.99(15) 

S1-Li2v-Li1 48.7(3) Li2-S6-Li7v 89.8(4) S3-Ta2viii-Li3xiii 49.0(2) 

S4-Li2iv-Li1 88.1(4) Li5-S6-Li7v 171.9(2) S8-Ta2-Li3xiii 142.8(2) 

S3-Li2ii-Li1 137.3(4) Li6-S6v-Li3 85.0(4) S8-Ta2xiii-Li3xiii 48.2(2) 

Ta1-Li2v-Li1 65.2(3) Ta1-S6v-Li3 169.3(2) S7-Ta2xiv-Li3xiii 134.30(19) 

Li5-Li2-Li1 62.6(4) Li2-S6-Li3 85.9(3) S7-Ta2xv-Li3xiii 89.62(14) 

Ta1-S2-Li3vii 96.1(3) Li5-S6-Li3 87.7(3) Li7-Ta2-Li3xiii 63.58(13) 

Ta1-S2-Li5 97.0(2) Li7-S6v-Li3 84.55(18) S3-Ta2x-Li3 49.0(2) 

Li3-S2vii-Li5 91.1(4) Li2-S7v-Ta1v 87.4(2) S3-Ta2viii-Li3 94.99(15) 

Ta1-S2-Li3 87.7(3) Li2-S7v-Ta3xi 90.6(2) S8-Ta2-Li3 48.2(2) 

Li3-S2vii-Li3 175.39(5) Ta1-S7v-Ta3xi 97.40(3) S8-Ta2xiii-Li3 142.8(2) 

Li5-S2-Li3 91.0(4) Li2-S7v-Li1v 82.6(5) S7-Ta2xiv-Li3 89.62(14) 

Ta1-S2-Li7 87.7(2) Ta1-S7v-Li1v 166.9(4) S7-Ta2xv-Li3 134.30(19) 

Li3-S2vii-Li7 91.0(4) Ta3-S7xi-Li1v 91.2(3) Li7-Ta2-Li3 63.58(13) 

Li5-S2-Li7 174.6(4) Li2-S7v-Ta2xi 165.8(2) Li3-Ta2xiii-Li3 127.2(3) 

Li3-S2-Li7 86.5(4) Ta1-S7v-Ta2xi 97.40(3) S4-Ta3xiv-S4xv 101.07(5) 

Ta1-S2-Li4viii 173.3(3) Ta3-S7xi-Ta2xi 101.94(3) S4-Ta3xiv-S5xv 96.43(4) 

Li3-S2vii-Li4viii 89.7(4) Li1-S7v-Ta2xi 90.4(5) S4-Ta3xv-S5xv 94.06(3) 

Li5-S2-Li4viii 86.2(4) Li2-S7v-Li5v 80.5(3) S4-Ta3xiv-S5xiv 94.06(3) 

Li3-S2-Li4viii 86.3(4) Ta1-S7v-Li5v 86.6(2) S4-Ta3xv-S5xiv 96.43(4) 

Li7-S2-Li4viii 88.8(4) Ta3-S7xi-Li5v 170.1(2) S5-Ta3xv-S5xiv 163.48(4) 
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Ta2-S3iii-Li5 98.7(2) Li1-S7v-Li5v 83.4(4) S4-Ta3xiv-S7xv 90.53(4) 

Ta2-S3iii-Li4 94.5(2) Ta2-S7xi-Li5v 86.5(2) S4-Ta3xv-S7xv 167.86(3) 

i y- , -x+ , z ii -y, -x+1, -z+ iii -y+ , x- , z+ iv x- , -y+ , -z+ 

v -y+ , x+ , z+ vi y, x, -z+1 vii -x+ , y- , -z+ viii y+ , -x+ , z ix

 -y+1, -x, -z+ x -x+ , y+ , -z+ xi -x+1, -y+1, z+ xii x+ , -y+ , -z+ xiii

 y, x, -z xiv -y+1, -x+1, -z+ xv -x+1, -y+1, z-  
 
 
 
 

Table S10 Standardized fractional atomic coordinates and equivalent isotropic deflection parameter [Å2] for tetra-Li3TaS4. 
The equivalent isotropic deflection parameter is defined as one third of the trace of the anisotropic deflection parameter. All 
standard deviations are given in units of the last digit in parentheses. 

Atom occupation Wyckoff- x y z Uequiv 

  position     

S1 1 - 0.00217(10) 0.48557(8) 0.12897(4) 0.01055(13) 

Li1 1 - 0.0090(12) 0.249(2) 0.3725(7) 0.045(4) 

Ta1 1 - 0.017729(15) 0.261362(14) 0.120615(7) 0.00805(3) 

Li2 1 - 0.0212(11) 0.4840(11) 0.2537(4) 0.0227(19) 

S2 1 - 0.24129(10) 0.24283(9) 0.12761(5) 0.01058(15) 

S3 1 - 0.24177(10) 0.00115(9) 0.25391(5) 0.01089(14) 

Li3 1 - 0.2530(12) 0.4978(8) 0.1223(6) 0.026(2) 

Li5-S3-Li4 90.1(4) Ta2-S8-Li1viii 97.1(4) S5-Ta3xv-S7xv 80.95(3) 

Ta2-S3iii-Li3vii 89.1(3) Ta2-S8-Li3 86.6(3) S5-Ta3xiv-S7xv 86.22(3) 

Li5-S3-Li3vii 89.5(3) Li1-S8viii-Li3 172.3(4) S4-Ta3xiv-S7xiv 167.86(3) 

Li4-S3-Li3vii 176.4(4) Ta2-S8-Ta1x 101.42(3) S4-Ta3xv-S7xiv 90.53(4) 

Ta2-S3iii-Li7iii 87.2(3) Li1-S8viii-Ta1x 98.4(3) S5-Ta3xv-S7xiv 86.22(3) 

Li5-S3-Li7iii 173.4(3) Li3-S8-Ta1x 87.53(19) S5-Ta3xiv-S7xiv 80.95(3) 

    S7-Ta3xv-S7xiv 78.16(4) 
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Li4 1 - 0.2522(11) 0.0053(11) 0.3781(6) 0.032(2) 

Li5 1 - 0.2568(10) 0.2480(11) 0.2513(5) 0.024(2) 

S4 1 - 0.25919(10) 0.01524(10) 0.49664(5) 0.01087(15) 

S5 1 - 0.25988(9) 0.26387(9) 0.38255(4) 0.00855(13) 

S6 1 - 0.26033(11) 0.49129(10) 0.25905(4) 0.01084(13) 

S7 1 - 0.26433(10) 0.49210(8) 0.49507(4) 0.00716(12) 

S8 1 - 0.50286(10) 0.50810(9) 0.11758(4) 0.00831(12) 

Li6 1 - 0.082(14) = x 0 0.74(17) 

Li7 1 - 0.2474(12) = x 0 0.033(4) 

Ta2 1 - 0.480768(14) = x 0 0.00828(4) 

Ta3 1 - 0.762282(15) = x 0 0.00805(4) 

 
 

 

Table S11 EDX measurements of cub-Li3NbS4 and tetra-Li3TaS4. 

Element a% a% a% Element a% a% a% 

S 75.2 80 73 S 79.9 79.4 79.9 

Ta 19.3 20 18 Nb 20.1 20.7 20.1 

Ratio S:Ta 3.9 4.0 4.1  4.0 3.8 4.0 

 

Table S12 ICP measurements of cub-Li3NbS4 and tetra-Li3TaS4. 

Element wt% wt% Element wt% wt% 

Li 6.6 6.6 Li 8.6 8.4 

Ta 54.9 54.7 Nb 38.3 38.5 

Ratio Li:Ta 3.1 3.1  3.0 2.9 
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Figure S1 a) comparison of PXRDs of tetra-Li3NbS4 and cub-Li3TaS4 with a Li2S and Li0.5NbS2
61 side phase. 

Rietveld refinement of b) tetra-Li3NbS4 and c) cub-Li3TaS4. All diffractograms were measured with Mo-

Kα1 radiation. Notably, the PXRD of cub-Li3TaS4 shows the same peculiarity as for cub-Li3NbS4. 
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Figure S2 DSC measurements of cubic and tetragonal Li3NbS4  and Li3TaS4. 
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Figure S3 a) Precession electron diffraction (PED) images match simulated patterns of cub-Li3NbS4 very well. b) Fourier 
transformed (FFT) of HRTEM image in [001] show diffusive streaks indicating the presence of a large number of defects. The 
ordered domains smaller than < 9nm are attached to each other via dislocations.  

 

Figure S4 HRTEM image of defects in cub-Li3NbS4, zone axis [101]. Diffuse lines along (–101) are also visible in the FFT. 
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Figure S5 a) PED images match simulated patterns of tetra-Li3TaS4 very well. b) In the representative HRTEM image of tetra-
Li3TaS4 (zone axis [110]) , a large ordered domain is visible. 

 

Figure S6 Applying cub-Li3NbS4 as cathode material in an ASSB. a) charge/discharge curve with 0.033C showing only limited 
discharge of the material suggesting severe limitations for lithium incorporation b) the low currents during the potential 
sweep show high kinetic limitations for lithium de/insertion. 
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Figure S7 Negligible effect of spin-orbit coupling (SOC). Because of its effect on the Ta 5d states, inclusion of SOC 
narrows the computed bandgap of c-Li3TaS4 by 70 meV. But this correction remains small relative to the change 
upon Nb substitution (~250 meV) and should not affect the conclusions drawn here. 
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4.2 Lithium ion transport dynamics in Li2SiP2 and LiSi2P3 
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Abstract 

Phosphidosilicates are an emerging class of solid ion 

conducting materials for lithium, sodium and even 

potassium ion based systems. They show a large structural 

variety with anions ranging from isolated [SiP4]8– tetrahedra 

in Li8SiP4 to large supertetrahedral entities built from 

connected SiP4 tetrahedra in LiSi2P3. In addition, they possess 

high ionic conductivities > 1mS cm–1 as in lithium-rich 

Li14SiP6. To extend the available data on Li2SiP2 and LiSi2P3, 

we report on their lithium diffusivities measured by pulse 

field gradient nuclear magnetic resonance spectroscopy and 

on the electrical conduction properties of LiSi2P3 measured 

by electrochemical impedance spectroscopy and galvanostatic polarization. The diffusion 

coefficient of LiSi2P3 of 4.8x10–13 m2 s–1 (at 25 °C) is much higher than that of Li2SiP2 (6.8x10–15 m2 s–

1). As derived from the Nernst-Einstein equation, the diffusivity of LiSi2P3 formally corresponds to 

an ionic conductivity of 2.5x10–4 S cm–1. However, we observe that the measured ionic 

conductivity of polycrystalline LiSi2P3 of up to 3.1x10–5 S cm–1 with an activation energy of 

0.38±0.02 eV is limited presumably by grain boundaries.  

Introduction 

For all kinds of devices, ranging from portable consumer electronics to electric vehicles and 

beyond, lithium ion batteries (LIBs) are the state of the art energy source. For the application in 

electric vehicles, the safety and performance requirements for LIBs are high: they should have a 

high gravimetric and volumetric energy density, a long cycle life and fast charge/discharge kinetics 

as well as low flammability. All-solid-state-batteries (ASSBs) that incorporate fast ion conducting 

solid electrolytes with negligible electronic conductivity give hope to several improvements. One 

the one hand, by the use of a lithium metal anode they enable high charging rates and an increase 

in energy density.1-4 On the other hand, they promise a higher safety by replacing the temperature 

sensitive, flammable liquid electrolyte by a durable solid, especially when inorganic solids are 

employed. The most important key performance indicator for the solid electrolyte (SE) is the ionic 

conductivity that should be at least as high as 10 mS cm–1 to ensure an optimal performance of an 

ASSB.5 In the last years, several fast ionic conductors were developed and the performance of 

thiophosphate based systems stands out.3, 4, 6 One of the fastest known ion conductors is 

Li9.54Si1.74P1.44S11.7Cl0.3, which is part of the large family of Li10Ge2PS12 (LGPS)-type ionic conductors, 

with an ionic conductivity of 25 mS cm–1 at room-temperature.1, 7-11 However, since batteries are 

complicated systems and the most suitable electrolyte is hard to predict, alternatives are 

constantly sought after. In the last years, the family of phosphidosilicates that exhibit a large 

structural variety was introduced as lithium, sodium and potassium ion conductors.12-17 There are 

several known lithium containing phosphidosilicates showing differing structures and ionic 

conductivities: Li5SiP3,18 Li8SiP4,
17 Li14SiP6,16 Li10Si2P6,19 Li3Si3P7,19 Li2SiP2,12, 17 and LiSi2P3

12. The 

lithium phosphidosilicate with the simplest structure is Li8SiP4. It is comprised of isolated [SiP4]8- 
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tetrahedra that are surrounded by Li atoms and shows an ionic conductivity of 6x10–6 S cm–1 at 

25 °C and an activation energy Ea
EIS of 0.53 eV determined by electrochemical impedance 

spectroscopy (EIS) (vs. Ea
T1NMR=0.38 eV determined by T1-relaxometry nuclear magnetic resonance 

spectroscopy (NMR)). By a formal addition of Li3P, the lithium-rich Li14SiP6 is formed. Its structure 

is closely related to the anti-fluorite type and is based on a cubic close packing of P atoms. All 

tetrahedral voids are fully occupied by Li and Si atoms in a mixed occupancy and all octahedral 

voids are occupied by Li atoms with a probability of 50 %. As a consequence of the occupational 

disorder of Li and Si, the structure can be understood as a mixture of [SiP4]8− tetrahedra and P3− 

ions in a ratio of 1:2 similar to the simultaneous appearance of [PS4]3− and S2− in lithium 

argyrodites20-22. The ionic conductivity of Li14SiP6 of 1x10–3 S cm–1 is the highest among all 

phosphidosilicates to date and shows a medium activation energy of 0.33 eV. 

 

Figure 1 visualization of a) interpenetrating rings of T2 supertetrahedra that are connected via common vertices in Li2SiP2 
and b) interpenetrating rings of connected T4 and T5 supertetrahedra sharing common SiP4 entitites in LiSi2P3. 

In contrast to that, Li2SiP2
12, 17 shows a completely different structure as shown in Figure 1a. It 

contains two interpenetrating diamond-like tetrahedral networks consisting of corner-sharing T2 

supertetrahedra. These supertetrahedra are built from SiP4 tetrahedra that are in general 

connected either by common vertices (in Li2SiP2) or by sharing a SiP4 entity (in LiSi2P3 shown in 

Figure 1b). Li2SiP2 has only a low ionic conductivity of 3x10–7 S cm–1 at 25 °C and a high activation 

energy of Ea
EIS of 0.56 eV (Ea

T1NMR=0.49 eV; cf. Table 1).17 For Li5SiP3, Li10Si2P6, Li3Si3P7, and LiSi2P3 

only the crystal structures were reported so far. The from powder X-ray diffraction assigned 

antiflourite-type structure of Li5SiP3 strongly resembles Li8SiP4, and the material could not be 

reproduced by the authors of the latter compound (Eickhoff et al.19). In contrast, Li10Si2P6 is a 

monoclinic form of Li5SiP3 containing covalently bound [Si2P6]10– units. In Li3Si3P7, SiP4 tetrahedra 

are linked via common vertices and connected by polyphosphide chains to form unique ∞2[Si3P7]3– 

double layers. LiSi2P3, the main subject of this work, consists of T4 and T5 supertetrahedra that 

form sphalerite-like interpenetrating networks as visualized in Figure 1b. The lithium ions are 

located in the open spaces between the supertetrahedra similar to the LT-NaSi2P3
14 polymorph. 

Since LT-NaSi2P3 was identified as fast sodium ion conductor with σ(Na+) = 1.2x10–5 S cm–1 and an 

Ea
EIS of 0.23 eV (Ea

T1NMR = 0.14 eV), we decided to revisit LiSi2P3 to assess its diffusion and ion 

conducting properties. The former report on a Li+ activation energy of 0.10 eV measured by T1-
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relaxometry indicated a facile ion transport in LiSi2P3.12 Here, we show that the diffusivity DNMR 

measured by pulsed field gradient (PFG) NMR of 4.8x10–13 m2s–1 (at 20 °C) is much higher than the 

diffusivity DNMR of 6.1x10–14 m2s–1 (at 100 °C) of Li2SiP2. Using the Nernst-Einstein equation, the 

diffusivity of LiSi2P3 corresponds to an ionic conductivity of 2.5x10–4 S cm–1. However, an ionic 

conductivity of polycrystalline LiSi2P3 of up to 3.1x10–5 S cm–1 with an activation energy of 

0.38±0.02 eV was measured by EIS and thus appears to be limited presumably by grain boundaries.  

Experimental 

Synthesis and pellet preparation of Li2SiP2 and LiSi2P3 

Li2SiP2 and LiSi2P3 were prepared according to Haffner et al.12 and the respective powder X-ray 

diffractograms are given in Figure S 1 Subsequently, the fine ground powder was pressed into 

pellets with a diameter of 5 mm and thicknesses between 0.5–1 mm by uniaxial cold-pressing (1 

GPa, 2 tons). The pellets were placed in a glassy carbon crucible and sealed under argon in a 

quartz ampule. They were annealed at 800 °C for 10–50 h and slowly cooled to room 

temperature.  

Measurement of conduction properties 

The as-prepared pellets were contacted with Indium metal on both sides as ion-blocking 

electrodes. Temperature dependent impedance spectra (1 MHz–0.1 Hz, rms AC voltage of 50 mV) 

and potentiostatic polarization were measured with an IVIUM compactstat.h (24 bit instrument) in 

a two-electrode setup with custom made Swagelok cells inside a glovebox under argon 

atmosphere. At each temperature step the sample was equilibrated for 1 h. Fitting of the spectra 

by an equivalent circuit model was performed with RelaxIS3 from RHD INSTRUMENTS.  

Pulsed field gradient NMR 

7Li NMR spectra and Pulse Field Gradient (PFG) NMR measurements were executed on a Bruker 

Avance-III 400 MHz instrument (magnetic field of 9.4 T, and 7Li Larmor frequency of 155.56 MHz), 

equipped with a diff60 single gradient diffusion probe. The probe allows for pulse field gradients 

g of up to 30 T/m and variable temperature measurements up to +150 °C. The diffusion 

measurement were performed using a stimulated echo pulse sequence.23 Diffusion times of 100 

and 200 ms were used, with an effective gradient duration of 1 ms. Repetition times were in a 

range of 3 times longer than the spin-lattice relaxation time, T1, allowing for a good magnetization 

recovery. The echo attenuation curves S(g,) were processed using the Stejskal-Tanner equation 

given in equation (2).24 The results of the PFG measurements were analyzed using relaxation 

module of BRUKER TOPSPIN3.6 processing software.  

Results  

As demonstrated before by Haffner et al., only a single narrow resonance indicating a rapid 

exchange of lithium ions at RT is observed in the 7Li NMR of Li2SiP2 and LiSi2P3, respectively. To 

obtain more detailed information on the 7Li mobility, we measured the temperature-dependent 

spin-lattice-relaxation times (T1) and self-diffusion coefficients.  

The 7Li-NMR spin-lattice relaxation times (T1) at different temperatures were obtained by the 

saturation recovery technique.25 The integrated intensities are fitted by a mono-exponential 
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function. The obtained relaxations rates (1/T1) follow an Arrhenius-type law that can be described 

in the so-called low-temperature regime (ω0τc >>1) by equation (1), with the Lamor frequency ω0, 

the jump rate 1/τ0, the interaction strength G(0), the activation energy Ea, Boltzmann constant kb 

and the temperature T.25, 26 

 
1

𝑇1
=

4

3
𝐺(0)

1

𝜔0
2𝜏0

𝑒
−𝐸𝑎
𝑘𝑏𝑇  (1) 

The logarithmic plot of the inverse relaxation time (1/T1) as a function of the inverse temperature 

shows a good linear correlation (Figure 1a), down to –23 °C (250 K) for both compounds. Below 

that temperature a flattening occurs for Li2SiP2. However, since the very low temperature regime 

is not of interest for the ion conduction properties at room temperature, we excluded this regime 

from fitting. From the slopes of the linear fits, an activation energy Ea
T1NMR of 0.23 eV and 0.17 eV 

for Li2SiP2 and LiSi2P3, respectively, is derived. These values are larger than the activation energies 

determined by T1-relaxometry earlier (0.1 eV for Li2SiP2 and 0.07 eV for LiSi2P3).12 This discrepancy 

is unclear to us, but as the new values are much more typical for a solid electrolyte and match the 

results obtained by PFG NMR (vide infra) as well as bulk activation energies of the structurally very 

similar compounds HT-NaSi2P3
14 and KSi2P3-mC92815, we consider them to be more reliable. 

Besides, analysis of the temperature dependent evolution of the static 7Li line width was also 

evaluated to deduce another activation energy (Ea
static) for Li2SiP2.17 Here, the activation energy 

Ea
static of 0.49 eV (ref 17) is larger than the ones observed by us (vs. Ea

T1NMR = 0.23 eV (this work), 

Ea
PFGNMR = 0.30 eV (this work)) and matches the activation energy obtained from EIS much better 

(vide infra). Thus, the question arises as to what kind of activation energy is probed by which 

method. The comparison of the activation energies in this particular case suggests that the line 

broadening might estimate the activation energy of the total conductivity (including the grain 

boundaries) while T1-relaxometry and PFG-NMR might probe intra grain process (bulk 

conductivity). 

For evaluation of the PFG NMR data, the measured echo attenuation curves S(g, δ, ∆) were 

processed using the Stejskal–Tanner equation (2),24 with =1.398x108 Hz/T being the 7Li 

gyromagnetic ratio, g is the strength and δ the duration of the pulse field gradient, DNMR is the 

effective self-diffusion coefficient, and ∆ is the time interval between the field gradients that 

defines the diffusion time scale.  

 
𝑆(𝑔, 𝛿, 𝛥) = 𝑒(−𝛾2𝛿2𝑔2)𝐷𝑁𝑀𝑅(𝛥−

𝛿
3

) (2) 

For LiSi2P3 a diffusion coefficient DNMR of 4.8x10–13 m2s–1 (at 25 °C) was obtained, which is much 

higher than the DNMR of 6.1x10–14 m2s–1 (at 100 °C) of Li2SiP2 . The DNMR of Li2SiP2 below 90 °C was 

too low to be measured by PFG NMR, indicating a much lower ion mobility in Li2SiP2 than in LiSi2P3. 

The temperature dependent diffusion coefficients, since they stem from an ion hopping process, 

also obey an Arrhenius-type law. As shown in Figure 1b, an Ea
PFGNMR

 of 0.30 eV and 0.18 eV are 

obtained for Li2SiP2 and LiSi2P3, respectively. These activation energies are comparatively low. 

LiSi2P3, which possesses a higher lithium ion diffusivity, also shows the lower activation barrier. 

The Ea
PFGNMR are consistent with the values obtained from T1 relaxometry, indicating that the same 

process, most likely the lithium ion diffusion, is observed for both methods in this case. By 

equation (3) the isotropic diffusion radius can be estimated. 27  

 𝑟𝑟𝑚𝑠 = √2𝐷𝑁𝑀𝑅𝛥 (3) 
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For LiSi2P3 (∆ = 100 ms) the rrms is 0.3 µm (at 25 °C) and for Li2SiP2 0.1 µm. These diffusion 

radii are much smaller than the average grain size of several µm indicating that the ion 

diffusion in the bulk of the material is probed via PFG NMR, rather than grain boundary 

processes. 

 

Figure 2 a) T1 relaxation data and b) diffusion coefficients from temperature dependent PFG NMR measurements of 
Li2SiP2 and LiSi2P3. 

Since the ionic conductivity of Li2SiP2 was already evaluated elsewhere,17 we focused on LiSi2P3 in 

our impedance spectroscopy study. In Figure 2a, a representative impedance spectrum at 25 °C is 

presented, showing one semicircle at high frequencies stemming from the ionic and capacitive 

properties of the sample with a low frequency spike originating from the polarization of lithium 

ions at the interface to the blocking electrodes. The spectrum can be fitted by an equivalent circuit 

model consisting of a resistance (R1) in parallel to a constant phase element (CPE1) with another 

CPE element in series accounting for the ion polarization at the blocking electrodes. The CPE 

models a depressed semicircle that originates from deviations from the behaviour of an ideal 

capacitor. This is the case if a distribution of relaxation times is present, which is observed 

frequently for polycrystalline samples. From the CPE, an effective capacitance (Ceff) can be 

calculated by the Brug-equation28 (4) with Q being the effective CPE coefficient, R the resistance 

in parallel to the CPE, and α a fitting parameter between 0<α<1 (if α=1 the CPE is an ideal capacitor).    

 
𝐶𝑒𝑓𝑓 = (

𝑄

𝑅α−1
)

1/α
 (4) 

For the data in Figure 2a a Ceff of  6.3x10–11 F (α = 0.87) can be calculated, indicating that the 

measured response is dominated by grain boundary contributions.29 This large Ceff would 

correspond to a theoretical dielectric constant εr of 326, which can be calculated via (5) with the 

relative permittivity of the vacuum ε0, the thickness of the sample d, and the area A: 

 𝜀𝑟 =
𝐶𝑒𝑓𝑓𝑑

𝜀0𝐴
 (5) 
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Since a typical dielectric constant of a non-ferroelectric solid is in the range of 1–100, a value of 

326 is clearly too large and does not represent the bulk response. The Ceff of all samples are given 

in Table S 1. A further deconvolution of the spectra was not possible. In the future, low 

temperature measurements should be conducted to extract the bulk response of the material. 

 

Figure 3 a) Impedance spectrum at 25 °C fitted with the respective equivalent circuit given in the inset. b) Representative 
plot of the temperature dependent ionic conductivity of LiSi2P3. 

To evaluate the activation energy, LiSi2P3 was heated to 100 °C. At higher temperatures, a second 

very broad semicircle at lower frequencies is present as visible in Figure S 1a showing a large Ceff 

of about 10–7 F, thus probably stemming from the electrode interface.29 From the high frequency 

semicircle, representing the total ionic conductivity, an activation energy Ea
EIS of 0.38±0.02 eV is 

obtained (average of six samples given in Table S 1). A representative plot is shown in Figure 2b. 

Since Ea
EIS

 of LiSi2P3 is significantly larger than the activation energies obtained by NMR 

(Ea
T1NMR

 = 0.17 eV, Ea
PFGNMR

 = 0.18 eV), this points to the presence of resistive grain boundaries 

inhibiting ion transport between different grains.  

In Table S 1 the ionic conductivity and activation energy of six samples from one LiSi2P3 batch is 

given. The arithmetic mean, i.e. average ionic conductivity of all samples, is 1.7±0.96x10–5 S cm–1 

with a maximum value of 3.1x10–5 S cm–1. By comparing three samples that were densified with a 

pressure of 1 GPa to three samples densified with 2 GPa before sintering at 800 °C, it becomes 

evident that the higher pressure leads to a higher ionic conductivity by roughly a factor of 2 (cf. 

Table S 1: 1x10–5 (1 GPa) vs. 2x10–5 (2 GPa)). This increase in ionic conductivity upon the application 

of a higher densification pressure corroborates the dominance of grain boundaries and current 

constrictions on the ion transport properties resulting from a sub optimal densification.  

To further evaluate whether the NMR diffusion experiments of LiSi2P3 and Li2SiP2 probe the same 

process as the EIS measurements, the NMR conductivity (σNMR) was calculated based on the 

Nernst-Einstein equation (6) with n being the charge carrier concentration, e the elementary 

charge, kB the Boltzmann constant, and T the temperature using the diffusion coefficient DNMR 

obtained by PFG NMR. 
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 𝜎𝑁𝑀𝑅 =  
𝐷𝑁𝑀𝑅𝑛𝑧2𝑒2

𝑘𝐵𝑇
 (6) 

In (6), uncorrelated lithium motion is implicitly assumed with a Haven ratio of 1. Subsequently, 

the calculated values can be considered a lower limit for the conductivity of the crystalline phase 

since many fast lithium ion conductors such as the LGPS-type materials show a strongly correlated 

jump process of the cation sublattice and therefore Haven ratios smaller than 1.30 

The charge carrier concentration of a crystalline solid can be calculated by (7) with x(Li) the 

numbers of lithium ions per sum formula, Z number of sum formulas per unit cell, and the volume 

of the unit cell Vz. 

 𝑛 =
𝑥(𝐿𝑖) ∙ 𝑍

𝑉𝑍

 (7) 

Using this formula, a n of 2.338x1028 m–3 for Li2SiP2 (x(Li) =2, Z=32, Vz=2736.6 Å–3) and 8.357x1027 

m–3 for LiSi2P3 (x(Li) =1, Z=100, Vz=11966.0 Å–3) is obtained. Therefore, a σNMR of 7.1x10–5 S cm–1 at 

100 °C, which is larger by a factor of 4 than the σEIS of 1.8x10–5 S cm–1 at 100 °C extrapolated from 

the EIS data obtained by Toffoletti et al.17 is derived for Li2SiP2 (extrapolation to 25 °C: 

DNMR = 6.8x10–15 m2s–1; σEIS = 9.9x10–6 S cm–1). By taking the larger Ea
EIS of 0.56 eV (ref 17) and the 

lower ionic conductivity measured by EIS (ref 17) into consideration, then it is reasonable to 

assume that the conductivity is also limited for Li2SiP2 by grain boundaries. For LiSi2P3 a σNMR of 

2.5x10–4 S cm–1 at 25 °C (9.8 x10–4 S cm–1 at 100 °C) is calculated, clearly exceeding the measured 

maximum σEIS of 3.1x10–5 S cm–1 by one order of magnitude.  

Although impedance spectroscopy and NMR already show that lithium ion conduction is the 

dominant charge transport process in LiSi2P3, we measured the partial electronic conductivity σeon 

via galvanostatic polarization. A representative potential curve is shown in Figure S 1b and the 

respective values are given in Table S 1. LiSi2P3 shows an average σeon of 5.1±2.6x10-9 S cm–1 

resulting in a transference number calculated by (8) of 0.998±0.001, thus corroborating the 

dominantly ion conducting nature of LiSi2P3. 

 
𝑡𝑖 =

𝜎𝑖𝑜𝑛

𝜎𝑖𝑜𝑛 + 𝜎𝑒𝑜𝑛
 

 

(87) 

Discussion 

In Table 1, all of the above measured and calculated values of Li2SiP2 and LiSi2P3 are collected and 

compared to the other known lithium phosphidosilicates. The performance of LiSi2P3 can be 

ranked as mediocre (cf. Table 1). Nevertheless, the relatively high possible bulk conductivity of 

2.5x10–4 S cm–1 estimated by PFG NMR gives hope to a further improvement of the performance 

if the microstructure (sample preparation) can be improved. Since for a realistic implementation 

into a solid battery device the development of either thin solid electrolyte films or an optimal 

infiltration of the cathode material is indispensable, we are optimistic that the handling of the 

material can be improved similar to known oxide based ion conductors.  
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Table 1 List of all measured and calculated conductivities, diffusivities at 25 °C and activation energies of Li2SiP2, LiSi2P3, 

Li8SiP4, Li14SiP6. 

 
σEIS / 

S cm–1
 

σNMR / 

S cm–1 

DNMR/ 

m2s–1 
Ea

EIS / eV Ea
T1NMR / eV 

Ea
static / 

eV 
Ea

PFGNMR/eV 

Li2SiP2 
3.0x10–

7* 
9.9x10–6t 

6.8x10–

15 
0.56* 0.23  

0.49* 
0.30 

LiSi2P3 3.1x10–5  2.5x10–4t 
4.8x10–

13  
0.38 0.17 

- 
0.18 

Li8SiP4 6x10–6* - - 0.53* - 0.38* - 

Li14SiP6 1x10–3# - - 0.33# - - - 

Value adapted from *ref.17 and #ref.16 and tcalculated from Nernst-Einstein-equation 

Moreover, it becomes evident that the achievable maximum ionic conductivity of LiSi2P3 is higher 

than that of Li2SiP2 by a factor of 50. This indicates that the lithium ion mobility in the structure 

comprised of large T4 and T5 supertetrahedral entities is more facile than in the structure made 

up of T2 supertetrahedra. A similar trend was already observed for supertetrahedral Si-P networks 

containing sodium ions instead of lithium ions.14 Here, the ionic conductivity increased with 

increasing supertetrahedra size and a maximum ionic conductivity of 4x10–4 S cm–1 for HT-NaSi2P3 

solely comprised of T5T5 supertetrahedral entities was achieved. The homeotypic potassium ion 

containing KSi2P3-mC928, which is the first solid non-oxide based potassium ion conductor to date, 

also possess a high bulk ionic conductivity of roughly 3x10–4 S cm–1.15 However, despite of a large 

effort to synthesize a T5T5 modification of LiSi2P3, we have not been successful so far. Presumably, 

the smaller size of the lithium ions inhibit the formation of solely T5 supertetrahedra. Lithium ions 

are regarded harder than sodium and potassium ions in terms of the Hard-Soft-Acid-Base (HSAB) 

concept, and are less prone to form stable compounds with the large T5 supertetrahedral anions. 

Besides, since the activation energy of LiSi2P3 obtained by EIS (0.38 eV) is much larger than the 

ones obtained by NMR (0.18 eV, cf. Table 1), the presence of resistive grain boundaries is obvious. 

In general, materials with the T4T5 structure (for both lithium and sodium phosphidosilicates) 

show as a more severe influence of grain boundaries and current constrictions in contrast to 

materials with the T5T5 structure. We associate that trend with less beneficial mechanical 

properties of the T4T5 structure. These materials are rather hard and grain boundaries and current 

constriction phenomena lower the overall ionic conductivity. For the T5T5 structure, the more 

beneficial mechanical properties promoting an intimate grain to grain contact allow an 

assessment of their bulk properties via EIS. In general, we want to point out the importance of the 

assessment of mechanical properties and microstructure effects when characterizing new solid 

electrolytes. Consequently, we propose to use local methods such as high-resolution transmission 

electron microscopy and low temperature and/or high frequency impedance spectroscopy to 

gather further information about grain boundaries in phosphidosilicates. 
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Conclusion 

We characterized the Li ion mobility of Li2SiP2 and LiSi2P3 via NMR and EIS complementing the 

already available literature data. Our results suggest that the ionic conductivity of these 

compounds is severely limited by grain boundaries. To optimize the mechanical and ionic 

properties a tuning of the lattice softness by substitution of for instance silicon with softer 

aluminum might be a viable option. Besides, this would increase the amount of lithium ions in the 

structure potentially leading to an increase in ionic conductivity similar to lithium-rich Li14SiP6
16. 

Another way to optimize and maybe even to access the T5T5 LiSi2P3 modification could be 

mechanochemical synthesis. For example, recently, the superionic conductor Li9AlP4 was 

synthesized from the elements via ball-milling and subsequent annealing at moderate 

temperatures.31 Before, via classical high temperature routes, this material was inaccessible.  
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4.2.1 Supporting Information for “Lithium ion transport dynamics in Li2SiP2 and LiSi2P3” 

 

Figure S 1 Powder X-ray diffractograms and Rietveld refinement of a) Li2SiP2 and b) LiSi2P3. 

Table S 1 Partial conductivities, pressing pressure, activation energy and capacitances of several LiSi2P3 samples. 

Sample Pressing 
pressure / 
GPa 

σion / S cm–

1 
Ea / eV Ceff  / F σeon / S cm–

1 
Transference 
number 

a 1 7.4E-06 0.39 6.4E–11 1.65E-9 0.998 
b 1 1.0E-05 0.38 9.5E–11 5.16E-9 0.996 
c 1 1.3E-05 0.36 1.1E–10 2.83E-9 0.998 
d 2 3.0E-05 n.a. 6.9E–11 n.a. n.a. 
e 2 3.1E-05 0.41 6.3E–11 8.65E-9 0.9997 
f 2 1.1E-05 0.37 4.2E–11 7.21E-9 0.9993 

Average  1.7E-05 0.38 7.4E–11 5.10E-09 0.998 
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St. dev.   9.6E-06 0.02 2.3E–11 2.61E-09 0.001 

 

Figure S 2 a) impedance spectrum of LiSi2P3 at elevated temperatures showing a second semicircle at lower frequencies. 
The model in the inset was used for fitting. b) Representative galvanostatic polarization measurement with a current of 
1 nA clearly showing a strong polarization. Even after 40 ks no plateau was reached, thus the electronic conductivity 
represents an upper limit. 
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Abstract 

Fast sodium ion conductors are key components of 

sodium-based all-solid-state batteries, which hold 

promise as safe systems for large-scale storage of 

electrical power. Here, we report the synthesis, crystal 

structure determination and Na+-ion conductivities of 

six new sodium ion conductors, the phosphidosilicates 

Na19Si13P25, Na23Si19P33, Na23Si28P45, Na23Si37P57, LT-

NaSi2P3 and HT-NaSi2P3, which are entirely based on 

earth-abundant elements. The new structures exhibit 

SiP4 tetrahedra assembling interpenetrating networks 

of T3 to T5 supertetrahedral clusters, which can be 

hierarchically assigned to sphalerite- or diamond-type 

structures. 23Na solid-state NMR spectra and 

geometrical pathway analysis indicate Na+-ion mobility between the supertetrahedral cluster 

networks. Electrochemical impedance spectroscopy revealed Na+-ion conductivities up to σ (Na+) = 

4∙10-4 Scm-1 with an activation energy of Ea = 0.25 eV in HT-NaSi2P3 at 25 °C. The conductivities increase 

with the size of the supertetrahedral clusters due to the dilution of Na+-ions as the charge density of 

the anionic supertetrahedral networks decreases. 

Introduction 

A supertetrahedron or supertetrahedral cluster is a segment of the sphalerite-type structure. The 

number of constituting tetrahedra in a Tn supertetrahedron is tn = n(n+1)(n+2)/6 where n is the 

number of tetrahedra along the cluster edges.[1] Crystal structures with supertetrahedra Tn up to T5 

have been found for example in indium-based chalcogenides like Cd4In16S35
14-, Cd4In16S33

10- and 

Cu7In28S53
15- and were discussed as pathways to new open framework structures.[1-5] On the other 

hand, supertetrahedra are often connected via vertices and form rather dense interpenetrating 

networks. Examples are ZnI2,[6] Li2SiN2 (T2),[7] Na6B10S18 (T3),[8] and Ca18.75Li10.5[Al39N55]:Eu2+ (T5).[9] 

These interpenetrating supertetrahedral networks do not exhibit big pores, but their topology 

enforces an inhomogeneous distribution of the cations by confining them into the spaces between 

the large clusters. This introduces limitations to the coordination of the cations, which may be weaker 

bonded in more irregular surroundings by the anions of the cluster surfaces. Thus, supertetrahedral 
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anionic networks potentially favor the mobility of the cations and are therefore candidates for fast 

ion conductivity. The recently reported Li+-ion mobility in the phosphidosilicates Li2SiP2
[10] and 

LiSi2P3
[11] with supertetrahedral networks based on SiP4 entities supports this concept.     

Because of the versatile structural chemistry of phosphidosilicates [12-17] and the immense interest in 

new, earth-abundant solid-state ionic conductors, we have now addressed sodium phosphidosilicates. 

Though sodium based batteries [18,19] and solid state Na+ electrolytes are intensively investigated,[20-25] 

Na5SiP3
[13]

 is the only hitherto known SiP based compound. In the system Na-Si-P we came across the 

six new compounds Na19Si13P25, Na23Si19P33, Na23Si28P45, Na23Si37P57 and LT-/HT-NaSi2P3 whose crystal 

structures are reported herein. 23Na solid state MAS NMR spectra, T1-relaxometry and impedance 

spectroscopy were used to quantify the Na+-ion conductivity, which increases with the 

supertetrahedral cluster size.  

Structural characterization by X-ray diffraction 

Table 1 summarizes the results of the X-ray crystal structure determinations. All compounds exhibit 

SiP4 based supertetrahedral clusters. Na19Si13P25 has two different motives (Fig. 1a): the first is a T3 

supertetrahedron. The second contains two edge sharing SiP4 tetrahedra bridged by another vertex 

sharing SiP4 tetrahedron with an additional P–P single bond (217.6 pm). Each T3 supertetrahedron 

shares three vertices with the Si3P8 unit. The fourth vertex of the T3 tetrahedron is connected via a 

single P–P bond (221.4 pm) to the Si3P8 unit, leading to a P3-chain (Figure 1a). The charge neutral 

formula is (Na+1)19(Si+4)13(P-1)(P-2)2(P-3)22. Condensation of the two motives forms a three-dimensional 

sphalerite-like network. The voids are interpenetrated with a second crystallographically independent 

but symmetrically equivalent network. Figure 1b shows the connectivity of the Si3P8 and T3 entities 

and emphasizes the interpenetration of the six-membered rings. 

                                         
Figure 1. Crystal structure of Na19Si13P25. (a) Connectivity of T3 and Si3P8 entities with two single P–P bonds (221.4 and 217.6 
pm) leading to a P3-chain. (b) Interpenetrating six-membered rings of alternating building units. 

Na23Si19P33 contains solely T3 tetrahedra whereas in Na23Si37P57 only T4 tetrahedra occur (Figure 2a, 

2b). Every T3 tetrahedron is connected to three T3 by common vertices and to a fourth T3 by sharing 

one SiP4 tetrahedron. This anionic structure is isotypic to Li9B19S33.[26] Na23Si37P57 has this motif the 

other way round with T4 units: only one vertex linkage but three fusions occur, which means that two 

supertetrahedra share one common SiP4 unit (Figure 2b). 

a b 
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Table 1. Crystallographic data of Na19Si13P25, Na23Si19P33, Na23Si28P45, Na23Si37P57, LT-NaSi2P3 and HT-NaSi2P3.  

Formula Na19Si13P25 Na23Si19P33 Na23Si28P45 Na23Si37P57 LT-NaSi2P3 HT-NaSi2P3 

space group 𝑃1̅ (2) 𝐶2/𝑐 (15) 𝑃21/𝑐 (14) 𝐶2/𝑐 (15) 𝐼41/𝑎 (88) 𝐼41/𝑎𝑐𝑑 (142) 

a / Å 13.3550 (5) 28.4985 (10) 19.1630 (8) 34.1017 (18) 19.5431 (6) 20.8976 (13) 

b / Å 15.3909 (5) 16.3175 (6) 23.4038 (11) 16.5140 (9) 19.5431 (6) 20.8976 (13) 

c / Å 15.4609 (6) 13.8732 (5) 19.0220 (8) 19.5764 (11) 34.5317 (11) 40.081 (2) 

α / ° 118.0540 (10) 90 90 90 90 90 

β / ° 111.7050 (10) 102.3510 (10) 104.3020 (10) 111.528 (2) 90 90 

γ / ° 93.0540 (10) 90 90 90 90 90 

Vcell / Å3 2503.64 (16) 6302.1 (4) 8266.7 (6) 10255.5 (10) 13188.8 (9) 17504 (2) 

Z 2 4 4 4 100 128 

ρx-ray / g cm-3 2.091 2.197 2.177 2.159 2.167 2.090 

μ / mm-1 1.317 1.402 1.442 1.463 1.491 1.438 

Θ-range / ° 2.543–27.5 2.496–30.508 2.203–25.681 2.214–30.507 2.359–30.508 2.198–30.557 

refl. measured 81805 100893 186348 120166 158298 257162 

independent refl. 11484 9634 15704 15633 10080 6714 

Parameters 517 343 880 557 378 251 

Rσ 0.0228 0.0154 0.0616 0.0364 0.0273 0.0164 

Rint 0.0362 0.0313 0.1119 0.0562 0.0610 0.0618 

R1 (F2 > 2σ(F2)) / all 0.0361 / 
0.0455 

0.0284 / 0.0349 0.0641 / 0.1188 0.0457 / 0.0762 0.0334 / 0.0586 0.0443 / 0.0618 

wR2 (F2 > 2σ(F2)) / all 0.0907 / 
0.0943 

0.0705 / 0.0741 0.1157 / 0.1345 0.1122 / 0.1279 0.0632 / 0.0708 0.1244 / 0.1387 

GooF 1.042 1.063 1.022 1.035 1.013 1.171 

Δρ max/min / e Å3 +1.755/-1.474 +1.816/-0.929 +2.826/-1.086 +2.105/-1.004 +0.953/-0.788 +1.597/-1.290 

Na23Si28P45 contains T3 and T4 tetrahedra, whereby every T3 shares vertices to two other T3, one T4 

and is fused with another T4 tetrahedra (Figure 3a). Every T4 cluster is fused with two other T4, one 

T3 and vertex shared with one T3 entity (Figure 3b). Four different six-membered supertetrahedral 

ring motives occur (Figure S10), leading to six interpenetration modes (Figure 3c, for details see SI). 

 

                                                           

Figure 2. Crystal structures of Na23Si19P33 (a) and Na23Si37P57 (b). The connected T3 or T4 entities (left) form interpenetrating 
networks of six-membered rings (right).  

In contrast to the complex patterns of Na23Si28P45 the crystal structures of LT-NaSi2P3 and HT-NaSi2P3 

are relatively simple. In LT-NaSi2P3 every T4 cluster is coordinated tetrahedrally by four T5 tetrahedra 

a 

b 
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and vice versa by sharing one SiP4 unit (Figure 4a). HT-NaSi2P3 contains solely T5 units tetrahedrally 

connected by four other T5 entities as depicted in Figure 4b. The resulting tetrahedral networks are 

interpenetrated by a second network (Figure 4 right).  

                                                    
Figure 3. Crystal structure of Na23Si28P45. (a), and (b) Connectivities of the T3 and T4 clusters. (c) Two out of six modes of 
interpenetrating six-membered rings of T3 and T4 supertetrahedra.  

The T5 supertetrahedra in LT-NaSi2P3 and HT-NaSi2P3 lack one Si atom in their centers. This was already 

observed in other T5 compounds, namely [In34S54]6- [27] LiSi2P3
[11] and HP-B2S3.[28] The infinite 

connection of SiP4 supertetrahedra formally gives SiP with sphalerite-type structure. Assuming Si4+ 

and P3- ions, SiP is not electroneutral and Si vacancies are required, leading to Si3P4, which is unknown. 

However, Si3P4 was investigated theoretically by DFT methods yielding a pseudo-cubic structure with 

similar lattice parameters (a = 502.7 pm and c = 499.8 pm) [29] as those derived from a T5 

supertetrahedron (a = 494 to 534 pm). Therefore, the reason for the absence of one Si in the center 

of the T5 entities is the tendency to attain charge neutrality in the interior of the cluster.  

                                                  
Figure 4. Crystal structures of LT-NaSi2P3 (a) and HT-NaSi2P3 (b). The connected T4/T5 or T5/T5 entities form interpenetrating 
networks of six-membered rings (right).  

a b 

c 

a 

b 
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The sodium ions are located between the supertetrahedral networks as exemplarily shown in Fig. 5 

and exhibit irregular NaPx polyhedra. The Na–P distances measure between 271.1 pm up to extremely 

elongated 398.0 pm. Octahedral and trigonal prismatic coordination predominates, while trigonal 

bipyramids and trigonal and quadratic pyramids also occur. Additionally, HT-NaSi2P3 contains higher 

coordinated Na+-ions such as twofold capped trigonal prisms. Moreover, many Na+-ions reveal large 

anisotropic thermal displacement ellipsoids (Fig. 5) and relatively high residual electron densities in 

their vicinities. While all Na+ sites are fully occupied in Na19Si13P25 and Na23Si19P33, some are partially 

occupied in the other compounds (Fig. 5, Table 2 and S1-6). This deficiency is ascribed to the 

incorporation of Na+-ions into the increasing voids between the supertetrahedral anionic networks 

with constant charges (except Na19Si13P25). These findings are typical for compounds that exhibit a 

high mobility of Na+-ions and thus suggest a possible (high) sodium ion conductivity.[30] 

Figure 5. Unit cell of HT-NaSi2P3. Supertetrahedral entities are depicted as enlarged single tetrahedra. Na+-ions are located 
between the tetrahedral networks with increased anisotropic displacement ellipsoids. 

   

Table 2. Average occupancies and sodium densities in Na19Si13P25 (T3), Na23Si19P33 (T3T3), Na23Si28P45 (T3T4), Na23Si37P57 
(T4T4), LT-NaSi2P3 (T4T5) and HT-NaSi2P3 (T5T5). 

Compound T3 T3T3 T3T4 T4T4 T4T5 T5T5 

Ø-occ (Na) 1 1 0.958 0.821 0.625 0.571 

ρ (Na/Å³) 0.0152 0.0146 0.0111 0.0090 0.0076 0.0073 

 

Structural characterization by NMR 
Na+-ion mobility is supported by solid-state NMR measurements both under static and MAS 

conditions. In spite of a variety of distinct crystallographic Na sites with diverse coordination, 23Na 

MAS NMR spectra of virtually every compound demonstrate a single and relatively sharp resonance 

(Figure 5). 



4.3 Fast Sodium Ion Conductivity in Supertetrahedral Phosphidosilicates  108 

 

 

                       
Figure 6. 23Na MAS NMR spectra (νrot = 10 kHz) at room temperature of Na19Si13P25 (a), Na23Si19P33 (b), Na23Si28P45 (c), 
Na23Si37P57 (d), LT-NaSi2P3 (e) and HT-NaSi2P3 (f). δ (23Na) = 14.04, 8.63, 14.19, 12.61, 13.98, 6.6 ppm and FWHM (23Na) = 
12.89, 27.50, 8.01, 6.82, 4.81 and 14.53 ppm. 

The broader signal of Na23Si19P33 is likely a result of both second-order quadrupolar broadening and 

overlap of several signals (cf. Figure 6b). Less effective motional averaging of the different chemical 

environments experienced by the Na+-ions results in a broader linewidth indicating lower Na+-ion 

mobility. The relatively sharp signals of the other compounds mean enhanced averaging. The overall 

signal’s width roughly decreases with increasing size of the tetrahedral building units. The sharpest 

signal belongs to LT-NaSi2P3, which consists of T4 and T5 tetrahedra and indicates enhanced Na+-ion 

mobility.  

Sodium ion conduction 

Possible Na+-ion migration pathways were extracted from geometrical analysis with Topos[31] using 

covalent radii for silicon and phosphorus.[32] The calculations resulted in a rather isotropic distribution 

of pathways. Four big channels occur in all compounds (Fig. S43-S48). With increasing 

supertetrahedral building units, the width of these channels increases. Shorter pathways connect the 

channels along every supertetrahedral face, leading to almost three-dimensional sodium migration 

pathways (Figures S43-S48). Such isotropic trajectories are desirable for fast ion conduction, since 

blocking effects have less impact on 3D compared to lower dimensional ion diffusion. 

Na+-ion conductivities were determined by impedance spectroscopy. DC galvanostatic polarization 

measurements (Figure S50) revealed negligible contributions of electronic conductivity to the overall 

conductivity, which is desired in the context of solid electrolytes for battery applications. The ionic 

conductivities of all compounds (T3-T5T5) at 25 °C are plotted in Figure 7 as a function of size of their 

supertetrahedral entities. In addition, the sodium density in the compounds is given in the upper x-

axis. For a detailed description of the data analysis see S51-S55 in the SI. All samples were sintered 

below their synthesis temperature to avoid decomposition (T3-T4T4 at 400 °C; T4T5 and T5T5 

a b c 

d e f 
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additionally at 800 °C, marked #). σtotal (black) refers to the total ionic conductivity including all grain 

boundary contributions of at least four samples of each compound. The conductivities of samples with 

optimized morphologies with only one semicircle in the EIS are plotted in orange (σbest). The total ionic 

conductivity clearly increases with supertetrahedra size from 1.76∙10-9 Scm-1 to 4.0∙10-4 Scm-1. This 

trend is also valid if only the grain boundary process at higher frequencies (cf. Figure S57) is evaluated 

and if the “best” samples with only one grain boundary contribution are compared (orange). Fig. S58 

shows a plot including the data of T4T5 and T5T5 samples sintered at 400 °C. 

 
Figure 7. Ionic conductivity at 25 °C increases with the size of the supertetrahedral entities in the Na-Si-P structures and with 
a decrease in sodium density ρ(Na/Å3). Foe details see text. 

Discussion 

The increase in conductivity is rationalized by the increasing space between the supertetrahedra as 

observed in the pathway analysis. By enlarging the supertetrahedra all channels and shorter 

connecting pathways become broader. Moreover, the relation between the phases T3T3 to T5T5 can 

be rationalized by adding 3“Si3P4” to the formulae: Na23Si19P33 (T3T3) + 3“Si3P4”  Na23Si28P45 (T3T4) 

+ 3“Si3P4”  Na23Si37P57 (T4T4) + 3“Si3P4”  Na23Si46P69 (T4T5 or T5T5). The general formula is 

Na23Si9n+19P12n+33 (n = 0 - 3). Adding charge neutral ”Si3P4” to the anionic framework reduces the charge 

density, thus reduces the effective charge acting on the Na+-ions. Besides, the Na+-ions are “diluted”, 

i.e. the Na density decreases and the number of partially occupied Na sites increases, which in turn 

increases the conductivity (cf. Tables 2, S1-S6 and Figure 7). In Figure 8a, the activation energies (Ea) 

obtained from the grain boundary process at higher frequencies and from the measurements showing 

only one semicircle (cf. SI Equation 5) confirm the facilitation of the Na+-ion movement in the larger 

structures. In general, a lower Ea is associated with a more facile movement of the ions.[33] Here, the 

activation energies decrease dramatically along the series T3T3 to T5T5 with increasing 
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supertetrahedra size and Na+-ion conductivity from 0.47 eV to 0.23 eV. The Ea of the two fastest 

materials LT-NaSi2P3 (T4T5, 0.23 eV) and HT-NaSi2P3 (T5T5, 0.25 eV) are even lower compared to 

existing fast Na+-ion conductors like Na3PS4 (0.29 eV)[22], Na3SbS4 (0.25 eV)[23], Na3P0.5As0.5S4 

(0.27 eV)[34] and Na3Zr2(SiO4)2(PO4) (0.26 eV)[24].  

 
Figure 8. (a) Comparison of the activation energies of all compounds. (b) Complex impedance plot of T5T5 sintered at 800 °C. 

Na19Si13P25 (T3) does not follow the described trend. Its total conductivity of 2.9∙10-6 Scm-1 is close to 

that of Na23Si37P57 (T4T4, 3.7∙10-6 Scm-1) and its Ea of 0.36 eV is very close to that of the T4T4 sample. 

The relatively high conductivity may be connected to the low density of 2.091 g cm-3. Apparently, the 

replacement of a T3 supertetrahedron by a Si3P8 unit in Na19Si13P25 creates extra space for the 

movement of Na+-ions. HT-NaSi2P3 (T5T5) exhibits the highest total ionic conductivity of 4∙10-4 Scm-1 

at 25 °C. (cf. Figure 8b). Thus, HT-NaSi2P3 is en par with very fast Na+-ion conductors such as Na3PS4
[22] 

(2∙10-4 Scm-1) and NASICON-type Na3.4Sc2(SiO4)0.4(PO4)2.6
[35,36]

 (7∙10-4 Scm-1), but slightly slower than 

materials such as NASICON produced by Ceramtec[37], β-Alumina[38], Na3.1Zr1.95Mg0.5Si2PO12
[39]

, 

Na3SbS4
[23]

 , Na11Sn2PS12
[40, 41], NaCB9H10

[25]
 and Na(C9H10)(CB11H12)[42] with conductivities of 10-3-10-

2 Scm-1. 

For a deeper understanding of the origin and bulk vs. grain boundary contributions to the conductivity, 

the capacitance of the semicircle in the EIS has to be considered: assuming a realistic relative 

permittivity ε between 1-100 for a non-ferroelectric solid like HT-NaSi2P3, the bulk capacitance 

calculated by C= ε0εA/d with ε0 being the vacuum permittivity should be in the low pF range.[43] Here, 

in Figure 8b and in a measurement of T5T5 at -60 °C (Figure S56), the capacitance is in the range of 

20-100 pF and thus much larger than the expected bulk value. Consequently, we attribute the 

semicircle to a grain boundary process where ion transport is limited by geometrical current 

constriction effects. [44-46] The bulk properties of T5T5 are concealed by the grain boundary 

contributions and could not be deconvoluted. The bulk conductivity of this material thus potentially 

exceeds 4∙10-4 Scm-1 at ambient conditions. This assumption is corroborated by 23Na-T1-relaxometry 

data showing a low Ea of 0.11 eV for T5T5 (Figure 9b). This suggests fast ion dynamics in the bulk, 

similar to β-Alumina. The grain boundary Ea of polycrystalline β-Alumina is 0.26 eV (σGB=1∙10-3 Scm-1), 

while the bulk Ea amounts to only 0.15 eV (σbulk=8∙10-3 Scm-1).[38] For T4T5 similar results were obtained.  
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Figure 9. Temperature dependence of the 23Na-T1-relaxation time in the samples T4T5 (a) and T5T5 (b). 

Conclusion 

In summary, the herein reported phosphidosilicates are fast Na+-ion conductors and our systematic 

study shows that the conductivity increases with the size of the supertetrahedra. It is demonstrated 

that the enhanced conductivity is due to the dilution of the Na+-ions since the anionic charge of the 

supertetrahedral networks keeps constant (except Na19Si13P25). HT-NaSi2P3 with the largest 

supertetrahedral entities (T5) exhibits the highest total conductivity of up to 4∙10-4 Scm-1 at 25 °C 

which is competitive to known fast ionic conductors.[22,35,36]
 Impedance and NMR data indicate the 

existence of an even more facile and fast bulk conductivity, motivating additional research on the 

family of sodium phosphidosilicates for Na+-ion conduction.   

Experimental Section 

All experiments and measurements were performed in an argon filled glovebox. The compounds were 

synthesized by solid state reactions of the elements in alumina crucibles at 750 to 1100 °C. Further 

details on elemental analysis, NMR, electrochemical spectroscopy are in the SI.  Details of the crystal 

structure determinations are may be obtained from the CCDC database (www.ccdc.cam.ac.uk) on 

quoting the deposition numbers 1816420-1816425.  
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Synthesis 

Due to the sensitivity of the educts and products to air moisture all experiments and measurements 

were performed in an argon filled glovebox (Unilab, MBraun, O2 < 0.1 ppm, H2O < 0.1 ppm). All 

reactions were carried out in alumina crucibles welded under purified argon atmosphere in silica tubes 

which were placed in tube furnaces. 

Na23Si19P33 was synthesized by heating stoichiometric amounts of metallic Na (Alfa Aesar, 99.8 %), Si 

powder (Smart Elements, 99.8 %) and red phosphorus (Chempur, > 99 %) as multi-phase product. A 

phase-pure sample could only be prepared by using in situ formed 7.5 equivalents of Na2S in addition 

as crystallization agent. Therefore, 41.9 mg of sodium were heated with 25.6 mg of Si, 49.0 mg P and 

11.5 mg of sulfur (Merck, 99.0 %) to 100 °C (20 °C/h) before the temperature was increased to 850 °C 

with a 100 °C /h rate. This temperature was maintained for 40 h, slowly cooled down (10 °C/h) to 450 

°C and finally quenched to room temperature. To eliminate Na2S the sample was washed several times 

with dry methanol. Sorbed methanol was removed in high vacuum. ICP and elemental analysis 

revealed absence of sulfur, carbon, oxygen and hydrogen in the product. 

Na23Si28P45 was prepared by heating 19.5 mg of elemental Na with 29.0 mg Si and 51.4 mg of red 

phosphorus with the same temperature program to 900 °C for 60 h before the reaction was slowly 

cooled down to 450 °C and quenched to room temperature.  

In the same way Na23Si37P57 was synthesized with 31.7 mg Na, 62.4 mg Si and 105.9 mg P. The reaction 

time was decreased to 40 h. 

LT-NaSi2P3 was obtained by reaction of stoichiometric amounts of the elements. Therefore, 26.7 mg 

Na, 65.3 mg Si and 108.0 mg P were reacted with the same heating protocol to 1000 °C. The reaction 

time was set to 40 h and the sample was cooled down with a 5 °C/h rate to 450 °C before the sample 

was quenched to room temperature. The multi-phased sample was ground and reheated leading to a 

phase-pure product. 

HT-NaSi2P3 was synthesized from LT-NaSi2P3 as starting material. Therefore, LT-NaSi2P3 was ground 

thoroughly and filled in alumina crucibles. These were placed and welded in thick-walled silica tubes 

(2 mm) to withstand the high phosphorus pressure during reaction. These ampoules were welded a 

second time in tight-fitting silica tubes for further enhancing stability. These setups were welded a 

third time in larger silica tubes for sustaining an inert argon atmosphere in case of cracking of the first 

two tubes. This 3-layered set-up was heated to 1100 °C for 50 h before the temperature was decreased 

to 450 °C with 20 °C/h. In case of non-phase-pure samples this procedure was repeated.  

Na19Si13P25 was synthesized by reaction of 27.7 mg Na, 23.2 mg Si and 49.1 mg P not above 750 °C for 

40 h. After homogenization this procedure was repeated twice. 

Single-Crystal X-ray Diffraction 

Suited crystals were selected under paraffin oil to prevent hydrolysis and sealed in oil filled Hilgenberg 

glass capillaries. Diffraction data were collected on a Bruker D8 Quest diffractometer equipped with a 

Photon-I detector at ambient temperatures using Mo-Kα radiation (λ = 0.71073 Å). The structures 

were solved and refined using SHELX97.  
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X-ray Powder Diffraction 

Polycrystalline samples were ground and sealed in Hilgenberg glass capillaries under argon 

atmosphere. Measurements were carried out on a Stoe Stadi-P powder diffractometer with a Stoe 

Mythen-1k detector and a Ge monochromator in Debye-Scherrer geometry at room temperature 

using Mo-Kα radiation. For Rietveld refinement the Topas package was used. 

EDX Measurements 

Samples for energy dispersive X-ray spectroscopy were prepared by placing single crystals on 

conductive and adhesive carbon pads. These were inserted quickly in an EVO-Ma 10 scanning electron 

microscope (Zeiss) equipped with a field emission gun at an acceleration voltage not above 15 kV. For 

elemental analysis a Bruker X-Flash 410-M detector was used and received data were analyzed with 

the QUANTAX 200 software package. Signals of oxygen were not taken into account due to partial 

hydrolysis of the samples by short contact with air during sample insertion. 

Nuclear Magnetic Resonance 

23Na, 29Si and 31P spectra of powdered samples were measured on a Bruker Avance III 500 (magnetic 

field of 11.74 T) under MAS conditions at Larmor frequencies of ν0 (23Na) = 132.33 MHz, ν0 (29Si) = 

99.38 MHz and ν0 (31P) = 202.49 MHz and on a Bruker Avance III 400 spectrometer (magnetic field 9.4 

T) at Lamor frequencies of ν0 (23Na) = 105.79 MHz, and ν0 (31P) = 161.9 MHz. For 23Na and 29Si spectra 

a zirconia rotor with 4 mm diameter with a rotation frequency of 10 kHz was used while 31P spectra 

were recorded at a rotation frequency of 50 kHz in a 1.3 mm or at 16 kHz in a 4 mm rotor. Variable 

temperature 23Na-T1-relaxation time measurements were performed on stationary samples at 9.4 T in 

order to determine the activation energies for Na+-ion mobility. The temperature in the experiments 

was controlled using a Bruker BVT3000 temperature controller. 

Electrical Conductivity Measurements 

Electrochemical impedance spectroscopy and galvanostatic polarization measurements were 

performed with an Ivium compactstat.h (24 bit instrument) in a two-electrode setup using a home-

built impedance cell which was kept under argon atmosphere during all measurements. Before 

measuring, the samples were ground thoroughly and compacted to a pellet of about 1 mm thickness 

and 5 mm in diameter by uniaxial cold pressing (500 MPa). All pellets were subsequently annealed at 

400 °C for 10 h in glassy carbon crucibles under purified argon atmosphere. Additionally, pellets of LT- 

and HT-NaSi2P3 were annealed at 800 °C. After annealing, the pellets were sandwiched between 

indium foil (Alfa Aesar, 0.127 mm of thickness, 99.99% (metals basis)) to enhance the contact with the 

measuring cells. No reactions between In and the samples were observed. The applied root mean 

square AC voltage was between 10-100 mV with a higher voltage for the less conducting samples. The 

analysis of the impedance spectra was carried out by means of the RelaxIS software from rhd 

instruments.  
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Table S1: Fractional atomic coordinates and equivalent thermal displacement parameters for Na19Si13P25. 

Atom Wyckoff Symbol x y z Ueq / Å2 

P1 2i 0.01458 (6) 0.40324 (5) 0.08750 (6) 0.00944 (13) 

P2 2i 0.01898 (6) 0.40738 (5) 0.33334 (6) 0.00977 (14) 

P3 2i 0.06603 (6) 0.39863 (5) 0.72214 (6) 0.01108 (14) 

P4 2i 0.09190 (6) 0.19480 (6) 0.90106 (6) 0.01401 (15) 

P5 2i 0.09273 (6) 0.84754 (5) 0.44804 (6) 0.01190 (14) 

P6 2i 0.09714 (6) 0.20479 (6) 0.38150 (6) 0.01707 (16) 

P7 2i 0.09879 (6) 0.19435 (5) 0.13958 (6) 0.01121 (14) 

P8 2i 0.16207 (6) 0.86078 (5) 0.09007 (6) 0.01244 (14) 

P9 2i 0.20224 (6) 0.66644 (5) 0.27243 (6) 0.01208 (14) 

P10 2i 0.21058 (6) 0.66610 (5) 0.51667 (6) 0.01350 (15) 

P11 2i 0.24343 (6) 0.10719 (6) 0.65492 (6) 0.01319 (15) 

P12 2i 0.27725 (6) 0.47032 (5) 0.08499 (6) 0.01219 (14) 

P13 2i 0.28883 (6) 0.46665 (5) 0.32396 (6) 0.00999 (14) 

P14 2i 0.28999 (6) 0.47568 (6) 0.56498 (6) 0.01341 (15) 

P15 2i 0.29307 (7) 0.03026 (6) 0.45126 (7) 0.02120 (17) 

P16 2i 0.32741 (6) 0.12727 (6) 0.81610 (6) 0.01409 (15) 

P17 2i 0.36479 (6) 0.25813 (6) 0.13539 (6) 0.01587 (15) 

P18 2i 0.36825 (7) 0.26292 (6) 0.37097 (6) 0.01765 (16) 

P19 2i 0.39249 (7) 0.31518 (6) 0.63087 (6) 0.01975 (17) 

P20 2i 0.40919 (6) 0.92806 (6) 0.07004 (6) 0.01578 (15) 

P21 2i 0.54715 (6) 0.18329 (6) 0.74298 (7) 0.01851 (16) 

P22 2i 0.60352 (7) 0.07942 (6) 0.35375 (7) 0.02150 (18) 

P23 2i 0.63984 (6) 0.70444 (6) 0.08421 (6) 0.01508 (15) 

P24 2i 0.75099 (6) 0.34971 (5) 0.09819 (6) 0.01165 (14) 

P25 2i 0.83748 (6) 0.14530 (6) 0.15687 (6) 0.01396 (15) 

Si1 2i 0.01372 (6) 0.23632 (6) 0.01382 (6) 0.00987 (15) 

Si2 2i 0.01582 (6) 0.24037 (6) 0.25335 (6) 0.01051 (15) 

Si3 2i 0.06867 (6) 0.56140 (6) 0.80125 (6) 0.00906 (14) 

Si4 2i 0.11596 (6) 0.68960 (6) 0.37850 (6) 0.00949 (14) 

Si5 2i 0.19563 (6) 0.50146 (6) 0.19387 (6) 0.00951 (14) 
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Si6 2i 0.20057 (6) 0.50221 (6) 0.43162 (6) 0.00963 (15) 

Si7 2i 0.26786 (6) 0.30258 (6) 0.01348 (6) 0.01106 (15) 

Si8 2i 0.27666 (6) 0.30601 (6) 0.47594 (6) 0.01229 (15) 

Si9 2i 0.27760 (6) 0.29624 (6) 0.24260 (6) 0.01096 (15) 

Si10 2i 0.37785 (7) 0.16812 (6) 0.62228 (6) 0.01348 (16) 

Si11 2i 0.47959 (6) 0.08361 (6) 0.78751 (6) 0.01181 (15) 

Si12 2i 0.73841 (6) 0.04345 (6) 0.46084 (6) 0.01272 (16) 

Si13 2i 0.76065 (6) 0.18502 (6) 0.02698 (6) 0.01027 (15) 

Na1 2i 0.0267 (2) 0.01173 (14) 0.1628 (2) 0.0705 (7) 

Na2 2i 0.04089 (12) 0.38378 (11) 0.52204 (11) 0.0301 (3) 

Na3 2i 0.04727 (11) 0.40635 (10) 0.90900 (10) 0.0223 (3) 

Na4 2i 0.06619 (13) 0.07026 (14) 0.45236 (14) 0.0401 (4) 

Na5 2i 0.12204 (11) 0.23224 (11) 0.74648 (11) 0.0260 (3) 

Na6 2i 0.14254 (12) 0.84154 (10) 0.26631 (11) 0.0280 (3) 

Na7 2i 0.2225 (2) 0.04768 (18) 0.0657 (3) 0.0923 (9) 

Na8 2i 0.22733 (11) 0.67618 (11) 0.09566 (11) 0.0250 (3) 

Na9 2i 0.28106 (17) 0.4316 (2) 0.7492 (2) 0.0942 (10) 

Na10 2i 0.35285 (16) 0.03557 (15) 0.29066 (15) 0.0560 (5) 

Na11 2i 0.3716 (2) 0.0228 (2) 0.9399 (2) 0.0957 (10) 

Na12 2i 0.45184 (16) 0.61703 (13) 0.10586 (18) 0.0565 (6) 

Na13 2i 0.47376 (11) 0.48149 (10) 0.26437 (11) 0.0255 (3) 

Na14 2i 0.53550 (11) 0.26049 (12) 0.05804 (12) 0.0308 (3) 

Na15 2i 0.55155 (14) 0.24492 (17) 0.31718 (17) 0.0543 (5) 

Na16 2i 0.57862 (16) 0.27835 (19) 0.55815 (16) 0.0723 (7) 

Na17 2i 0.79415 (11) 0.35190 (11) 0.30292 (11) 0.0260 (3) 

Na18 2i 0.82125 (16) 0.13804 (13) 0.33876 (13) 0.0410 (4) 

Na19 1h 0.5000 0.5000 0.5000 0.0416 (6) 

Na20 1f 0.5000 0.0000 0.5000 0.1154 (17) 

 

Table S2: Fractional atomic coordinates and equivalent thermal displacement parameters for Na23Si19P33. 

Atom Wyckoff Symbol x y z Ueq / Å2 
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P1 8f 0.03955 (2) 0.15532 (3) 0.37825 (3) 0.00793 (8) 

P2 8f 0.05030 (2) 0.01206 (3) 0.70661 (3) 0.01035 (8) 

P3 8f 0.05506 (2) 0.31232 (3) 0.18660 (3) 0.00952 (8) 

P4 8f 0.06946 (2) 0.12786 (3) 0.02366 (3) 0.00879 (8) 

P5 8f 0.13005 (2) 0.32656 (3) 0.43414 (3) 0.01223 (9) 

P6 8f 0.14407 (2) 0.14300 (3) 0.28316 (3) 0.00896 (8) 

P7 8f 0.15488 (2) 0.46589 (3) 0.22467 (3) 0.01142 (8) 

P8 8f 0.15907 (2) 0.03346 (3) 0.62597 (3) 0.01082 (8) 

P9 8f 0.16619 (2) 0.28639 (3) 0.08012 (3) 0.00906 (8) 

P10 8f 0.23986 (2) 0.29527 (3) 0.32908 (3) 0.01212 (8) 

P11 8f 0.25401 (2) 0.12992 (3) 0.18687 (3) 0.01066 (8) 

P12 8f 0.26971 (2) 0.03255 (3) 0.52006 (3) 0.01014 (8) 

P13 8f 0.31871 (2) 0.38843 (3) 0.06780 (3) 0.01039 (8) 

P14 8f 0.40578 (2) 0.23744 (3) 0.17508 (3) 0.01102 (8) 

P15 8f 0.42349 (2) 0.05755 (3) 0.01435 (3) 0.01212 (8) 

P16 8f 0.51752 (2) 0.21912 (3) 0.06869 (3) 0.01310 (9) 

P17 4e 0.0000 0.57416 (4) 0.2500 0.01032 (11) 

Si1 8f 0.02039 (2) 0.22291 (3) 0.06892 (3) 0.00842 (8) 

Si2 8f 0.09293 (2) 0.23920 (3) 0.31918 (3) 0.00841 (8) 

Si3 8f 0.10758 (2) 0.05954 (3) 0.15971 (3) 0.00830 (8) 

Si4 8f 0.11343 (2) 0.37471 (3) 0.12073 (3) 0.00864 (8) 

Si5 8f 0.18720 (2) 0.38782 (3) 0.35964 (3) 0.00918 (8) 

Si6 8f 0.19828 (2) 0.21351 (3) 0.21704 (3) 0.00829 (8) 

Si7 8f 0.21425 (2) 0.04378 (3) 0.07195 (3) 0.00824 (8) 

Si8 8f 0.37337 (2) 0.30197 (3) 0.03399 (3) 0.00830 (8) 

Si9 8f 0.45934 (2) 0.15359 (3) 0.12455 (3) 0.00915 (9) 

Si10 4e 0.0000 0.07676 (4) 0.2500 0.00788 (11) 

Na1 8f 0.00984 (4) 0.42050 (7) 0.43871 (9) 0.0469 (3) 

Na2 8f 0.07756 (3) 0.45655 (6) 0.31513 (7) 0.0306 (2) 

Na3 8f 0.08375 (4) 0.15390 (6) 0.61137 (10) 0.0423 (3) 

Na4 8f 0.10975 (3) 0.00853 (5) 0.40551 (6) 0.02455 (18) 

Na5 8f 0.20040 (3) 0.17476 (6) 0.48032 (7) 0.0325 (2) 
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Na6 8f 0.25706 (4) 0.46335 (7) 0.19478 (8) 0.0387 (2) 

Na7 8f 0.30261 (5) 0.12549 (9) 0.38452 (7) 0.0545 (4) 

Na8 8f 0.31528 (4) 0.29047 (7) 0.22881 (8) 0.0399 (3) 

Na9 8f 0.33663 (3) 0.09645 (5) 0.09127 (7) 0.02456 (18) 

Na10 8f 0.41582 (4) 0.09643 (8) 0.34842 (11) 0.0549 (3) 

Na11 4e 0.0000 0.83159 (8) 0.2500 0.0347 (3) 

Na12 4c 0.2500 0.2500 0.0000 0.0253 (3) 

Na13 4a 0.0000 0.0000 0.0000 0.0299 (3) 

 

Table S3: Fractional atomic coordinates, equivalent thermal displacement parameters and occupation factors for Na23Si28P45. 

Atom Wyckoff Symbol x y z Ueq / Å2 Occ.  

P1 4e 0.04883 (10) 0.35598 (8) 0.09089 (10) 0.0084 (4) 1 

P2 4e 0.05016 (10) 0.22378 (8) 0.42543 (10) 0.0093 (4) 1 

P3 4e 0.05031 (10) 0.28771 (8) 0.25308 (9) 0.0085 (4) 1 

P4 4e 0.05978 (10) 0.19749 (8) 0.08731 (10) 0.0097 (4) 1 

P5 4e 0.06276 (10) 0.06004 (8) 0.44000 (10) 0.0105 (4) 1 

P6 4e 0.06865 (10) 0.13087 (8) 0.26911 (10) 0.0116 (4) 1 

P7 4e 0.07594 (10) 0.46296 (8) 0.37115 (10) 0.0119 (4) 1 

P8 4e 0.07846 (10) 0.52716 (8) 0.78782 (10) 0.0098 (4) 1 

P9 4e 0.08117 (10) 0.04650 (8) 0.11113 (10) 0.0105 (4) 1 

P10 4e 0.08404 (10) 0.60512 (8) 0.62225 (10) 0.0106 (4) 1 

P11 4e 0.08853 (10) 0.54334 (8) 0.21086 (10) 0.0104 (4) 1 

P12 4e 0.08913 (10) 0.61637 (8) 0.38891 (10) 0.0105 (4) 1 

P13 4e 0.10081 (10) 0.70438 (8) 0.22576 (10) 0.0098 (4) 1 

P14 4e 0.10573 (10) 0.63855 (9) 0.05724 (10) 0.0156 (4) 1 

P15 4e 0.10728 (10) 0.77224 (8) 0.40038 (10) 0.0115 (4) 1 

P16 4e 0.21091 (10) 0.29997 (8) 0.40604 (10) 0.0111 (4) 1 

P17 4e 0.21337 (10) 0.36117 (8) 0.23933 (9) 0.0100 (4) 1 

P18 4e 0.21774 (10) 0.43154 (8) 0.08746 (10) 0.0119 (4) 1 

P19 4e 0.21979 (10) 0.27630 (8) 0.07612 (9) 0.0088 (4) 1 

P20 4e 0.22641 (10) 0.21109 (8) 0.24893 (10) 0.0105 (4) 1 



4.3.1 Supporting Information for: Fast Sodium Ion Conductivity in Supertetrahedral 

Phosphidosilicates  

121 

 

 

P21 4e 0.22744 (10) 0.14589 (8) 0.42384 (10) 0.0093 (4) 1 

P22 4e 0.23206 (10) 0.82144 (8) 0.11358 (10) 0.0113 (4) 1 

P23 4e 0.23235 (11) 0.12647 (8) 0.08648 (10) 0.0141 (4) 1 

P24 4e 0.24023 (10) 0.52865 (8) 0.37062 (10) 0.0120 (4) 1 

P25 4e 0.24607 (10) 0.05954 (8) 0.27299 (10) 0.0101 (4) 1 

P26 4e 0.25028 (10) 0.52317 (8) 0.61460 (9) 0.0089 (4) 1 

P27 4e 0.25173 (10) 0.61303 (9) 0.20326 (10) 0.0130 (4) 1 

P28 4e 0.42123 (11) 0.45642 (8) 0.38215 (10) 0.0135 (4) 1 

P29 4e 0.42443 (10) 0.05096 (8) 0.13224 (10) 0.0129 (4) 1 

P30 4e 0.44436 (10) 0.37275 (8) 0.23081 (10) 0.0094 (4) 1 

P31 4e 0.44894 (11) 0.31107 (8) 0.41121 (11) 0.0152 (4) 1 

P32 4e 0.45026 (13) 0.43602 (9) 0.05848 (11) 0.0234 (5) 1 

P33 4e 0.45901 (11) 0.15397 (8) 0.41492 (10) 0.0124 (4) 1 

P34 4e 0.46174 (10) 0.27614 (8) 0.08455 (10) 0.0123 (4) 1 

P35 4e 0.46362 (10) 0.21997 (8) 0.25527 (10) 0.0118 (4) 1 

P36 4e 0.57883 (10) 0.02647 (8) 0.29780 (10) 0.0128 (4) 1 

P37 4e 0.59681 (10) 0.10951 (8) 0.13809 (10) 0.0128 (4) 1 

P38 4e 0.59978 (10) 0.46783 (8) 0.21074 (11) 0.0133 (4) 1 

P39 4e 0.60104 (10) 0.39557 (8) 0.39182 (10) 0.0098 (4) 1 

P40 4e 0.62070 (10) 0.30455 (8) 0.23249 (10) 0.0101 (4) 1 

P41 4e 0.62233 (12) 0.36706 (10) 0.06104 (11) 0.0234 (5) 1 

P42 4e 0.62357 (10) 0.23825 (8) 0.40919 (10) 0.0137 (4) 1 

P43 4e 0.74562 (10) 0.18943 (8) 0.12546 (10) 0.0112 (4) 1 

P44 4e 0.76399 (10) 0.48823 (8) 0.05891 (10) 0.0117 (4) 1 

P45 4e 0.76724 (10) 0.39730 (8) 0.21428 (10) 0.0085 (4) 1 

Si1 4e 0.01117 (10) 0.27316 (8) 0.13186 (10) 0.0088 (4) 1 

Si2 4e 0.01202 (10) 0.14220 (9) 0.46790 (10) 0.0100 (4) 1 

Si3 4e 0.01827 (10) 0.20960 (9) 0.30542 (10) 0.0101 (4) 1 

Si4 4e 0.03003 (11) 0.05308 (9) 0.31959 (10) 0.0104 (4) 1 

Si5 4e 0.03012 (10) 0.12333 (8) 0.14691 (11) 0.0101 (4) 1 

Si6 4e 0.04200 (10) 0.52868 (8) 0.66480 (10) 0.0096 (4) 1 

Si7 4e 0.12365 (10) 0.53941 (8) 0.33356 (10) 0.0093 (4) 1 
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Si8 4e 0.13538 (10) 0.62460 (9) 0.17537 (10) 0.0098 (4) 1 

Si9 4e 0.13635 (10) 0.69416 (8) 0.34740 (10) 0.0091 (4) 1 

Si10 4e 0.17152 (10) 0.35304 (8) 0.12048 (10) 0.0082 (4) 1 

Si11 4e 0.17179 (10) 0.22445 (8) 0.45367 (10) 0.0089 (4) 1 

Si12 4e 0.17239 (10) 0.28665 (8) 0.28746 (10) 0.0084 (4) 1 

Si13 4e 0.18126 (11) 0.19865 (8) 0.12714 (10) 0.0096 (4) 1 

Si14 4e 0.18490 (10) 0.06703 (8) 0.46854 (10) 0.0092 (4) 1 

Si15 4e 0.19017 (11) 0.13606 (8) 0.30291 (10) 0.0100 (4) 1 

Si16 4e 0.20287 (10) 0.05641 (8) 0.15101 (10) 0.0089 (4) 1 

Si17 4e 0.20364 (10) 0.59919 (8) 0.66226 (10) 0.0091 (4) 1 

Si18 4e 0.28263 (10) 0.60654 (8) 0.32513 (10) 0.0097 (4) 1 

Si19 4e 0.47969 (10) 0.45022 (8) 0.17799 (10) 0.0105 (4) 1 

Si20 4e 0.47986 (10) 0.38363 (8) 0.35190 (10) 0.0091 (4) 1 

Si21 4e 0.49953 (10) 0.29424 (8) 0.20154 (10) 0.0088 (4) 1 

Si22 4e 0.50095 (11) 0.35295 (9) 0.03556 (10) 0.0115 (4) 1 

Si23 4e 0.50282 (10) 0.23432 (9) 0.37560 (10) 0.0104 (4) 1 

Si24 4e 0.54501 (10) 0.03195 (8) 0.17517 (10) 0.0103 (4) 1 

Si25 4e 0.62693 (10) 0.47416 (9) 0.33374 (11) 0.0117 (4) 1 

Si26 4e 0.64515 (10) 0.38579 (9) 0.17841 (11) 0.0118 (4) 1 

Si27 4e 0.64830 (10) 0.31588 (8) 0.35388 (10) 0.0099 (4) 1 

Si28 4e 0.79975 (10) 0.48338 (8) 0.17803 (10) 0.0091 (4) 1 

Na1 4e 0.07943 (18) 0.41807 (14) 0.23327 (18) 0.0280 (8) 1 

Na2 4e 0.0949 (2) 0.36334 (16) 0.4564 (2) 0.0437 (10) 1 

Na3 4e 0.0961 (2) 0.77335 (17) 0.0458 (2) 0.0413 (10) 1 

Na4 4e 0.0969 (4) 0.5110 (3) 0.0654 (3) 0.086 (3) 0.800 (13) 

Na5 4e 0.0980 (2) 0.53262 (15) 0.50053 (18) 0.0463 (11) 1 

Na6 4e 0.10046 (19) 0.83248 (16) 0.2586 (2) 0.0408 (10) 1 

Na7 4e 0.25194 (17) 0.73749 (14) 0.23042 (18) 0.0310 (8) 1 

Na8 4e 0.2840 (3) 0.4096 (2) 0.4035 (4) 0.100 (2) 1 

Na9 4e 0.2852 (3) 0.5481 (3) 0.0910 (3) 0.056 (2) 0.793 (12) 

Na10 4e 0.2957 (2) 0.47480 (17) 0.2446 (2) 0.0429 (10) 1 

Na11 4e 0.34425 (16) 0.36148 (14) 0.08820 (17) 0.0252 (7) 1 
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Na12 4e 0.34683 (16) 0.29341 (14) 0.27121 (19) 0.0289 (8) 1 

Na13 4e 0.35073 (16) 0.23080 (14) 0.44277 (18) 0.0261 (7) 1 

Na14 4e 0.3680 (3) 0.0408 (3) 0.4160 (2) 0.103 (2) 1 

Na15 4e 0.3718 (3) 0.1792 (2) 0.1274 (3) 0.088 (3) 0.953 (14) 

Na16 4e 0.4355 (2) 0.09648 (16) 0.27678 (19) 0.0462 (11) 1 

Na17 4e 0.4749 (3) 0.1137 (4) 0.0232 (4) 0.133 (4) 0.905 (14) 

Na18 4e 0.5516 (3) 0.0560 (2) 0.4467 (3) 0.0531 (19) 0.868 (12) 

Na19 4e 0.5908 (2) 0.2239 (2) 0.0539 (2) 0.0579 (13) 1 

Na20 4e 0.5947 (5) 0.0273 (3) 0.0052 (3) 0.160 (4) 1 

Na21 4e 0.59964 (19) 0.16202 (17) 0.2787 (2) 0.0406 (10) 1 

Na22 4e 0.7366 (2) 0.2933 (2) 0.0295 (3) 0.0667 (14) 1 

Na23 4e 0.74298 (19) 0.11380 (15) 0.00752 (16) 0.0316 (8) 1 

Na24 4e 0.8864 (4) 0.4058 (4) 0.0773 (4) 0.092 (4) 0.680 (13) 

 

Table S4: Fractional atomic coordinates, equivalent thermal displacement parameters and occupation factors for Na23Si37P57. 

Atom Wyckoff Symbol x y z Ueq / Å2 Occ.  

P1 8f 0.01693 (3) 0.15717 (5) 0.11897 (5) 0.01517 (17) 1 

P2 8f 0.04189 (3) 0.42413 (5) 0.22558 (5) 0.01250 (16) 1 

P3 8f 0.05413 (3) 0.12541 (5) 0.57707 (5) 0.01111 (16) 1 

P4 8f 0.06201 (3) 0.30447 (5) 0.45991 (5) 0.01124 (16) 1 

P5 8f 0.07898 (3) 0.16570 (5) 0.32672 (5) 0.01306 (17) 1 

P6 8f 0.12913 (3) 0.40501 (5) 0.17870 (5) 0.01371 (17) 1 

P7 8f 0.13552 (3) 0.03067 (5) 0.12583 (5) 0.01409 (17) 1 

P8 8f 0.13989 (3) 0.54150 (5) 0.04112 (5) 0.01090 (15) 1 

P9 8f 0.14781 (3) 0.14320 (5) 0.51777 (5) 0.01174 (16) 1 

P10 8f 0.15507 (3) 0.31414 (5) 0.40911 (5) 0.01427 (17) 1 

P11 8f 0.19849 (3) 0.04481 (5) 0.31944 (5) 0.00961 (15) 1 

P12 8f 0.20089 (3) 0.21504 (5) 0.20782 (5) 0.01607 (18) 1 

P13 8f 0.21270 (3) 0.38816 (5) 0.10741 (5) 0.00995 (15) 1 

P14 8f 0.26952 (3) 0.03842 (5) 0.51590 (5) 0.01371 (17) 1 

P15 8f 0.27351 (3) 0.20265 (5) 0.39862 (5) 0.01146 (16) 1 
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P16 8f 0.28048 (3) 0.37781 (5) 0.29646 (5) 0.01063 (15) 1 

P17 8f 0.28532 (3) 0.05426 (5) 0.25675 (5) 0.01168 (16) 1 

P18 8f 0.29100 (3) 0.22954 (5) 0.15188 (5) 0.01225 (16) 1 

P19 8f 0.30316 (3) 0.39313 (5) 0.04463 (5) 0.01337 (17) 1 

P20 8f 0.36481 (3) 0.21687 (5) 0.34297 (5) 0.01444 (17) 1 

P21 8f 0.37467 (3) 0.07657 (5) 0.20201 (5) 0.01214 (16) 1 

P22 8f 0.37472 (3) 0.39257 (5) 0.23414 (5) 0.01053 (15) 1 

P23 8f 0.38392 (3) 0.25129 (5) 0.09558 (5) 0.01484 (17) 1 

P24 8f 0.43493 (3) 0.49417 (5) 0.06067 (5) 0.01295 (16) 1 

P25 8f 0.45776 (3) 0.24491 (5) 0.28523 (5) 0.01070 (16) 1 

P26 8f 0.46157 (2) 0.08715 (5) 0.15020 (5) 0.00935 (15) 1 

P27 8f 0.47103 (3) 0.22644 (6) 0.02029 (5) 0.01629 (18) 1 

P28 8f 0.55020 (3) 0.06558 (5) 0.09656 (5) 0.01077 (15) 1 

P29 4e 0.0000 0.00960 (7) 0.2500 0.0117 (2) 1 

Si1 8f 0.01909 (3) 0.21413 (5) 0.48636 (5) 0.01033 (17) 1 

Si2 8f 0.03180 (3) 0.08765 (5) 0.35114 (5) 0.01087 (17) 1 

Si3 8f 0.08869 (3) 0.49821 (5) 0.20108 (5) 0.00987 (16) 1 

Si4 8f 0.10159 (3) 0.06058 (5) 0.54088 (5) 0.01053 (17) 1 

Si5 8f 0.10984 (3) 0.23162 (5) 0.43004 (5) 0.01066 (17) 1 

Si6 8f 0.17461 (3) 0.47570 (5) 0.14800 (5) 0.01056 (17) 1 

Si7 8f 0.24204 (3) 0.13244 (5) 0.29262 (5) 0.01021 (17) 1 

Si8 8f 0.24838 (3) 0.29941 (5) 0.19697 (5) 0.01021 (17) 1 

Si9 8f 0.26161 (3) 0.46607 (5) 0.08426 (5) 0.00984 (16) 1 

Si10 8f 0.31321 (3) 0.11788 (5) 0.48831 (5) 0.01067 (17) 1 

Si11 8f 0.31922 (3) 0.28811 (5) 0.37891 (5) 0.01162 (17) 1 

Si12 8f 0.32953 (3) 0.45776 (5) 0.27655 (5) 0.00987 (16) 1 

Si13 8f 0.32976 (3) 0.14542 (6) 0.24110 (6) 0.01592 (19) 1 

Si14 8f 0.33913 (3) 0.31402 (5) 0.13598 (5) 0.01091 (17) 1 

Si15 8f 0.40218 (3) 0.13296 (5) 0.43502 (5) 0.01084 (17) 1 

Si16 8f 0.41004 (3) 0.30473 (5) 0.32247 (5) 0.01046 (17) 1 

Si17 8f 0.41922 (3) 0.16965 (5) 0.18642 (5) 0.01036 (17) 1 

Si18 8f 0.50871 (3) 0.16094 (5) 0.12029 (5) 0.00958 (16) 1 
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Si19 4e 0.0000 0.51187 (7) 0.2500 0.0090 (2) 1 

Na1 8f 0.01769 (9) 0.40109 (14) 0.06994 (12) 0.0668 (8) 1 

Na2 8f 0.07005 (6) 0.03221 (12) 0.19818 (12) 0.0431 (5) 1 

Na3 8f 0.09140 (6) 0.43808 (11) 0.37815 (10) 0.0370 (4) 1 

Na4 8f 0.10071 (18) 0.1613 (3) 0.0268 (2) 0.0661 (19) 0.512 (6) 

Na5 8f 0.10649 (19) 0.2521 (2) 0.2278 (2) 0.159 (2) 1 

Na6 8f 0.11016 (16) 0.3703 (3) 0.0134 (3) 0.0234 (15) 0.311 (5) 

Na7 8f 0.13314 (6) 0.01924 (11) 0.39139 (10) 0.0325 (4) 1 

Na8 8f 0.19901 (7) 0.3849 (2) 0.32441 (13) 0.0879 (11) 1 

Na9 8f 0.21036 (8) 0.17317 (14) 0.45686 (16) 0.0338 (9) 0.681 (6) 

Na10 8f 0.21516 (7) 0.0676 (2) 0.10465 (12) 0.0798 (10) 1 

Na11 8f 0.2289 (2) 0.2790 (3) 0.0011 (3) 0.0491 (19) 0.373 (5) 

Na12 8f 0.31971 (17) 0.1162 (3) 0.0490 (2) 0.0825 (19) 0.627 (5) 

Na13 8f 0.46411 (7) 0.35697 (12) 0.15271 (14) 0.0580 (7) 1 

Na14 4e 0.0000 0.26391 (16) 0.2500 0.0526 (9) 1 

Na15 4a 0.0000 0.0000 0.0000 0.0602 (10) 1 

 

Table S5: Fractional atomic coordinates, equivalent thermal displacement parameters and occupation factors for LT-NaSi2P3. 

Atom Wyckoff Symbol x y z Ueq / Å2 Occ.  

P1 16f 0.00325 (3) 0.01532 (3) 0.37758 (2) 0.01224 (11) 1 

P2 16f 0.00358 (3) 0.38033 (3) 0.54724 (2) 0.00993 (10) 1 

P3 16f 0.00721 (3) 0.03856 (3) 0.23647 (2) 0.00943 (10) 1 

P4 16f 0.01871 (3) 0.04359 (3) 0.08615 (2) 0.00902 (10) 1 

P5 16f 0.03762 (3) 0.16844 (3) 0.31112 (2) 0.01389 (11) 1 

P6 16f 0.04085 (3) 0.17886 (3) 0.15817 (2) 0.00933 (10) 1 

P7 16f 0.05092 (3) 0.16632 (3) 0.01303 (2) 0.00940 (10) 1 

P8 16f 0.13319 (3) 0.12702 (3) 0.47610 (2) 0.00870 (10) 1 

P9 16f 0.13438 (3) 0.11468 (3) 0.62674 (2) 0.00955 (10) 1 

P10 16f 0.13934 (3) 0.25710 (3) 0.54859 (2) 0.00930 (10) 1 

P11 16f 0.14063 (3) 0.01387 (3) 0.30778 (2) 0.00861 (10) 1 

P12 16f 0.14527 (3) 0.01024 (3) 0.15893 (2) 0.01001 (10) 1 
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P13 16f 0.17502 (3) 0.14498 (3) 0.23887 (2) 0.01132 (11) 1 

P14 16f 0.17546 (3) 0.13397 (3) 0.08557 (2) 0.00946 (10) 1 

P15 16f 0.25992 (3) 0.52668 (3) 0.01774 (2) 0.01302 (11) 1 

P16 16f 0.30116 (3) 0.11249 (3) 0.16167 (2) 0.01190 (11) 1 

P17 16f 0.33771 (3) 0.23282 (3) 0.09083 (2) 0.01218 (11) 1 

P18 16f 0.38099 (3) 0.01062 (3) 0.04924 (2) 0.01225 (11) 1 

P19 8e 0.0000 0.2500 0.47272 (2) 0.01457 (16) 1 

P20 4b 0.0000 0.2500 0.6250 0.0099 (2) 1 

Si1 16f 0.06067 (3) 0.05602 (3) 0.58814 (2) 0.00907 (11) 1 

Si2 16f 0.06513 (3) 0.19330 (3) 0.51356 (2) 0.00877 (11) 1 

Si3 16f 0.06841 (3) 0.31626 (3) 0.58676 (2) 0.00822 (10) 1 

Si4 16f 0.08716 (3) 0.09475 (3) 0.27131 (2) 0.00936 (11) 1 

Si5 16f 0.09351 (3) 0.09493 (3) 0.12600 (2) 0.00871 (11) 1 

Si6 16f 0.12232 (3) 0.21737 (3) 0.19787 (2) 0.00885 (11) 1 

Si7 16f 0.12669 (3) 0.21960 (3) 0.05214 (2) 0.00849 (11) 1 

Si8 16f 0.19079 (3) 0.05443 (3) 0.51645 (2) 0.00890 (11) 1 

Si9 16f 0.19761 (3) 0.18680 (3) 0.58965 (2) 0.00892 (11) 1 

Si10 16f 0.22072 (3) 0.06613 (3) 0.19805 (2) 0.01003 (11) 1 

Si11 16f 0.25150 (3) 0.18830 (3) 0.12403 (2) 0.00894 (11) 1 

Si12 16f 0.28548 (3) 0.30974 (3) 0.05497 (2) 0.00886 (11) 1 

Si13 8e 0.0000 0.2500 0.27198 (2) 0.00908 (15) 1 

Na1 16f 0.0250 (4) 0.0138 (3) 0.4822 (2) 0.102 (4) 0.242 (3) 

Na2 16f 0.0430 (7) 0.1622 (3) 0.39636 (12) 0.075 (5) 0.422 (17) 

Na3 16f 0.0957 (10) 0.1333 (7) 0.3854 (3) 0.089 (7) 0.272 (13) 

Na4 16f 0.1384 (2) 0.0420 (2) 0.02678 (14) 0.0406 (18) 0.254 (4) 

Na5 16f 0.15773 (7) 0.25349 (7) 0.30840 (5) 0.0626 (5) 1 

Na6 16f 0.26924 (6) 0.01225 (6) 0.10398 (4) 0.0406 (3) 1 

Na7 16f 0.35642 (13) 0.14604 (7) 0.02307 (4) 0.1003 (8) 1 

Na8 16f 0.38552 (13) 0.50341 (10) 0.06227 (8) 0.1031 (13) 0.758 (3) 

Na9 16f 0.41983 (6) 0.05155 (8) 0.19151 (4) 0.0545 (4) 1 

Na10 16f 0.4789 (9) 0.1597 (6) 0.1019 (3) 0.130 (6) 0.300 (11) 
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Table S6: Fractional atomic coordinates, equivalent thermal displacement parameters and occupation factors for HT-NaSi2P3. 

Atom Wyckoff Symbol x y z Ueq / Å2 Occ.  

P1 32g 0.03874 (4) 0.06180 (4) 0.15553 (2) 0.0178 (2) 1 

P2 32g 0.03979 (4) 0.05999 (4) 0.27855 (2) 0.01323 (19) 1 

P3 32g 0.05032 (4) 0.19243 (4) 0.34671 (2) 0.01272 (18) 1 

P4 32g 0.06298 (4) 0.19718 (4) 0.03587 (2) 0.0180 (2) 1 

P5 32g 0.06831 (4) 0.31159 (4) 0.27854 (2) 0.01276 (18) 1 

P6 32g 0.17881 (4) 0.18301 (4) 0.27740 (2) 0.01355 (18) 1 

P7 32g 0.18592 (4) 0.08157 (4) 0.03437 (2) 0.01254 (18) 1 

P8 32g 0.19673 (4) 0.32806 (4) 0.15752 (2) 0.01589 (19) 1 

P9 32g 0.29607 (4) 0.05675 (4) 0.28044 (2) 0.01653 (19) 1 

P10 32g 0.30377 (4) 0.07723 (4) 0.09519 (2) 0.01317 (18) 1 

P11 32g 0.31183 (4) 0.19693 (4) 0.15923 (2) 0.01251 (18) 1 

P12 32g 0.42365 (4) 0.06857 (4) 0.15775 (2) 0.01241 (18) 1 

Si1 32g 0.11182 (4) 0.12280 (4) 0.37412 (2) 0.01161 (19) 1 

Si2 32g 0.11842 (4) 0.24176 (4) 0.31211 (2) 0.01186 (19) 1 

Si3 32g 0.12577 (4) 0.14470 (4) 0.00126 (2) 0.01303 (19) 1 

Si4 32g 0.25008 (4) 0.14925 (4) 0.06338 (2) 0.01259 (19) 1 

Si5 32g 0.25633 (4) 0.26490 (4) 0.12595 (2) 0.01227 (19) 1 

Si6 32g 0.36738 (4) 0.01595 (4) 0.06165 (2) 0.01337 (19) 1 

Si7 32g 0.37964 (4) 0.25719 (4) 0.06314 (2) 0.01160 (19) 1 

Si8 16e 0.22772 (6) 0.0000 0.2500 0.0145 (3) 1 

Si9 16d 0.0000 0.2500 0.00172 (3) 0.0127 (2) 1 

Na1 32g 0.0206 (6) 0.0618 (3) 0.0435 (3) 0.093 (4) 0.532 (15) 

Na2 32g 0.1568 (5) 0.0699 (5) 0.1127 (2) 0.093 (5) 0.323 (7) 

Na3 32g 0.1634 (2) 0.30810 (16) 0.04093 (11) 0.1387 (19) 1 

Na4 32g 0.1716 (4) 0.2749 (6) 0.2217 (2) 0.076 (4) 0.456 (15) 

Na5 32g 0.3155 (2) 0.0374 (2) 0.36036 (12) 0.0614 (13) 0.5 

Na6 32g 0.31554 (16) 0.08682 (16) 0.20814 (9) 0.0586 (12) 0.688 (7) 

Na7 16f 0.0467 (6) 0.2967 (6) 0.1250 0.190 (11) 0.423 (14) 

Na8 16f 0.4384 (4) 0.6884 (4) 0.1250 0.229 (10) 0.577 (14) 
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Figure S1: Building units of Na19Si13P25 consisting of T3 supertetrahedral clusters and Si3P8 entities. Three Si3P8 units are 
connected with a T3 tetrahedron by common vertices. The forth supertetrahedral vertex is linked to another Si3P8 entity by 
one P–P single bond (left). The connection of four T3 tetrahedra to one Si3P8 unit is similar (right). 

 

 

Figure S2:  Two different ring motives formed of alternating building units in Na19Si13P25. (a) Six-membered ring with four 
vertex and two homonuclear P–P single bond condensations. (b) All vertex shared six-membered ring. 

 

 

Figure S3: Two different interpenetration modes of crystallographic independent but symmetrically equivalent networks in 
Na19Si13P25. Ring a (Fig. S2) is interpenetrated by ring b (Fig. S2) (left) and a homo-interpenetration of ring a (Fig. S2) can be 
observed (right).  
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Figure S4: Topology of the two interpenetrating sphalerite-like networks. Nodes represent the centers of gravity of respective 
building units. 

 

 

Figure S5: Supertetrahedral building unit of Na23Si19P33. A T3 cluster is vertex shared with three other T3 entities and fused 
with another T3 supertetrahedron by one common SiP4 unit. 

 

 

Figure S6: Two different ring motives formed by T3 clusters in Na23Si19P33. (a) All vertex shared six-membered ring. (b) Six-
membered ring consisting of T3 entities with four common vertices and two fusions. 
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Figure S7: Two different interpenetration modes of crystallographic independent but symmetrically equivalent networks in 
Na23Si19P33. Ring a (Fig. S6) is interpenetrated by ring b (Fig. S6) (left) and a homo-interpenetration of ring b (Fig. S6) can be 
observed (right).  

 

 

 

Figure S8: Topology of the two interpenetrating diamond-like networks. Nodes represent the centers of gravity of the T3 
supertetrahedra. 

 

 

Figure S9: Basic building units of Na23Si28P45 consisting of T3 and T4 clusters. Every T3 entity is connected to one T4 and two 
T3 entities by common vertices and fused with one T4 tetrahedron (left). Every T4 cluster is fused with two other T4 and one 
T3 entity and vertex shared with one T3 cluster (right). 



4.3.1 Supporting Information for: Fast Sodium Ion Conductivity in Supertetrahedral 

Phosphidosilicates  

131 

 

 

 

Figure S10: Four different six-membered ring motives are formed by T3 and T4 clusters in Na23Si28P45. (a) Three sequent T3 
entities are vertex shared and three T4 clusters are fused likewise. T3 and T4 entities are condensed by common vertices. (b) 
Ring derived from ring a by replacing vertex condensation between T3 and T4 supertetrahedra by fusion. (c) Two double units 
of fused T4 clusters which are turned by two T3 tetrahedra by two common vertices and two fusions into a ring motive. (d) 
Ring consisting of two double units of vertex shared T3 entities, which are twice fused and twice vertex shared with two T4 
clusters. 

 

 

Figure S11: Six different interpenetration modes of crystallographic independent but symmetrically equivalent networks in 
Na23Si28P45. Entanglement of rings a and d (top, left), rings b and d (top, middle), rings a and b (top, right), rings c and b 
(bottom, left), rings c and d (bottom middle) and a and c (bottom, right). No homo-interpenetration of one ring can be 
observed. 



4.3.1 Supporting Information for: Fast Sodium Ion Conductivity in Supertetrahedral 

Phosphidosilicates  

132 

 

 

 

Figure S12: Topology of the two interpenetrating symmetrically equivalent but crystallographic independent networks, which 
are a hierarchically combination of the diamond- and the sphalerite-type structure. Nodes represent the centers of gravity of 
the T3 and T4 supertetrahedra. 

 

Figure S13: Supertetrahedral building unit of Na23Si37P57. A T4 cluster is fused with three other T4 entities by one common 
SiP4 unit and vertex shared with another T4 supertetrahedron. 

 

 

Figure S14: Two different ring motives formed by T4 clusters in Na23Si37P57. (a) All fused six-membered ring. (b) Six-membered 
ring consisting of T4 entities with two common vertices and four fusions. 
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Figure S15: Two different interpenetration modes of crystallographic independent but symmetrically equivalent networks in 
Na23Si37P57. Ring a is interpenetrated by ring b (left) and a homo-interpenetration of ring b can be observed (right).  

 

 

Figure S16: Topology of the two interpenetrating diamond-like networks of Na23Si37P57.  Nodes represent the centers of 
gravity of the T4 supertetrahedra. 

 

 

Figure S17: Building units of LT-NaSi2P3 consisting of T4 and T5 supertetrahedral clusters. Every T4 supertetrahedron is fused 
with four T5 entities by one common SiP4 tetrahedron (left) and vice versa (right). 
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Figure S18: Six-membered ring motive of alternating T4 and T5 clusters connected by fusion the whole structure can be 
described with in LT-NaSi2P3 (left). Only one single interpenetration mode is existent (right).  

 

 

Figure S19: Topology of the two interpenetrating sphalerite-like networks of LT-NaSi2P3.  Nodes represent the centers of 
gravity of the T4 and T5 supertetrahedra. 

 

 

 

Figure S20: Building unit of HT-NaSi2P3 consisting of solely T5 supertetrahedral clusters. Every T5 supertetrahedron is fused 
with four other T5 entities by one common SiP4 tetrahedron (left). T5 cluster with one missing silicon core, depicted as blue 
tetrahedron (right, top layer is not displayed due to a better view). 
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Figure S21: Six-membered ring motive of all-fused T5 supertetrahedra the whole structure can be described with in HT-
NaSi2P3 (left). Only one single interpenetration mode is existent (right).  

 

 

Figure S22: Topology of the two interpenetrating diamond-like networks of HT-NaSi2P3.  Nodes represent the centers of 
gravity of the T5 supertetrahedra. 
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Figure S23. Observed (blue circles) and calculated (red line) powder diffraction pattern as well as difference plot (grey) of the 
Rietveld refinement of Na19Si13P25.  

 

 

Figure S24. Observed (blue circles) and calculated (red line) powder diffraction pattern as well as difference plot (grey) of the 
Rietveld refinement of Na23Si19P33. Peak positions are illustrated by vertical blue bars.   
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Figure S25. Observed (blue circles) and calculated (red line) powder diffraction pattern as well as difference plot (grey) of the 
Rietveld refinement of Na23Si28P45. Peak positions are illustrated by vertical blue bars.   

 

 

Figure S26. Observed (blue circles) and calculated (red line) powder diffraction pattern as well as difference plot (grey) of the 
Rietveld refinement of Na23Si37P57. Peak positions are illustrated by vertical blue bars.   
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Figure S27. Observed (blue circles) and calculated (red line) powder diffraction pattern as well as difference plot (grey) of the 
Rietveld refinement of LT-NaSi2P3. Peak positions are illustrated by vertical blue bars.   

 

 

Figure S28. Observed (blue circles) and calculated (red line) powder diffraction pattern as well as difference plot (grey) of the 
Rietveld refinement of HT-NaSi2P3. Peak positions are illustrated by vertical blue bars. Asterisked peaks represent LT-NaSi2P3 

as side phase (4.38 wt%). 
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Figure S29. (left) 29Si MAS NMR spectrum of Na19Si13P25 with abroad resonance between δ = -23.39 and -13.34 ppm (ν0 = 10 
kHz). (right) 31P MAS NMR spectrum of Na19Si13P25 with broad resonances between δ = -263.69 and -229.74 ppm, -175.16 
and -163.05 ppm and -139.12 and -48.58 ppm (ν0 = 50 kHz). If the signal between δ = -175.16 and -163.05 is assigned to one 
phosphorus site then the integration of all signals yields 24 crystallographic P sites (25 cryst. distinct sites for P). 

  

 

 

 

 

 

 

 

Figure S30. (left) 29Si MAS NMR spectrum of Na23Si19P33 with a broad resonance at δ = -13.68 ppm (ν0 = 10 kHz). (right) 31P 
MAS NMR spectrum of Na23Si19P33 with resonances at δ = -247.00, -242.77, -213.04, -106.03, -102.43, -94.01, -89.47, -84.21, 
-80.66, -78.07, -72.67 ppm (ν0 = 12.5 kHz). If the signal at δ = -247.00 ppm is assigned to one phosphorus site then the 
integration of all signals yields 17.5 crystallographic P sites (16.5 cryst. different sites for P). Rotational sidebands are marked 
with asterisks. 
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Figure S31. (left) 29Si MAS NMR spectrum of Na23Si28P45 with broad resonances at δ = -31.58, -25.39, -20.69, -14.14 and -9.14 
ppm (ν0 = 10 kHz). (right) 31P MAS NMR spectrum of Na23Si28P45 with resonances at δ = -346.71, -241.78, -234.08, -212.86, -
180.34, -168.41, -161.90, -157.25, -144.63, -131.30, -117.86, -96.13, -88.53, -74.22, -61.65, -42.84 and -31.43 ppm (ν0 = 50 
kHz). If the signal at δ = -31.43 ppm is assigned to one phosphorus site then the integration of all signals yields in 48 
crystallographic P sites (45 cryst. different sites for P). 

 

  

 

 

 

 

 

 

Figure S32. (left) 29Si MAS NMR spectrum of Na23Si37P57 with a broad resonance between δ = -38.49 and -9.49 ppm (ν0 = 10 
kHz). Additional small resonances at δ = -81.74 and -0.52 ppm are assigned to small amounts of impurities. (right) 31P MAS 
NMR spectrum of Na23Si37P57 with resonances at δ = -347.91, -179.58, -172.53, -165.94, -147.11, -136.25, -124.89, -111.70, -
105.23, -95.45, -74.33, -69.51 and -59.66 ppm (ν0 = 50 kHz). If the signal at δ = -347.91 ppm is assigned to one phosphorus 
site then the integration of all signals yields in 30.5 crystallographic P sites (desired value 28.5 sites for P). Resonances at δ = 
-296.03, -247.70, -240.51 and -227.45 ppm are assigned to small amounts of impurities. 
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Figure S33. (left) 29Si MAS NMR spectrum of LT-NaSi2P3 with broad resonances at δ = -33.34, -24.17, -19.95 and -11.47 ppm 
(ν0 = 10 kHz). (right) 31P MAS NMR spectrum of LT-NaSi2P3 with resonances at δ = -296.09, -247.76, -240.60, -227.41, -177.38, 
-171.35, -158.12, -149.77, -146.68, -142.71, -135.85, -124.97, -118.57, -110.42, -92.69, -87.18, -77.51, -68.64 and -54.39 ppm 
(ν0 = 50 kHz). If the signal at δ = -296.09 ppm is assigned to one phosphorus site then the integration of all signals yields in 
19 crystallographic P sites (18.75 cryst. different sites for P). The resonance at δ = -337.34 ppm is assigned to a small amount 
of impurity. 

 

 

 

 

 

 

 

 

Figure S34. (left) 29Si MAS NMR spectrum of HT-NaSi2P3 with broad resonances at δ = -37.09, -32.82, -27.71, -15.87 and -
11.10 ppm (ν0 = 10 kHz). (right) 31P MAS NMR spectrum of LT-NaSi2P3 with resonances at δ = -302.12, -233.12, -239.38, -
140.06, -135.98, -130.59, -73.33, -65.68, -58.52 ppm (ν0 = 14 kHz). If the signal at δ = -302.12 ppm is assigned to one 
phosphorus site then the integration of all signals yields in 12 crystallographic P sites (12 cryst. different sites for P). Rotational 
sidebands are marked with asterisks. 
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Figure S35. 23Na-NMR spectra at the indicated temperatures of LT-NaSi2P3. 

 

 

Figure S36. 23Na-NMR spectra at the indicated temperatures of HT-NaSi2P3. 

 

 



4.3.1 Supporting Information for: Fast Sodium Ion Conductivity in Supertetrahedral 

Phosphidosilicates  

143 

 

 

      

Figure S37: Scanning electron micrograph of Na19Si13P25. 

 

Table S7: EDX elemental analysis of Na19Si13P25. Average of eight measuring points of a polycrystalline sample. Signals of 
oxygen were not taken into account due to hydrolysis by contact with air. 

 Na Si P 

EDX point 1 [atom%] 31.98 24.16 43.86 

EDX point 2 [atom%] 33.05 21.13 45.82 

EDX point 3 [atom%] 33.10 22.03 44.88 

EDX point 4 [atom%] 33.36 21.33 45.30 

EDX point 5 [atom%] 33.04 23.51 43.44 

EDX point 6 [atom%] 33.45 25.19 41.36 

EDX point 7 [atom%] 34.64 23.94 41.42 

EDX point 8 [atom%] 33.18 22.24 44.58 

Average [atom%] 33.23 22.94 43.83 

Calculated [atom%] 33.33 22.81 43.86 
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Figure S38: Scanning electron micrograph of Na23Si19P33. 

 

Table S8: EDX elemental analysis of Na23Si19P33. Average of eight measuring points of a polycrystalline sample. Signals of 
oxygen were not taken into account due to hydrolysis by contact with air. 

 Na Si P 

EDX point 1 [atom%] 30.74 23.77 45.49 

EDX point 2 [atom%] 30.68 23.65 45.67 

EDX point 3 [atom%] 29.01 26.13 44.86 

EDX point 4 [atom%] 30.33 25.10 44.57 

EDX point 5 [atom%] 29.27 25.81 44.92 

EDX point 6 [atom%] 29.90 26.83 43.27 

EDX point 7 [atom%] 30.71 26.42 42.87 

EDX point 8 [atom%] 29.58 25.52 44.89 

Average [atom%] 30.03 25.40 44.57 

Calculated [atom%] 30.66 25.33 44.00 
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Figure S39: Scanning electron micrograph of Na23Si28P45. 

 

Table S9: EDX elemental analysis of Na23Si28P45. Average of eight measuring points of a polycrystalline sample. Signals of 
oxygen were not taken into account due to hydrolysis by contact with air. 

 Na Si P 

EDX point 1 [atom%] 24.47 28.11 47.42 

EDX point 2 [atom%] 22.89 30.50 46.62 

EDX point 3 [atom%] 25.23 28.69 46.08 

EDX point 4 [atom%] 24.88 27.80 47.32 

EDX point 5 [atom%] 21.46 30.51 48.04 

EDX point 6 [atom%] 25.05 28.64 46.31 

EDX point 7 [atom%] 23.03 30.34 46.63 

EDX point 8 [atom%] 22.46 30.72 46.82 

Average [atom%] 23.68 29.41 46.91 

Calculated [atom%] 23.96 29.17 46.88 
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Figure S40: Scanning electron micrograph of Na23Si37P57. 

 

Table S10: EDX elemental analysis of Na23Si37P57. Average of eight measuring points of a polycrystalline sample. Signals of 
oxygen were not taken into account due to hydrolysis by contact with air. 

 Na Si P 

EDX point 1 [atom%] 17.68 33.63 48.69 

EDX point 2 [atom%] 19.55 32.22 48.22 

EDX point 3 [atom%] 19.60 31.94 48.47 

EDX point 4 [atom%] 20.18 31.59 48.23 

EDX point 5 [atom%] 20.67 31.19 48.14 

EDX point 6 [atom%] 19.78 31.77 48.46 

EDX point 7 [atom%] 18.99 31.67 49.35 

EDX point 8 [atom%] 19.29 31.15 49.56 

Average [atom%] 19.47 31.89 48.64 

Calculated [atom%] 19.66 31.62 48.72 
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Figure S41: Scanning electron micrograph of LT-NaSi2P3. 

 

Table S11: EDX elemental analysis of LT-NaSi2P3. Average of eight measuring points of a polycrystalline sample. Signals of 
oxygen were not taken into account due to hydrolysis by contact with air. 

 Na Si P 

EDX point 1 [atom%] 16.65 35.90 47.46 

EDX point 2 [atom%] 17.31 33.11 49.57 

EDX point 3 [atom%] 17.21 32.86 49.92 

EDX point 4 [atom%] 15.67 34.87 49.46 

EDX point 5 [atom%] 17.46 32.85 49.69 

EDX point 6 [atom%] 17.01 33.06 49.94 

EDX point 7 [atom%] 18.09 33.29 48.62 

EDX point 8 [atom%] 16.71 34.35 48.94 

Average [atom%] 17.01 33.79 49.20 

Calculated [atom%] 16.67 33.33 50.00 
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Figure S42: Scanning electron micrograph of HT-NaSi2P3. 

 

Table S12: EDX elemental analysis of HT-NaSi2P3. Average of eight measuring points of a polycrystalline sample. Signals of 
oxygen were not taken into account due to hydrolysis by contact with air. 

 Na Si P 

EDX point 1 [atom%] 14.79 34.34 50.87 

EDX point 2 [atom%] 15.38 34.47 50.14 

EDX point 3 [atom%] 15.18 34.37 50.45 

EDX point 4 [atom%] 15.97 33.77 50.26 

EDX point 5 [atom%] 15.12 34.02 50.86 

EDX point 6 [atom%] 15.08 33.79 51.13 

EDX point 7 [atom%] 14.66 34.46 50.88 

EDX point 8 [atom%] 16.16 33.99 49.86 

Average [atom%] 15.29 34.15 50.56 

Calculated [atom%] 16.67 33.33 50.00 
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Figure S43: Calculated possible sodium ion pathways according to the voids in the structure of Na19Si13P25. View along [100] 
(top, left), [010] (top, right), [001] (bottom, left) and [111] (bottom, right). 

 

 

Figure S45: Calculated possible sodium ion pathways according to the voids in the structure of Na23Si28P45. View along [11-1] 
(top, left), [-111] (top, right), [100] (bottom, left) and [001] (bottom, right). 
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Figure S44: Calculated possible sodium ion pathways according to the voids in the structure of Na23Si19P33. View along [112] 
(top, left), [1-12] (top, right), [1-10] (bottom, left) and [110] (bottom, right). 

 

 

Figure S46: Calculated possible sodium ion pathways according to the voids in the structure of Na23Si37P57. View along [112] 
(top, left), [1-12] (top, right), [1-10] (bottom, left) and [110] (bottom, right). 
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Figure S47: Calculated possible sodium ion pathways according to the voids in the structure of LT-NaSi2P3. View along [111] 
(top, left), [-111] (top, right), [11-1] (bottom, left) and [1-11] (bottom, right). 

 

Figure S48: Calculated possible sodium ion pathways according to the voids in the structure of HT-NaSi2P3. View along [111] 
(top, left), [-111] (top, right), [11-1] (bottom, left) and [1-11] (bottom, right). 
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Determination of electronic conductivity 

To determine the electronic conductivities and ionic transference numbers, DC galvanostatic 

polarization measurements with ion-blocking electrodes (Indium metal) were conducted on all 

samples. No reactions between In and the samples were observed under these conditions. A current 

of 10 nA was always turned on between 1000-1500 s (each data point was collected in an interval of 

0.1 s). Therefore, the samples except the T3T4 sample did not reach a steady state and the estimation 

of the electronic conductivity represents an upper limit. From the polarization in the EIS 

measurements it is clear that ions are the majority charge carrier in these systems. According to 

Maier,[1-2] the processes in an ionically and electronically conducting sample between two ion blocking 

electrodes can be described with the simplified equivalent circuit model in Figure S47 as parallel 

arrangement of electrical Reon and ionic resistance Rion with the bulk capacitor Cbulk and the ion blocking 

capacitor Cblock.  

 
Figure S49: Equivalent circuit model of an ionic and electronic conducting sample between two ion blocking electrodes.  

The initial sharp IR-drop in the DC polarization experiment after turning on the current contains the 

total resistance of the sample (VIR=IRtot). The total resistance Rtot includes Rion and Reon in parallel: 

After a long time of current flow the saturation voltage Vs, which can be assigned to the electronic 

resistance (Vs=IReon), is obtained. With the value for Reon the ionic resistance Rion can be calculated 

from Rtot. But this methods exhibits some problems for materials with high ionic conducitivity, because 

the resistance of the IR-drop measured after an interval time of 0.1 s is equivalent with the impedance 

at a frequency of 10 Hz and thus includes grain boundary contributions and polarization effects. For 

the fast ionic conductors (T3, T4T4, T4T5, T5T5), the ionic conductivity was approximated by the value 

obtained by EIS at room temperature.  

This allows the determination of the ionic transference numbers ti, which depends on the ionic (σion) 

and electronic (σeon) conductivity of all samples according to the following equation: 

 
1

Rtot
=  

1

Reon
+

1

Rion
 (1) 
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For a good ionic conductor, the transference number is ideally as close as possible to 1.0. If ti is much 

greater than zero, but much smaller than one, a material is considered to be a mixed conductor.[3] 

The DC measurements of all samples are shown in Figure S48 and the electronic conductivity and ionic 

transference number for each compound is listed in Table S13. All samples except T3T3 (ti=0.6507), 

show a transference number that is close to 1. The sample T3T3 shows the behavior of a mixed ionic-

electronic conductor because of its relatively low ionic conductivity. 

 
Figure S50: Plots of DC galvanostatic polarization measurements at RT with a current of 10 nA turned on between 1000-
1500 s. The DC measurements were conducted with the same samples right after the EIS measurements.  

  

 ti =
σion

σion + σeon
 (2) 
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Table S13: Results of DC galvanostatic polarization measurements including ionic transference number and upper limit of 
electronic conductivity. 

Sample σeon / Scm-1 ti 

T3 1.5∙10-7 0.9851 
T3T3 1.4∙10-8 0.6507 
T3T4 2.7∙10-8 0.9868 
T4T4 8.2∙10-9 0.9967 
T4T5 1.3∙10-8 0.9746 
T5T5 3.2∙10-8 0.9993 

 

Temperature dependent EIS and and equivalent circuit modelling of T3, T3T3, T3T4, T4T4, T4T5, T5T5 

The representative impedance spectra of the samples Na19Si13P25 (T3), Na23Si19P33 (T3T3), 

Na23Si28P45 (T3T4), Na23Si37P57 (T4T4) LT-NaSi2P3 (T4T5) and HT-NaSi2P3 (T5T5) in Figure S49-

S53 contain one to two semicircles at high frequencies and a spike at low frequencies. In 

general, the semicircles can be attributed to bulk or to grain boundary conductivity. In the 

simplest case, the impedance of one semicircle can be described with an equivalent circuit 

model containing a parallel arrangement of a resistor R and a capacitor C resembling the 

capacitive and conductive behavior of a solid electrolyte.[4-5] If the semicircles are depressed, 

the capacitor can be replaced by a constant phase element (CPE). This element takes a 

dispersion of relaxations times (τ=1/RC) caused for instance by surface roughness of the 

sample or electrodes or non-uniform current distribution into consideration.[6] If the CPE is 

placed in parallel to a resistance, an effective capacitance Ceff can be calculated from the fitted 

values of Q, R and the factor α by:[7]  

At low frequencies the spectra show a capacitive spike in the µF range due to the 

accumulation of Na+-ions at the interface between pellet and metal electrode. This 

polarization is a typical characteristic of a solid ionic conductor and can be modeled by a 

capacitor or CPE in series to the RC-element.[4-5] By estimating the intersection of the 

semicircle with the real part of the impedance (ZRe) in a Nyquist plot, the resistance (R) of the 

conduction process is obtained. The ionic conductivity (σ) is the inverse of R depending on 

the thickness (l) of the sample and the surface area of the electrodes (A):[3, 7] 

 

 Ceff =
(RQ)1/α

R
 (3) 

 σ =
l

AR
 (4) 
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By measuring the conductivity as function of temperature information about the activation 

energy Ea of the ion hopping through the structure of the solid (activated jump process) can 

be obtained in an Arrhenius-type function with R being the ideal gas constant, σ0 an pre-

exponential factor and T the temperature:[7-10] 

In Figure S49-53 the spectra were fitted with an equivalent circuit containing a capacitor 

parallel to the serial connection of RC elements. This accounts for cable and stray capacitance 

of the measurement setup and was kept constant at 20 pF during the fitting routine.[11]  

 

Figure S51: Representative EIS measurements of the sample T3 sintered at 400 °C (a) measurements and fits at different 
temperatures (b) fit of data measured at 30 °C with visualization of contributions to the fit with the shown model.  

 σ =
σ0

T
∙ e

−Ea
RT  (5) 
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Figure S52: Representative EIS measurements with fits and applied model of the samples (a) T3T3, (b) T3T4 sintered at 400 °C. 
The contributions to the fit are indicated with the numbers 1 and 2 corresponding to the R1-CPE1 and R2-CPE2 elements. 

For the capacitance of all contributions in the samples T3, T3T3 and T3T4 only values in the 

range of 10 nF to 0.1 nF were obtained. The R-CPE elements at higher frequencies (R1-CPE1 

in S49-50) showed capacitances of about 10-100nF and at lower frequencies at least one 

order of magnitude larger. Thus, only conductivities limited by grain boundary properties 

were measured.[4] The activation energies for the observed processes shown in the main text 

were different for each Na-Si-P compound. For sample Na19Si13P25 (T3) the activation energy 

for the sum of both processes inside the extremely broad semicircle (cf. Figure S49a and b) 

was 0.36 eV. A clear deconvolution of the processes in the broad semicircle in T3 was difficult. 

Therefore, only the total conductivity was considered. For sample T3T3 the activation 

energies for both semicircles were very similar with 0.47 eV and 0.44 eV. Interestingly, no 

polarization spike was observed for T3T3 (cf. S50a). This corroborates the assumption that 

T3T3 is a mixed ionic-electronic conductor due to its comparable low ionic conductivity. For 

sample T3T4 the semicircle at lower frequencies (Figure S50b R2-CPE2) showed a much 

higher Ea and higher resistance than the one at high frequencies (0.69 eV for R2-CPE2 vs. 

0.38 eV for R1-CPE1). This can indicate highly resistive layers at grain-to-grain contacts.[12-13] 
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Figure S53: Representative EIS measurements of the sample T4T4 sintered at 400 °C (a) average sample showing two 
semicircles in the EIS, (b) best sample of T4T4 showing only one semicircle.  

 

Figure S54: Representative EIS measurements of the sample T4T5 sintered at (a) 400 °C, (b) 800 °C. 

The samples T4T4, T4T5 and T5T5 sintered at 400 °C show similar properties as T3T4 but have 

higher conductivities and lower Ea (cf. Figure S51a and S52a). For the presented best samples 

of T4T4 and T4T5 (and T5T5 as mentioned in the main text) in Figure S51b and S52b only one 

semicircle is visible, probably because this sample received the optimal sintering and pressing 

treatment. The capacitance of the R1-CPE1 element of the best samples of T4T4 and T4T5 

was 20 pF, thus still higher as expected for bulk properties.  
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Figure S55: Representative EIS impedance measurement of the samples T5T5 sintered at 400 °C showing two semicircles.  

Especially, for samples T4T5 (Figure S64a) and T5T5 (Figure S65) a non ideal microstructure 

of the pellets was noticed. Subsequently, for improving the microstructure the pellets were 

sintered at 800 °C (cf. Figure S68). For the other compounds (T3, T3T3, T3T4, T4T4) phase 

transitions occurred at such high sintering temperatures leading to a mixture of compounds 

in the pellet. Hence, they were sintered at 400 °C only. 
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Low temperature EIS of T5T5 

 

Figure S56: The electrochemical impedance of the T5T5 samples was measured at -60 °C showing a capacitance of about 
20 pF (Ceff1 calculated from R1 and CPE1). The extraction of the capacitance from the measurement at 25 °C was difficult due 
to the small resistance and the influence of cable induction on the spectrum. 

Comparison of ionic conductivities of samples sintered at different temperatures 

 

Figure S57: Ionic conductivities at 25 °C increases with the size of the supertetrahedral entities in the Na-Si-P structures. 

The samples T3-T4T4 were sintered at 400 °C. T4T5 and T5T5 were sintered at 800 °C (marked with a hash). σfast (black) 
refers to the average conductivity of at least four samples calculated from the resistance of the high frequency arc (cf. R1-
CPE1 in Figure S49-53). σtotal (green) refers to the corresponding total conductivity (sum of the resistances of both semicircles; 
R1+R2). Additionally, the conductivities of the samples showing only one semicircle in the EIS are plotted in orange (σbest). 
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Figure S58: Comparison of the ionic conductivity of all samples at 25 °C. The conductivity increases with the size of the 
supertetrahedral entities in the Na-Si-P structures. The samples T3-T4T4 were sintered at 400 °C (points). This Figure also 
includes the conductivity values of T4T5 and T5T5 sintered at 400 °C (points) and at 800 °C (triangles). Especially for the 
sample T4T5 it is obvious that the microstructure is not optimal for impedance measurements and the performance is reduced 
in comparison to the samples sintered at 800 °C.  
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Abstract 

The all-solid-state battery (ASSB) is a 

promising candidate for electrochemical 

energy storage. In view of the limited 

availability of lithium, however, 

alternative systems based on earth-

abundant and inexpensive elements are 

urgently sought. Besides the well-studied 

sodium-based systems, potassium-based 

systems offer the advantage of low cost 

and a large electrochemical window but 

are hardly explored. Here we report on 

the synthesis and crystal structure of K-

ion conducting T5 KSi2P3, which was 

inspired by recent discoveries of fast ion conductors in the family of alkali phosphidosilicates. 

KSi2P3 is composed of SiP4 tetrahedra forming interpenetrating networks of large T5 

supertetrahedra. The compound passes through a reconstructive phase transition from the known 

T3 to the new tetragonal T5 polymorph at 1020 °C with enantiotropic displacive phase transitions 

upon cooling at about 155 °C and 80 °C. The potassium ions are located in large channels between 

the T5 supertetrahedral networks and show facile movement through the structure. The bulk ionic 

conductivity can be as high as 2.6·10-4 S/cm at 25 °C with an average activation energy of 0.20 eV. 

This is remarkable high for a potassium ion conductor at room temperature, and marks KSi2P3 as 

the first non-oxide solid potassium ion conductor.  

Introduction 

All-solid-state batteries (ASSB) with solid instead of liquid electrolytes are traded as the next 

generation energy storage devices because they provide higher energy densities and faster 

charging rates than conventional systems.[1-6] For the development of ASSBs, the solid electrolyte 

is a critical component and its ionic conductivity a key performance indicator. Up to now, several 

lithium ion conducting materials are well investigated. Lithium conducting garnets such as doped 

Li7La3Zr2O12 and Li1.4Al0.4Ti1.6(PO4)3 exhibit bulk ionic conductivities up to 10-3 S/cm at room 

temperature. Similar and even higher lithium ion conductivities in the range of 1.6·10-4 to 2.5·10 2 

S/cm were found in ternary lithium thiophosphates,[7] halide argyrodites,[8-9] Li10GeP2S12-type 
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materials[10] and rare-earth halides.[11-13] Recently phosphidosilicates turned out to be candidates 

for solid electrolytes. These compound contain SiP4 tetrahedra, which are isolated in Li8SiP4,[14]
 

while in Li10Si2P6 or Li3Si3P7
[15] the tetrahedra are condensed via edges or vertices to reduce the 

charge, reminiscent of related nitridosilicates. The SiP4 tetrahedra in Li2SiP2
[14] form 

interpenetrating networks of T2 supertetrahedra, while in LiSi2P3
[16] fused T4 and T5 entities are 

present. The lithium ion conductivities range between 4·10-7 S/cm (Li2SiP2) [14] and 1·10-3 S/cm 

(Li14SiP6)[17] with activation energies of 0.49 to 0.30 eV, respectively. NMR data of LiSi2P3 reveal an 

activation energy of about 0.1 eV indicating an even more facile ion transport in this compound. 

However, batteries based on lithium are restricted especially for large scale applications by the 

limited availability of lithium and its uncertain costs.[18-22] Therefore, systems with earth abundant 

low cost alternatives such as sodium or potassium are requested. Several solid sodium electrolytes 

like Na3PS4
[23] or NaSICON-type Na3.4Sc2(SiO4)0.4(PO4)2.6

[24-25] have conductivities on the order of 

2·10-4 S/cm and 7·10-4 S/cm, respectively. β-Alumina,[26] Na3SbS4
[27-28] or Na11Sn2PS12

[29-30] exceed 

these conductivities by about one order of magnitude. The phosphidosilicates Na23Si9n+19P12n+33 

based on interpenetrating networks of fused T3 to T5 supertetrahedra turned out to be 

competitive.[31] HT-NaSi2P3 exhibits solely T5 entities and shows a total sodium ion conductivity of 

4·10-4 S/cm with a low activation energy (Ea) of 0.25 eV. NMR data reveal an even lower activation 

energy of 0.11 eV, suggesting a facile Na hopping process. While sodium is much more abundant 

than lithium, it has a less negative electrode potential (-2.71 V) compared to lithium (-3.04 V). In 

contrast, potassium has a lower potential than Na (-2.93 V) enabling an improved cell output 

voltage.  

 

Figure 1. Ionic conductivity of potassium ion conductors and conductivity data of KSi2P3-mC928 (sample 2c in Table S9). 
Asterisks indicate single-crystal data. References and activation energies are listed in Table S8. 
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Since the availability of potassium is comparable with sodium and it is also low in cost, the 

exploration of potassium ion batteries (KIBs) appears promising. So far, studies on KIBs employing 

potassium metal anodes, solid electrolytes and cathodes such as Prussian blue with remarkable 

capacities and cycling stabilities were reported.[32-35] Surprisingly, only a few solid potassium ion 

electrolytes are known as shown in Figure 1 (values and references are given in Table S8). These 

materials are oxides, mainly discovered by Burmakin et al., and show conductivities in a 

reasonable range for applications (10-4-10-2 S/cm) only at high temperatures of 300-400 °C. The 

only exception is hydrothermally synthesized polycrystalline K2Fe4O7 showing an excellent 

performance with a conductivity of 5·10-2 S/cm at room temperature. However, single crystal 

impedance spectroscopy[34] shows that the potassium ion migration with an activation energy of 

0.08 eV is strongly two-dimensional in this compound.  

In this work, we targeted the family of potassium phosphidosilicates to discover new solid 

electrolytes. Currently only the compounds K2SiP2
[36] and the layered T3 KSi2P3

[37] are known in this 

system. Both are not promising as ion conductors because of the lack of partial occupied 

potassium sites. Here we report three new polymorphs of KSi2P3 with T5 supertetrahedral 

structures related to the sodium conductor NaSi2P3.[31] These new polymorphs are characterized 

by powder X-ray diffraction data based on the single-crystal structure refinement of the high 

temperature polymorph. 29Si and 31P MAS NMR spectra and the electronic properties of the 

monoclinic modification were determined, showing a remarkably high σbulk (K+) of up to 2.6·10 4 

S/cm at 25 °C and an average low activation energy of 0.20 eV. This material hence qualifies as the 

first non-oxide fast solid potassium ion conductor.  

 

Figure 2. High temperature Mo-Kα1 X-ray powder diffraction measurements of a KSi2P3-mC96 sample with a phase 
transition to KSi2P3-tI960 at about 1020 °C (highlighted in green). Inset shows the crystal structure of the known KSi2P3-
mC96 compound. 
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Structural characterization by X-ray diffraction 

KSi2P3 (space group C2/c) was first described by Feng et al.[37] and is denominated as KSi2P3-mC96 

in the following. It contains SiP4 tetrahedra which form T3 supertetrahedra according to the 

nomenclature proposed by Yaghi.[38] These T3 entities are fused by one common SiP4 tetrahedron 

resulting in a layered structure with the K+ ions located on two fully occupied general Wyckoff 

sites between T3 supertetrahedral layers (see inset of Figure 2). This structure is stable upon 

heating to 1000 °C.  

 

Figure 3. Three-dimensional fused T5 supertetrahedra composed of SiP4 tetrahedra as in KSi2P3-tI960. Every T5 cluster 
lacks a central silicon atom indicated by the green P4 tetrahedron in the upper T5 cluster (one tetrahedral basis layer 
of a T5 supertetrahedron was removed for clarity). 

We detected a mixture of two phases at 1020 °C before KSi2P3-mC96 is completely transformed 

to a tetragonal modification at 1040°C, denoted as KSi2P3-tI960. Figure 2 shows the high 

temperature diffraction patterns. The additional reflection at about 9.8° indicates crystallization 

of the silica capillary. We were able to solve and refine the structure of this metastable high 

temperature polymorph quenched to room temperature with single-crystals. For details we refer 

to the experimental section in the Supporting Information). Table 1 summarizes the single-crystal 

data of KSi2P3-tI960 in space group I41/acd (No. 142). Atom positions and displacement factors are 

given in Tables S1 and S2 of the Supporting Information. KSi2P3-tI960 is also built from SiP4 

tetrahedra, but now forming three dimensional networks of T5 supertetrahedra as shown in 

Figure 3. Every T5 cluster features a missing silicon site in its center, affecting the adjacent four 

phosphorus atoms by shifting them slightly towards the vacancy. This leads to shorter average P–

P distances of 3.2 Å compared to 3.7 Å of the phosphorus atoms not neighboring the missing site. 

This appears counter-intuitive but has been already observed in several T5 supertetrahedral 

compounds, such as B2S3,[39] LiSi2P3,[16] HT- and LT-NaSi2P3
[31] or UCR-15.[40] A likely explanation 

could be the preservation of charge neutrality in the interior of the T5 entity, since the T5 cluster 

is a section of the sphalerite-type structure with silicon defects resulting in the sum formula of 

Si3P4. However, this binary compound has not been confirmed experimentally, but predicted by 

DFT calculations.[41-42] 

The T5 clusters share one common SiP4 tetrahedron resulting in a three-dimensional anionic 

network with giant voids interpenetrated by a second crystallographically equivalent network. 
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These can be ascribed hierarchically to a diamond type network, resembling the structure of 

homeotypic HT-NaSi2P3.[31] 

Table 1. Single crystal data of the high temperature polymorph KSi2P3-tI960. The dataset was collected at 25 °C on a 
Bruker D8 Quest diffractometer. 

Formula KSi2P3-tI960 

space group I41/acd (No. 142) 

a / Å 21.9221(15) 

c / Å 39.868(3) 

Vcell / Å3 19160(3) 

Z 128 

ρX-ray / g·cm-3 2.088 

λ / Å 0.71073 (Mo-Kα) 

μ / mm-1 1.937 

Θ-range / ° 2.120 – 30.586 

reflections measured 459701 

independent reflections 7358 

parameters 283 

Rσ 0.0095 

Rint 0.0452 

R1 (F2>2σ(F2)) / all 0.0391 / 0.0438 

wR2 (F2>2σ(F2)) / all 0.0919 / 0.0951 

Goof 1.102 

restraints 1 

Δρ max/min / e·Å-3 +1.610 / -1.374 

The potassium ions reside in big cavities of the supertetrahedral networks with large displacement 

factors and an average occupancy factor of 0.4. All eleven potassium positions are partially 

occupied and thus disordered (see Figure 4), similar to HT-NaSi2P3, which indicates a high mobility 

of potassium ions already at room temperature. 
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Figure 4. Unit cell of KSi2P3-tI960 with large displacement factors of the K ions (top, ellipsoids with 90 % probability) and 
K positions in the voids along [111] indicating a possible ion migration pathway (bottom, ellipsoids with 50 % probability). 

KSi2P3-tI960 goes through displacive phase transitions upon cooling. As shown in Figure 5, KSi2P3-

tI960 exhibits a splitting of the most intense reflections at a diffraction angle range of 13.1 to 13.7° 

(Mo-Kα1) at 155 °C. Two of these split reflections approach each other while the third moves 

towards a higher angle of about 14° beginning at 80 °C, indicating a third phase transition. These 

phase transitions occur upon heating and cooling of a KSi2P3 sample making this T5 compound 

enantiotropic (see Figure 5). We were not able to synthesize suitable single-crystals of the two 

low temperature modifications mainly due to twinning. Therefore, we stabilized the different 

modifications for powder diffraction analysis at ambient conditions. While the room temperature 

modification is easily producible with conventional solid-state methods, small amounts of the 

other modification could only be obtained by a modified synthesis as described in the Supporting 

Information. The Cu-Kα1 diffraction patterns and Rietveld fits of the respective modifications are 

shown in Figure 6 (enlarged in the SI Figures S1-3) highlighting their most prominent differences 

consisting in the splitting, the intensity distribution, and the shifting towards higher diffraction 

angles of the indicated reflections. Acceptable refinements were obtained by translationsgleiche 

(t2) symmetry reductions from tetragonal KSi2P3-tI960 (spacegroup I41/acd) to the orthorhombic 

and monoclinic subgroups of KSi2P3-oF1952 (Fddd) and KSi2P3-mC928 (C2/c).  

Note that the potassium positions were calculated from the symmetry reduced single-crystal 

structure data of KSi2P3-tI960. Therefore, these positions do not strictly follow the Bärnighausen 

tree while silicon and phosphorus do. The displacive phase transitions are mainly contractions of 

the crystal structure as visible in Table 2, thus increasing the crystallographic density along with 

the symmetry reduction (note that the cell parameters given in Table 2 appear dissimilar due to 

different space groups). 
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Figure 5. High temperature X-ray powder diffraction (Mo-Kα1) of a KSi2P3-mC928 sample upon heating to 350 °C and 
subsequent cooling. KSi2P3-mC928 (highlighted in blue) transforms at 80 °C into KSi2P3-oF1952 (orange) before another 
phase transition at 155 °C yields in KSi2P3-tI960 (green). The same phase transitions are observable upon cooling making 
the T5 compound enantiotropic. 

Table 2. Rietveld refinement results of the T5 KSi2P3 modifications. 

Modification Ksi2P3-tI960 KSi2P3-oF1952 KSi2P3-mC928 

space group I41/acd (No. 142) Fddd (No. 70) C2/c (No. 15) 

stability range / °C > 155  155 – 80  < 80 

a / Å 21.8826(3) 31.5291(10) 31.8337(4) 

b / Å 21.8826(3) 30.5475(5) 30.4796(3) 

c / Å 40.2923(8) 39.9611(13) 25.2909(2) 

β / ° 90 90 128.7029(8) 

Vcell / Å3 19293.8(6) 38487(2) 19150.3(4) 

ρX-ray / g·cm-3 2.07651(6) 2.08417(12) 2.11092(5) 

 

Structural characterization by EDX and NMR 

We have confirmed the composition and structure model of KSi2P3-mC928 with EDX (Figure S4, 

Table S7) and NMR measurements under MAS conditions. The 29Si spectrum (Figure S5) has broad 

signals between δ (29Si) = -12 to -26 ppm originating from 32 crystallographically inequivalent 

silicon atoms on general Wyckoff sites. Since the structure of KSi2P3-mC928 is homeotypic to HT-

NaSi2P3, the 31P spectra are comparable as visible in Figure 7. KSi2P3-mC928 exhibits four broad 

signals within almost the same chemical shift range compared to the tetragonal sodium phase. 

Integration of these signals in the KSi2P3-mC928 spectrum yields the same intensity distribution of 

4:4:3:1 confirming the structural similarity to HT-NaSi2P3.[31]  
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Figure 6. Powder X-ray diffraction patterns (Cu-Kα1) of tetragonal (top), orthorhombic (middle) and monoclinic (bottom) 
KSi2P3. 

However, the resonance frequencies of KSi2P3-mC928 are more complicated than in HT-NaSi2P3 

due to the symmetry reduction from tetragonal to monoclinic, leading to a splitting of all 

resonances and impeding a simple intensity assignment to the respective phosphorus atoms. 

Assuming that the upfield signal at δ (31P) = -298.7 ppm is the result of only one phosphorus atom, 

a sectional intensity integration of the whole spectrum can be conducted. It results in 49 distinct 
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atoms being very close to the number of 48 atoms as predicted by X-ray diffraction. Hence, the 

NMR measurements are in line with the structure discussion above.  

 

Figure 7. Normalized 31P MAS NMR spectra of HT-NaSi2P3 (top, blue) and KSi2P3-mC928 (bottom, black) at 25 kHz and a 
magnetic field of B0 = 11.7 T. Rotational side bands are indicated by asterisks. 

Potassium ion conduction in KSi2P3 

We identified possible migration pathways of all polymorphs of KSi2P3 from geometrical 

calculations yielding four large channels through the structure, which are interconnected by short 

passages along every supertetrahedral face. This indicates a 3D ion conduction similar to NaSi2P3. 

The calculated migration paths are visualized in Figure S6-S8 in the Supporting Information.  

We have shown recently,[31] that the ionic conductivity in supertetrahedral phosphidosilicates 

increases with increasing cluster size. In view of the T5 structure of KSi2P3, high K-ion mobility is 

also to be expected in contrast to the T3 structure. We applied electrochemical impedance 

spectroscopy (EIS) and potentiostatic polarization measurements as described in the SI on several 

samples from different batches to assess the ionic and electronic conductivity. All results are listed 

in Table S9 and S10 and a representative impedance spectrum at -20 °C (sample 2b in Table S9) is 

shown in Figure 8. The measurements were performed at low temperatures to  deconvolute the 

bulk properties of the material and to avoid phase changes that already occur at 80 °C influencing 

the performance. The spectrum contains high and low frequency contributions followed by a spike 

resulting from the polarization of K ions at the blocking electrodes at low frequencies. The 

spectrum is fitted by the equivalent circuit model depicted in the inset in Figure 8. For the high 

frequency semicircle modelled by R1-CPE1, an effective capacitance Ceff = (Q/(Rα-1))1/α of 8 pF is 

calculated that corresponds to a relative permittivity of 24. This is a typical value for the bulk 

contributions of a solid inorganic material.[43] The low frequency semicircle (R2-CPE2) possesses a 

much larger Ceff of 9·10-7 F, thus it presumably stems from grain boundaries or a surface layer.[43] 
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The low frequency semicircle CPE3 models the polarization of ions at the electrode. The ionic 

conductivity σbulk (K+) of nine measured samples stemming from three different batches (cf.Table 

S9) is between 0.13-2.6·10-4 S/cm with an average activation energy of 0.20±0.04 eV. The observed 

spread in conductivities is typical for a solid ion conductor as previously revealed in a round robin 

study of sulfide electrolytes[44] and can be rationalized here by batch to batch variations as well as 

differences in pellet preparation, annealing and sputtering of each sample. The highest bulk 

conductivity we found is 2.6·10-4 S/cm at room temperature with an activation energy of 0.21 eV 

(plotted in Figure S9), which is consistent with the averaged activation energy of the high 

frequency semicircle of all samples (0.20±0.04 eV). This result is directly compared to literature 

data in Figure 1, highlighting its uniqueness as first non-oxide K ion conductor with high ionic 

conductivity at room temperature and below (down to -20 °C) and a low activation energy, 

indicating facile ion migration within the large channels of the structure. KSi2P3 exhibits an even 

higher ionic conductivity than K-β-Alumina single-crystals. Compared to other potassium ion 

conductors, KSi2P3 does not contain redox active transition metals nor expensive or 

environmentally hazardous elements.  

The total ionic conductivity of all samples is between 0.045-2.0·10-4 S/cm and can be calculated 

from Rtot as sum of R1+R2 with σtot = d/(A·Rtot) with d being the thickness and A the area of the 

sample. This shows that even the total ionic conductivity is reasonably fast for an ionic conductor 

at room temperature. The activation energy of the low frequency semicircle (R2-CPE2) of 

0.19±0.03 eV resembles the activation energy of the bulk process (also cf. Figure S9). Thus, there 

is no indication of the presence of highly resistive grain boundaries. The similar activation energy 

rather points to a current constriction phenomenon that could result from a limited contact area 

between the grains, which is consistent with the low geometrical density of 77±3 % of the sample 

pellets.[45] Therefore, by optimizing the sample preparation and microstructure, the total 

conductivity may be enhanced further. 

 

Figure 8. Left: Impedance spectra of KSi2P3 at -20 °C (sample 6 in Table S9), fitted with the equivalent circuit model shown 
in the inset. The spectrum can be deconvoluted into bulk (high frequency semicircle R1CPE1) and surface/interlayer 
contributions (low frequency semicircle). Right: Potentiostatic polarization curve over 5 h showing a low electronic 
conductivity of 3.8x10-9 S/cm. Inset shows data at short times. 
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The partial electronic conductivity was measured by a potentiostatic polarization experiment over 

several hours at 0.25 and 0.5 V for several samples (cf. Table S10). A representative plot is shown 

in Figure 8 (right). The electronic conductivity is 0.09-1.1·10-8 S/cm, resulting in a transference 

number τi = σion/(σion+σeon) of 0.9998. This suggests that this material can be classified as a 

predominantly ionic conductor.  

Conclusion 

In summary, we have identified three new polymorphs of KSi2P3 with T5 supertetrahedra and K-

ion conductivities up to 2.6·10-4 S/cm at 25 °C. The hitherto known modification consists of T3 

supertetrahedra without partially occupied K sites, which hampers ion conduction. We 

demonstrate fast potassium ion conduction through three-dimensional connected voids between 

the large T5 supertetrahedra. KSi2P3 contains low cost, non-redox active, and environmentally 

abundant elements. As the first non-oxide solid material, KSi2P3 extents the compositional space 

of solid potassium ion conductors, which is key for the rational design of further potassium solid 

electrolytes. Nevertheless, beside the exploration on other unknown potassium 

phosphidosilicates continuative work on this title compound is to be conducted to prove the 

suitability for application in solid-state batterie. 
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3.4.1 Supporting Information for “Polymorphism and fast Potassium-Ion Conduction in the T5 

Supertetrahedral Phosphidosilicate KSi2P3” 
 

Table of Contents 

 Experimental Section containing the synthesis, single-crystal and powder X-ray diffraction, 

temperature-dependent powder X-ray diffraction and EDX, NMR and electrical spectroscopy 

measurements  as well as the geometrical pathway calculation. 

 Additional crystallographic data on KSi2P3-tI960 (Table S1, S2), KSi2P3-oF1952 (Table S3, S4) 

and KSi2P3-mC928 (Table S5, S6) derived from the symmetry reduced KSi2P3-tI960 

modification 

 Powder X-ray diffraction patterns and Rietveld refinements of KSi2P3-tI960 (Figures S1), 

KSi2P3-oF1952 (Figure S2) and KSi2P3-mC928 (Figure S3) 

 Elemental analysis by EDX and scanning electron microscopy of KSi2P3-mC928 (Figure S4, 

Table S7) 

 29Si solid-state MAS NMR of KSi2P3-mC928 (Figure S5) 

 Geometrical analysis of possible K ion migration pathways of KSi2P3-tI960 (Figure S6), 

KSi2P3-oF1952 (Figure S7) and KSi2P3-mC928 (Figure S8) 

 Ionic conductivities and activation energies of a selection of potassium ion conductors from 

literature (Table S8), results of electrochemical characterization of KSi2P3-mC928 (Table S9), 

Arrhenius plot of sample 3a (Figure S9) and results of polarization measurements of KSi2P3-

mC928 (Table S10).  

 References 

 

Experimental Procedures 

Synthesis 

Like most of alkaline and alkaline-earth phosphidosilicates the title compound is highly moisture 

sensitive leading to hydrolysis within a few minutes by contact with air. Therefore, all manipulations 

were conducted under inert conditions. 

KSi2P3-mC928 can be obtained as an air sensitive and dark red polycrystalline powder by reacting 

directly a stoichiometric elemental mixture. To this end, metallic potassium (1 eq., 0.0208 g, 99.95 %), 

silicon powder (2 eq., 0.0299 g, 99.999 %) and red phosphorus (3 eq., 0.0494 g, 99.999+ %) were mixed 

in an argon filled glovebox and loaded into an alumina crucible and sealed in silica ampoules under 

argon atmosphere. To prevent bursting of the ampoule the temperature of the tube furnace was 

raised slowly to 200 °C with a 20 °C/h rate before the mixture was reacted for 60 h at 1060 °C. To 

produce larger amounts of KSi2P3-mC928 we synthesized the known T3 compound as precursor. 
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Therefore, we mixed potassium (1 eq., 0.1039 g), silicon (2 eq., 0.1495 g) and phosphorus (3 eq., 

0.2471 g), and heated the mixture to 700 °C with a 10 °C/h rate for 30 h. The intermediate was ground 

and reheated again to 700 °C for 30 h yielding in a phase-pure precursor. This precursor was inserted 

in a preheated furnace at 1060 °C and reacted for 2 h before the temperature settled to 25 °C with 

40 °C/h. Since we failed to produce the polymorphs KSi2P3-oF1952 and KSi2P3-tI960 by different 

temperature programs, we were able to intercept small amounts of these by applying three 

equivalents of an in situ formed crystallization agent of K3P. To this end, a mixture of potassium (5 eq., 

0.0618 g), silicon (1 eq., 0.0085 g) and phosphorus (3 eq., 0.0294 g) was prepared likewise and heated 

to 100 °C within 5 h before the temperature was raised to 800 °C or 950 °C with 100 °C/h for 60 h, 

respectively.  

 

Single-Crystal X-ray Diffraction.  

The crystal structure of the T5 compound was successfully solved and refined only for the KSi2P3-tI960 

polymorph. Due to the sensitivity to air and moisture, single-crystals were prepared under dried 

paraffin oil and transferred into oil filled and sealed glass capillaries (Hilgenberg GmbH) with an inner 

diameter of 0.2 mm. Diffraction data of the whole Ewald’s sphere were collected with a Bruker D8 

Quest device with Mo-Kα radiation, Photon II detector and Göbel mirror optics. With the software 

package APEX3 the data reduction and absorption correction were processed before the structure 

was solved by direct methods and refined with the SHELX package. 

 

Powder X-ray Diffraction.  

Phase-pure polycrystalline samples of each polymorph were ground, filled and sealed in Hilgenberg 

glass capillaries with an inner diameter of 0.2 mm under argon atmosphere. Diffraction data were 

obtained from a StadiP powder diffractometer (STOE & Cie GmbH) with Cu-Kα1radiation and Mythen 

1K detector (Dectris) and a Ge (111) monochromator in Debye-Scherrer geometry. Based on the 

single-crystal structure of KSi2P3-tI960 the according diffractogram was refined with the Rietveld 

method implemented in the TOPAS software. For the Rietveld refinement of the KSi2P3-oF1952 

polymorph the single-crystal structure of KSi2P3-tI960 was solved assuming an orthorhombic unit cell. 

Based on these data, the powder pattern was indexed and refined with manually adjusted cell 

parameters. The powder refinement of the KSi2P3-mC928 polymorph was processed likewise.  

 

Temperature-Dependent Powder X-ray Diffraction. 

For the investigation of phase transitions the respective polycrystalline samples were ground and 

loaded in Hilgenberg silica glass capillaries with an inner diameter of 0.4 mm and sealed with grease 

for pressure compensation. Diffraction data collection under argon atmosphere was also performed 

on a STOE StadiP diffractometer with Mo-Kα1 radiation, Ge monochromator, a resistance graphite 

furnace and IP-PSD detector. For the transition of the T3 compound described by Feng et al. to KSi2P3-

tI960 (Figure 1) a sample was heated beginning at room temperature to 1045 °C in steps of 20 °C with 

a 5 °C/min heating rate. At each step the temperature was kept constant and a diffractogram was 

collected. For the phase transitions solely involving the T5 compounds in Figure 5 the sample was 
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heated to 350 °C and cooled to room temperature with the same heating rate but every 5 °C a 

diffraction pattern was recorded. 

 

EDX Analysis.  

The elemental composition of KSi2P3-mC928 was verified by energy dispersive X-ray spectroscopy with 

an EVO-MA10 Zeiss scanning electron microscope with a field emission gun and X-Flash 410-M X-ray 

detector. Polycrystalline samples were prepared under inert conditions in a glovebox on electronic 

conducting and adhesive carbon pads. These were inserted in the SEM quickly due to hydrolysis. The 

collected data were processed with QUANTAX200 software in which signals of oxygen and carbon 

were not taken to account. 

 

Solid-State NMR.  

A X-ray pure sample of KSi2P3-mC928 was loaded into a zirconia rotor of 4 mm in diameter for the 

silicon and into a 2.5 mm rotor for the phosphorus spectra and placed into a Bruker Avance III 500 

spectrometer with a magnetic field strength of 11.74 T. The sample was rotated with 10 kHz and 25 

kHz for the respective silicon and phosphorus spectra under MAS conditions with Larmor frequencies 

of ν0 (31P) = 202.5 MHz and ν0 (29Si) = 99.38 MHz. All spectra were indirectly referenced to 1H at 0 ppm 

in 0.1 % TMS (4 mm rotor) and -0.1240 ppm in 100 % TMS (2.5 mm rotor). 

 

Conductivity Measurements.  

The KSi2P3-mC928 samples were ground thoroughly and compacted to a pellet of about 0.5-1.0 mm 

thickness and 5 mm in diameter by uniaxial cold pressing (10 kN) and then annealed under argon at 

800 °C for 10 h. The large thickness of the pellets was required for sputtering and annealing. The 

pellets had densities of about 78±3 % (Table S8). The pellets were sputtered with ruthenium as ion-

blocking electrodes on both sides. Electrochemical impedance spectroscopy (EIS) for every sample 

was measured for several temperature cycles between 25 and -20 °C with 5 °C steps inside a glovebox 

under argon atmosphere. Higher temperatures were avoided to avoid phase changes influencing the 

performance. The samples were subsequently used for the polarization measurements to extract the 

electronic partial conductivity at 25 °C. For these a voltage of 0.25 and 0.5 V was applied for 5-10 h 

each and the drop in resulting current measured. The resistance was calculated from the current 

measured at a steady state after several hours. EIS and polarization measurements were performed 

with an IVIUM compactstat.h (24 bit instrument) in a two-electrode setup using a RHD INSTRUMENTS 

Microcell HC cell stand loaded with RHD INSTRUMENTS TSC Battery cells. The spectra were recorded 

in a frequency range of 1 MHz–0.01 Hz and rms AC voltage of 50 mV was applied. The analysis of the 

impedance spectra was carried out with the RelaxIS3 software from RHD INSTRUMENTS. The linearity, 

stability and causality were checked by the Kramers-Kronig-relation before fitting the data.  

 

Geometrical Pathway Analysis.  

The identification of possible potassium migration pathways was conducted with the ToposPro 

software package. Therefore, based on the crystal structures the voids accessible for potassium ions 

were calculated using the ionic radius for potassium and covalent radius for phosphorus atoms since 

calculations on Ba2SiP4 showed predominantly covalent behavior of the anionic Si-P network. 
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Afterwards the channels were calculated connecting the possible potassium voids with at least 3.1 Å 

in diameter. The results are shown in Figure S6-S8. 
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Table S1. Fractional atomic coordinates, equivalent displacement parameters (Å2) and occupancy factors of KSi2P3-tI960. 

atom Wyckoff x y z Ueq Occ. (<1) 

Si1 32g 0.01336 (3) 0.13475 (3) 0.31216 (2) 0.01251 (11)  

Si2 32g 0.11118 (3) 0.26473 (3) 0.31162 (2) 0.01299 (11)  

Si3 32g 0.12699 (3) 0.34243 (3) 0.00244 (2) 0.01433 (12)  

Si4 32g 0.12716 (3) 0.15085 (3) 0.37593 (2) 0.01241 (11)  

Si5 32g 0.25467 (3) 0.33227 (3) 0.06290 (2) 0.01332 (11)  

Si6 32g 0.26842 (3) 0.22218 (3) 0.12512 (2) 0.01347 (11)  

Si7 32g 0.28474 (3) 0.11150 (3) 0.18786 (2) 0.01398 (12)  

Si8 16e 0.29477 (4) 0 ¼ 0.01299 (15)  

Si9 16d 0 ¼ 0.00359 (2) 0.01502 (16)  

P1 32g 0.05818 (3) 0.20620 (3) 0.40372 (2) 0.01319 (10)  

P2 32g 0.06423 (3) 0.29646 (3) 0.03746 (2) 0.02339 (14)  

P3 32g 0.06794 (3) 0.19514 (3) 0.27753 (2) 0.01429 (11)  

P4 32g 0.08297 (3) 0.08147 (3) 0.34163 (2) 0.01326 (11)  

P5 32g 0.09091 (3) 0.03417 (3) 0.09325 (2) 0.01942 (12)  

P6 32g 0.18135 (3) 0.21133 (3) 0.34107 (2) 0.01352 (11)  

P7 32g 0.19082 (3) 0.39756 (3) 0.03518 (2) 0.01286 (10)  

P8 32g 0.19672 (3) 0.02117 (3) 0.02977 (2) 0.01887 (12)  

P9 32g 0.19967 (3) 0.27053 (3) 0.09466 (2) 0.01848 (12)  

P10 32g 0.31478 (3) 0.27727 (3) 0.02760 (2) 0.01449 (11)  

P11 32g 0.33477 (3) 0.17519 (3) 0.22294 (2) 0.01504 (11)  

P12 32g 0.34720 (3) 0.05309 (3) 0.15492 (2) 0.01351 (11)  

K1 32g 0.0305 (2) 0.06606 (13) 0.02603 (11) 0.108 (3) 0.409 (5) 

K2 32g 0.07481 (19) 0.18388 (14) 0.10302 (14) 0.142 (3) 0.436 (4) 

K3 32g 0.07998 (6) 0.08214 (14) 0.21173 (5) 0.1581 (16) 0.820 (5) 

K4 32g 0.1508 (2) 0.3851 (3) 0.13536 (14) 0.170 (5) 0.427 (4) 

K5 32g 0.18701 (11) 0.2800 (2) 0.19937 (10) 0.105 (2) 0.468 (5) 
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K6 32g 0.20248 (8) 0.01439 (9) 0.14389 (6) 0.0651 (6) 0.5 

K7 32g 0.2161 (3) 0.1692 (5) 0.2668 (3) 0.111 (5) 0.163 (4) 

K8 32g 0.3209 (6) 0.0292 (4) 0.0672 (5) 0.113 (9) 0.189 (8) 

K9 32g 0.34676 (15) 0.04711 (12) 0.04386 (10) 0.0569 (10) 0.459 (8) 

K10 16e 0.0999 (3) 0 ¼ 0.058 (4) 0.125 (5) 

K11 16d 0 ¼ 0.1075 (3) 0.186 (13) 0.193 (7) 

 

Table S2. Atomic displacement parameters (Å2) of KSi2P3-tI960. 

atom U11 U22 U33 U12 U13 U23 

Si1 0.0125 (3) 0.0124 (2) 0.0126 (2) 
−0.00107 

(19) 

−0.00011 

(19) 
−0.0002 (2) 

Si2 0.0137 (3) 0.0120 (3) 0.0133 (3) 
−0.00081 

(19) 
−0.0003 (2) 0.0002 (2) 

Si3 0.0140 (3) 0.0155 (3) 0.0135 (3) −0.0032 (2) −0.0015 (2) −0.0005 (2) 

Si4 0.0123 (2) 0.0124 (2) 0.0125 (2) 
−0.00036 

(19) 
−0.0007 (2) 0.0001 (2) 

Si5 0.0128 (3) 0.0127 (3) 0.0144 (3) 0.0010 (2) −0.0015 (2) 0.0005 (2) 

Si6 0.0124 (2) 0.0131 (3) 0.0149 (3) 0.0005 (2) −0.0003 (2) 0.0014 (2) 

Si7 0.0138 (3) 0.0135 (3) 0.0147 (3) 0.0001 (2) 0.0008 (2) 0.0016 (2) 

Si8 0.0119 (3) 0.0136 (4) 0.0135 (3) 0 0 0.0024 (3) 

Si9 0.0142 (4) 0.0176 (4) 0.0132 (4) −0.0041 (3) 0 0 

P1 0.0128 (2) 0.0132 (2) 0.0135 (2) 
0.00034 

(18) 

−0.00005 

(18) 

−0.00033 

(18) 

P2 0.0226 (3) 0.0339 (4) 0.0136 (3) −0.0140 (3) −0.0016 (2) 0.0008 (2) 

P3 0.0162 (2) 0.0135 (2) 0.0132 (2) 
−0.00242 

(19) 

0.00104 

(19) 

−0.00036 

(19) 

P4 0.0123 (2) 0.0127 (2) 0.0148 (2) 
−0.00039 

(18) 

−0.00019 

(18) 

−0.00054 

(19) 

P5 0.0209 (3) 0.0134 (2) 0.0240 (3) −0.0002 (2) 0.0086 (2) 0.0006 (2) 

P6 0.0130 (2) 0.0130 (2) 0.0146 (2) 
−0.00006 

(18) 

0.00024 

(18) 

0.00081 

(19) 
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P7 0.0130 (2) 0.0122 (2) 0.0134 (2) 
−0.00055 

(18) 

−0.00209 

(18) 

−0.00035 

(18) 

P8 0.0216 (3) 0.0118 (2) 0.0233 (3) 0.0014 (2) 0.0099 (2) 0.0009 (2) 

P9 0.0136 (2) 0.0190 (3) 0.0229 (3) 0.0002 (2) −0.0022 (2) 0.0064 (2) 

P10 0.0142 (2) 0.0144 (2) 0.0148 (2) 
0.00248 

(19) 

−0.00186 

(19) 

−0.00053 

(19) 

P11 0.0168 (3) 0.0137 (2) 0.0146 (2) 
−0.00091 

(19) 
0.0011 (2) 

0.00096 

(19) 

P12 0.0129 (2) 0.0135 (2) 0.0141 (2) 
−0.00012 

(18) 

−0.00010 

(18) 

0.00136 

(19) 

K1 0.160 (5) 0.0456 (14) 0.119 (3) 
−0.0022 

(18) 
−0.113 (4) 0.0196 (16) 

K2 0.088 (3) 0.0397 (15) 0.298 (7) 
−0.0017 

(14) 
−0.026 (3) −0.017 (3) 

K3 0.0359 (7) 0.303 (4) 0.1350 (17) 0.0462 (12) −0.0338 (8) −0.149 (2) 

K4 0.0581 (19) 0.220 (8) 0.231 (8) 0.004 (3) 0.022 (3) −0.200 (7) 

K5 0.0507 (13) 0.143 (4) 0.122 (3) 
−0.0142 

(15) 
0.0403 (15) −0.097 (3) 

K6 0.0391 (8) 0.0557 (10) 0.1003 (15) 0.0023 (7) −0.0236 (9) 
−0.0492 

(10) 

K7 0.061 (5) 0.134 (8) 0.136 (8) −0.027 (5) 0.058 (5) −0.097 (7) 

K8 0.100 (8) 0.041 (4) 0.199 (18) 0.037 (5) −0.118 (11) −0.069 (7) 

K9 0.0648 (15) 0.0371 (10) 0.069 (2) 0.0009 (10) 
−0.0448 

(14) 

−0.0176 

(11) 

K10 0.012 (3) 0.073 (7) 0.090 (9) 0 0 0.014 (6) 

K11 0.24 (2) 0.26 (3) 0.058 (6) −0.15 (2) 0 0 
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Table S3. Fractional atomic coordinates, equivalent displacement parameters (Å2) and occupancy factors of KSi2P3- oF1952. 

atom Wyckoff x y z Ueq Occ. (<1) 

Si1 32h 0.00479 (2) 0.27318 (2) 0.12527 (2) 0.01361 (11)  

Si2 32h 0.01178 (2) 0.11103 (2) 0.37389 (2) 0.01247 (11)  

Si3 32h 0.01526 (2) 0.14230 (2) 0.00260 (2) 0.01448 (12)  

Si4 32h 0.05198 (2) 0.33666 (2) 0.18803 (2) 0.01406 (12)  

Si5 32h 0.06065 (2) 0.17594 (2) 0.43765 (2) 0.01250 (11)  

Si6 32h 0.06200 (2) 0.17319 (2) 0.31147 (2) 0.01304 (11)  

Si7 32h 0.07404 (2) 0.06072 (2) 0.31200 (2) 0.01261 (11)  

Si8 32h 0.07675 (2) 0.06208 (2) 0.43818 (2) 0.01300 (11)  

Si9 32h 0.13900 (2) 0.01191 (2) 0.37575 (2) 0.01251 (11)  

Si10 32h 0.28886 (2) 0.20650 (2) 0.31273 (2) 0.01341 (11)  

Si11 32h 0.29344 (2) 0.03874 (2) 0.06307 (2) 0.01337 (11)  

Si12 32h 0.35270 (2) 0.10252 (2) 0.00017 (2) 0.01303 (11)  

Si13 32h 0.35775 (2) 0.26533 (2) 0.25226 (2) 0.01437 (12)  

Si14 32h 0.41345 (2) 0.05176 (2) 0.06233 (2) 0.01397 (11)  

Si15 32h 0.47694 (2) 0.00462 (2) 0.12505 (2) 0.01355 (11)  

Si16 32h ⅛ ⅛ 0.00375 (2) 0.01510 (16)  

Si17 32h ⅛ ⅛ 0.50341 (2) 0.01498 (16)  

P1 32h 0.00084 (2) 0.33225 (2) 0.09179 (2) 0.01325 (10)  

P2 32h 0.00490 (2) 0.17015 (2) 0.27689 (2) 0.01504 (11)  

P3 32h 0.01494 (2) 0.03536 (2) 0.15519 (2) 0.01840 (12)  

P4 32h 0.01490 (2) 0.05368 (2) 0.40875 (2) 0.01353 (10)  

P5 32h 0.01870 (2) 0.04604 (2) 0.27746 (2) 0.01453 (11)  

P6 32h 0.04995 (2) 0.39708 (2) 0.15509 (2) 0.01344 (10)  

P7 32h 0.06266 (2) 0.27846 (2) 0.15691 (2) 0.01947 (12)  

P8 32h 0.06356 (2) 0.11848 (2) 0.47231 (2) 0.01426 (11)  

P9 32h 0.06966 (2) 0.13391 (3) 0.03762 (2) 0.02356 (14)  
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P10 32h 0.07398 (2) 0.11781 (2) 0.34612 (2) 0.01319 (10)  

P11 32h 0.07974 (2) 0.00505 (2) 0.47276 (2) 0.01508 (11)  

P12 32h 0.13154 (2) 0.06365 (2) 0.27737 (2) 0.01437 (11)  

P13 32h 0.13220 (2) 0.07403 (2) 0.40355 (2) 0.01314 (10)  

P14 32h 0.13389 (3) 0.06969 (2) 0.53729 (2) 0.02334 (14)  

P15 32h 0.14092 (2) 0.33790 (2) 0.02959 (2) 0.01892 (12)  

P16 16g 0.14654 (2) 0.45586 (2) 0.03499 (2) 0.01285 (10)  

P17 16g 0.19640 (2) 0.01505 (2) 0.34091 (2) 0.01353 (10)  

P18 32h 0.28553 (2) 0.26483 (2) 0.34449 (2) 0.01857 (12)  

P19 32h 0.29425 (2) 0.10329 (2) 0.03535 (2) 0.01282 (10)  

P20 32h 0.29600 (2) 0.26879 (2) 0.22222 (2) 0.01444 (11)  

P21 32h 0.35297 (2) 0.04977 (2) 0.09525 (2) 0.01352 (10)  

P22 32h 0.41233 (2) 0.10883 (2) 0.02994 (2) 0.01882 (12)  

P23 32h 0.41780 (2) 0.00069 (2) 0.15852 (2) 0.01320 (10)  

P24 32h 0.47171 (2) 0.06245 (2) 0.09341 (2) 0.01939 (12)  

K1 32h 0.01614 (10) 0.04712 (12) 0.05120 (9) 0.0984 (13) 
0.4524 

(13) 

K2 32h 0.0241 (3) 0.4426 (3) 0.0171 (3) 0.119 (4) 0.180 (2) 

K3 32h 0.04659 (12) 0.51614 (11) 0.05070 (9) 0.0979 (13) 
0.4524 

(13) 

K4 32h 0.04759 (13) 0.01829 (13) 0.02654 (11) 0.1260 (19) 
0.4524 

(13) 

K5 32h 0.0498 (2) 0.3002 (2) 0.0001 (2) 0.085 (3) 0.180 (2) 

K6 32h 0.05293 (8) 0.39980 (8) 0.04371 (7) 0.0536 (7) 0.433 (3) 

K7 32h 0.07121 (12) 0.25495 (16) 0.03342 (10) 0.0793 (15) 0.433 (3) 

K8 32h 0.0748 (3) 0.39580 (18) 0.0670 (3) 0.114 (5) 0.180 (2) 

K9 32h 0.10838 (6) 0.34408 (6) 0.10600 (6) 0.0574 (6) 
0.4524 

(13) 

K10 32h 0.1170 (2) 0.48199 (13) 0.11428 (15) 0.181 (4) 
0.4524 

(13) 
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K11 32h 0.12912 (12) 0.05465 (11) 0.10258 (15) 0.144 (2) 
0.4524 

(13) 

K12 32h 0.15791 (14) 0.00681 (13) 0.04421 (12) 0.0903 (14) 
0.4524 

(13) 

K13 32h 0.24512 (16) 0.32121 (12) 0.28301 (9) 0.0837 (15) 
0.4524 

(13) 

K14 32h 0.25704 (14) 0.34247 (14) 0.29456 (12) 0.0953 (16) 
0.4524 

(13) 

K15 32h 0.26800 (13) 0.1326 (2) 0.11486 (16) 0.178 (4) 
0.4524 

(13) 

K16 32h 0.3079 (3) 0.2264 (4) 0.0167 (3) 0.145 (6) 0.180 (2) 

K17 32h 0.35030 (8) 0.19656 (8) 0.04419 (7) 0.0596 (9) 0.475 (5) 

K18 32h 0.35428 (19) 0.1742 (3) 0.0681 (4) 0.107 (5) 0.180 (2) 

K19 32h 0.40601 (6) 0.14139 (6) 0.10622 (6) 0.0586 (6) 
0.4524 

(13) 

K20 32h 0.51814 (13) 0.04806 (13) 0.02635 (11) 0.115 (2) 0.433 (3) 

K21 32h 0.55468 (11) 0.12945 (12) 0.10261 (15) 0.143 (2) 
0.4524 

(13) 

 

Table S4. Atomic displacement parameters (Å2) of KSi2P3- oF1952. 

atom U11 U22 U33 U12 U13 U23 

Si1 0.0134 (3) 0.0121 (3) 0.0154 (3) 0.0004 (2) −0.0009 (2) −0.0012 (2) 

Si2 0.0129 (3) 0.0120 (2) 0.0125 (3) −0.0001 (2) −0.0006 (2) −0.0005 (2) 

Si3 0.0119 (3) 0.0181 (3) 0.0134 (3) 0.0008 (2) 0.0016 (2) −0.0006 (2) 

Si4 0.0137 (3) 0.0135 (3) 0.0149 (3) −0.0002 (2) −0.0019 (2) −0.0005 (2) 

Si5 0.0135 (3) 0.0114 (3) 0.0126 (3) 0.0002 (2) 0.0001 (2) −0.0002 (2) 

Si6 0.0122 (3) 0.0136 (3) 0.0133 (3) −0.0007 (2) 0.0001 (2) −0.0002 (2) 

Si7 0.0116 (3) 0.0137 (3) 0.0125 (3) −0.0001 (2) −0.0003 (2) 0.0000 (2) 

Si8 0.0137 (3) 0.0120 (3) 0.0134 (3) 0.0008 (2) −0.0005 (2) 0.0000 (2) 

Si9 0.0120 (2) 0.0127 (3) 0.0128 (3) 0.0000 (2) −0.0004 (2) 0.0006 (2) 

Si10 0.0119 (3) 0.0139 (3) 0.0144 (3) −0.0002 (2) 0.0015 (2) 0.0009 (2) 
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Si11 0.0140 (3) 0.0118 (3) 0.0144 (3) 0.0001 (2) −0.0005 (2) 0.0013 (2) 

Si12 0.0126 (3) 0.0128 (3) 0.0137 (3) −0.0009 (2) −0.0018 (2) 0.0017 (2) 

Si13 0.0178 (3) 0.0115 (3) 0.0137 (3) −0.0009 (2) 0.0006 (2) 0.0015 (2) 

Si14 0.0136 (3) 0.0138 (3) 0.0145 (3) 0.0001 (2) −0.0007 (2) 0.0017 (2) 

Si15 0.0123 (3) 0.0132 (3) 0.0152 (3) −0.0002 (2) −0.0013 (2) 0.0006 (2) 

Si16 0.0119 (4) 0.0201 (4) 0.0133 (4) 0.0016 (3) 0 0 

Si17 0.0196 (4) 0.0119 (4) 0.0134 (4) 0.0018 (3) 0 0 

P1 0.0130 (2) 0.0123 (2) 0.0145 (2) 
−0.00027 

(19) 

0.00018 

(19) 

−0.00056 

(19) 

P2 0.0145 (2) 0.0163 (3) 0.0144 (3) −0.0016 (2) −0.0016 (2) 0.0002 (2) 

P3 0.0165 (3) 0.0162 (3) 0.0225 (3) −0.0027 (2) 0.0032 (2) −0.0060 (2) 

P4 0.0130 (2) 0.0130 (2) 0.0146 (2) 
−0.00002 

(19) 

−0.00054 

(19) 

0.00062 

(19) 

P5 0.0121 (2) 0.0169 (3) 0.0146 (3) 0.0000 (2) 
−0.00100 

(19) 
−0.0016 (2) 

P6 0.0130 (2) 0.0133 (2) 0.0139 (2) 
0.00030 

(19) 

−0.00125 

(19) 

−0.00099 

(19) 

P7 0.0170 (3) 0.0175 (3) 0.0239 (3) 0.0038 (2) −0.0066 (2) −0.0057 (2) 

P8 0.0172 (3) 0.0123 (2) 0.0132 (2) 0.0011 (2) 0.0010 (2) 
0.00041 

(19) 

P9 0.0145 (3) 0.0425 (4) 0.0137 (3) 0.0058 (3) 0.0007 (2) −0.0018 (3) 

P10 0.0128 (2) 0.0134 (2) 0.0134 (2) 
−0.00020 

(19) 

0.00014 

(19) 

−0.00022 

(19) 

P11 0.0161 (3) 0.0142 (2) 0.0149 (3) 0.0016 (2) 0.0002 (2) 0.0014 (2) 

P12 0.0125 (2) 0.0175 (3) 0.0131 (2) −0.0013 (2) 
0.00052 

(19) 
−0.0010 (2) 

P13 0.0134 (2) 0.0128 (2) 0.0132 (2) 
0.00020 

(19) 

−0.00040 

(19) 

−0.00018 

(19) 

P14 0.0418 (4) 0.0143 (3) 0.0140 (3) 0.0054 (3) −0.0017 (3) 0.0007 (2) 

P15 0.0183 (3) 0.0153 (3) 0.0232 (3) −0.0050 (2) −0.0079 (2) 0.0063 (2) 
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P16 0.0130 (2) 0.0121 (2) 0.0135 (2) 
−0.00039 

(19) 

−0.00125 

(19) 

0.00153 

(19) 

P17 0.0130 (2) 0.0133 (2) 0.0142 (2) 
0.00003 

(19) 

0.00083 

(19) 

0.00052 

(19) 

P18 0.0163 (3) 0.0165 (3) 0.0229 (3) −0.0028 (2) 0.0062 (2) −0.0030 (2) 

P19 0.0121 (2) 0.0132 (2) 0.0132 (2) 
−0.00044 

(19) 

−0.00187 

(19) 

0.00136 

(19) 

P20 0.0166 (3) 0.0120 (2) 0.0147 (3) −0.0002 (2) 0.0015 (2) 
0.00097 

(19) 

P21 0.0134 (2) 0.0131 (2) 0.0140 (2) 
−0.00039 

(19) 

−0.00103 

(19) 

0.00084 

(19) 

P22 0.0154 (3) 0.0181 (3) 0.0230 (3) −0.0049 (2) −0.0066 (2) 0.0076 (2) 

P23 0.0122 (2) 0.0130 (2) 0.0145 (2) 
0.00020 

(19) 

−0.00060 

(19) 

−0.00031 

(19) 

P24 0.0173 (3) 0.0171 (3) 0.0238 (3) −0.0036 (2) −0.0057 (2) 0.0063 (2) 

K1 0.0762 (18) 0.103 (2) 0.116 (3) 
−0.0385 

(17) 

−0.0327 

(17) 
0.090 (2) 

K2 0.137 (8) 0.079 (5) 0.141 (8) −0.044 (5) 0.115 (7) −0.032 (5) 

K3 0.102 (2) 0.0782 (18) 0.113 (2) 
−0.0404 

(17) 
0.089 (2) 

−0.0344 

(18) 

K4 0.117 (3) 0.123 (3) 0.138 (3) −0.072 (2) −0.082 (3) 0.110 (3) 

K5 0.064 (4) 0.067 (4) 0.125 (7) −0.038 (3) −0.005 (4) 0.004 (4) 

K6 0.0485 (13) 0.0471 (12) 0.0653 (15) −0.0129 (9) 0.0423 (11) 
−0.0179 

(11) 

K7 0.072 (2) 0.103 (3) 0.063 (2) −0.062 (2) 0.0267 (16) 
−0.0345 

(19) 

K8 0.109 (6) 0.029 (2) 0.206 (11) −0.028 (3) 0.139 (8) −0.033 (4) 

K9 0.0437 (10) 0.0392 (9) 0.0894 (15) −0.0076 (7) 0.0477 (10) −0.0163 (9) 

K10 0.149 (6) 0.152 (3) 0.243 (8) −0.088 (4) 0.168 (6) −0.132 (5) 

K11 0.0635 (19) 0.0707 (19) 0.298 (7) 
−0.0248 

(16) 
−0.031 (3) 0.007 (3) 

K12 0.100 (3) 0.070 (2) 0.101 (3) −0.053 (2) −0.053 (2) 0.024 (2) 
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K13 0.109 (3) 0.078 (2) 0.0634 (19) 0.067 (2) 0.0371 (19) 0.0278 (16) 

K14 0.073 (2) 0.107 (3) 0.105 (3) 0.059 (2) 0.027 (2) 0.056 (2) 

K15 0.148 (3) 0.140 (6) 0.245 (8) −0.082 (4) 0.131 (5) −0.162 (6) 

K16 0.086 (6) 0.162 (9) 0.186 (11) −0.051 (6) 0.046 (6) −0.147 (9) 

K17 0.0502 (12) 0.0544 (14) 0.0741 (17) 
−0.0147 

(10) 
0.0201 (11) 

−0.0476 

(13) 

K18 0.036 (3) 0.100 (6) 0.185 (10) −0.031 (3) 0.035 (4) −0.120 (7) 

K19 0.0392 (9) 0.0448 (10) 0.0918 (16) −0.0081 (7) 0.0168 (9) 
−0.0497 

(10) 

K20 0.110 (3) 0.110 (3) 0.124 (3) −0.063 (2) 0.097 (3) −0.072 (2) 

K21 0.0715 (19) 0.0630 (19) 0.294 (7) 
−0.0253 

(16) 
0.004 (3) −0.027 (3) 

 

Table S5. Fractional atomic coordinates, equivalent displacement parameters (Å2) and occupancy factors of KSi2P3- mC928. 

atom Wyckoff x y z Ueq Occ. (<1) 

Si1 8f 0.01059 (3) 0.08657 (3) 0.12466 (4) 0.01386 (14)  

Si2 8f 0.02438 (3) 0.20656 (3) 0.12618 (4) 0.01322 (14)  

Si3 8f 0.10233 (3) 0.14729 (3) 0.49963 (4) 0.01295 (14)  

Si4 8f 0.10506 (3) 0.26526 (3) 0.49476 (4) 0.01428 (15)  

Si5 8f 0.12044 (3) 0.02307 (3) 0.25011 (4) 0.01345 (14)  

Si6 8f 0.12122 (3) 0.37501 (3) 0.49248 (4) 0.01509 (15)  

Si7 8f 0.12393 (3) 0.07676 (3) 0.12365 (4) 0.01288 (14)  

Si8 8f 0.13614 (3) 0.13901 (3) 0.24847 (4) 0.01235 (14)  

Si9 8f 0.13643 (3) 0.18935 (3) 0.12471 (4) 0.01237 (14)  

Si10 8f 0.14792 (3) 0.49521 (3) 0.24947 (4) 0.01353 (14)  

Si11 8f 0.14847 (3) 0.25478 (3) 0.25055 (4) 0.01348 (14)  

Si12 8f 0.14864 (3) 0.44801 (3) 0.12396 (4) 0.01392 (14)  

Si13 8f 0.23715 (3) 0.01178 (3) 0.25221 (4) 0.01226 (14)  

Si14 8f 0.23828 (3) 0.06065 (3) 0.12467 (4) 0.01238 (14)  

Si15 8f 0.24875 (3) 0.07406 (3) 0.37603 (4) 0.01247 (14)  
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Si16 8f 0.24976 (3) 0.17326 (3) 0.12365 (4) 0.01280 (14)  

Si17 8f 0.26510 (3) 0.23824 (3) 0.25222 (4) 0.01245 (14)  

Si18 8f 0.26536 (3) 0.18800 (3) 0.37708 (4) 0.01292 (14)  

Si19 8f 0.26760 (3) 0.39226 (3) 0.00456 (4) 0.01411 (14)  

Si20 8f 0.26922 (3) 0.46115 (3) 0.12545 (4) 0.01330 (14)  

Si21 8f 0.27472 (3) 0.30198 (3) 0.37606 (4) 0.01400 (14)  

Si22 8f 0.35179 (3) 0.04344 (3) 0.12612 (4) 0.01324 (14)  

Si23 8f 0.35270 (3) 0.10271 (3) 0.00033 (4) 0.01294 (14)  

Si24 8f 0.36027 (3) 0.01527 (3) 0.50518 (4) 0.01438 (15)  

Si25 8f 0.36173 (3) 0.06201 (3) 0.37704 (4) 0.01282 (14)  

Si26 8f 0.36236 (3) 0.11099 (3) 0.24850 (4) 0.01243 (14)  

Si27 8f 0.36412 (3) 0.16344 (3) 0.12466 (4) 0.01384 (14)  

Si28 8f 0.37728 (3) 0.17595 (3) 0.37597 (4) 0.01244 (14)  

Si29 8f 0.37842 (3) 0.37498 (3) 0.00686 (4) 0.01496 (15)  

Si30 8f 0.37971 (3) 0.22693 (3) 0.25012 (4) 0.01336 (14)  

Si31 8f 0.39381 (3) 0.28885 (3) 0.37456 (4) 0.01329 (14)  

Si32 8f 0.48691 (3) 0.35773 (3) 0.00452 (4) 0.01427 (15)  

P1 8f 0.03099 (3) 0.02827 (3) 0.18682 (4) 0.01930 (15)  

P2 8f 0.03229 (3) 0.07973 (3) 0.05445 (4) 0.01497 (14)  

P3 8f 0.04549 (3) 0.14704 (2) 0.19048 (4) 0.01341 (13)  

P4 8f 0.04657 (3) 0.20399 (3) 0.05552 (4) 0.01434 (13)  

P5 8f 0.05946 (3) 0.26497 (3) 0.18963 (4) 0.01828 (15)  

P6 8f 0.06791 (3) 0.20577 (2) 0.42927 (4) 0.01281 (13)  

P7 8f 0.07346 (3) 0.26873 (2) 0.55486 (4) 0.01437 (13)  

P8 8f 0.07845 (4) 0.31966 (3) 0.42477 (4) 0.02338 (18)  

P9 8f 0.07888 (3) 0.08767 (3) 0.44013 (4) 0.01865 (15)  

P10 8f 0.07908 (3) 0.14653 (2) 0.56998 (4) 0.01280 (13)  

P11 8f 0.09628 (4) 0.43033 (3) 0.42477 (4) 0.02333 (18)  



4.4.1 Supporting Information: Polymorphism and fast Potassium-Ion Conduction in the 

T5 Supertetrahedral Phosphidosilicate KSi2P3 

187 

 

 

P12 8f 0.10673 (3) 0.50489 (2) 0.05379 (4) 0.01495 (14)  

P13 8f 0.11747 (4) 0.39092 (3) 0.05920 (4) 0.01889 (15)  

P14 8f 0.11985 (4) 0.48503 (3) 0.31045 (4) 0.01827 (15)  

P15 8f 0.12153 (4) 0.43733 (3) 0.18618 (4) 0.01935 (15)  

P16 8f 0.14496 (3) 0.01491 (2) 0.18250 (4) 0.01334 (13)  

P17 8f 0.14615 (3) 0.06357 (3) 0.05536 (4) 0.01407 (13)  

P18 8f 0.15788 (3) 0.08221 (2) 0.31708 (4) 0.01310 (13)  

P19 8f 0.15922 (3) 0.18644 (3) 0.05537 (4) 0.01408 (13)  

P20 8f 0.17049 (3) 0.13220 (2) 0.19288 (4) 0.01299 (13)  

P21 8f 0.17405 (3) 0.25082 (2) 0.18358 (4) 0.01318 (13)  

P22 8f 0.17417 (3) 0.19640 (2) 0.31820 (4) 0.01342 (13)  

P23 8f 0.18538 (3) 0.31265 (3) 0.31383 (4) 0.01931 (15)  

P24 8f 0.19167 (3) 0.14093 (3) 0.55918 (4) 0.01873 (15)  

P25 8f 0.24046 (3) 0.49917 (2) 0.31644 (4) 0.01304 (13)  

P26 8f 0.24088 (3) 0.39653 (2) 0.07003 (4) 0.01281 (13)  

P27 8f 0.24198 (3) 0.45005 (2) 0.18982 (4) 0.01328 (13)  

P28 8f 0.25895 (3) 0.04599 (3) 0.05550 (4) 0.01437 (13)  

P29 8f 0.26860 (3) 0.01870 (2) 0.44511 (4) 0.01446 (13)  

P30 8f 0.27172 (3) 0.07398 (2) 0.30776 (4) 0.01310 (13)  

P31 8f 0.27221 (3) 0.17027 (3) 0.05450 (4) 0.01497 (14)  

P32 8f 0.27243 (3) 0.11780 (2) 0.19289 (4) 0.01303 (13)  

P33 8f 0.28609 (3) 0.17602 (2) 0.30777 (4) 0.01310 (13)  

P34 8f 0.28633 (3) 0.13155 (2) 0.44530 (4) 0.01427 (13)  

P35 8f 0.28759 (3) 0.23508 (2) 0.18251 (4) 0.01349 (13)  

P36 8f 0.30217 (3) 0.29995 (2) 0.31017 (4) 0.01332 (13)  

P37 8f 0.30297 (3) 0.24510 (2) 0.44625 (4) 0.01493 (14)  

P38 8f 0.35696 (3) 0.38389 (3) 0.07458 (4) 0.02317 (18)  

P39 8f 0.35932 (3) 0.46447 (3) 0.18895 (4) 0.01838 (15)  
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P40 8f 0.38865 (3) 0.04425 (2) 0.07067 (4) 0.01267 (13)  

P41 8f 0.38875 (4) 0.16234 (3) 0.05984 (4) 0.01876 (15)  

P42 8f 0.39406 (3) 0.05361 (2) 0.31818 (4) 0.01334 (13)  

P43 8f 0.39503 (3) 0.10297 (2) 0.19049 (4) 0.01341 (13)  

P44 8f 0.40587 (4) 0.22172 (3) 0.18682 (4) 0.01915 (15)  

P45 8f 0.40924 (3) 0.16779 (2) 0.31705 (4) 0.01304 (13)  

P46 8f 0.42037 (3) 0.28552 (3) 0.31104 (4) 0.01847 (15)  

P47 8f 0.46757 (3) 0.36610 (3) 0.07458 (4) 0.02309 (18)  

P48 8f 0.59099 (3) 0.11846 (2) 0.05470 (4) 0.01410 (13)  

K1 8f 0.00400 (11) 0.48393 (13) 0.1022 (2) 0.1009 (17) 
0.4651 

(13) 

K2 8f 0.00821 (12) 0.45226 (17) 0.0528 (3) 0.132 (3) 
0.4651 

(13) 

K3 8f 0.0348 (2) 0.04687 (15) 0.6016 (2) 0.0987 (16) 
0.4651 

(13) 

K4 8f 0.03536 (14) 0.09404 (8) 0.28768 (16) 0.0602 (8) 
0.4651 

(13) 

K5 8f 0.03740 (8) 0.33105 (12) 0.07673 (15) 0.1671 (19) 0.889 (3) 

K6 8f 0.0477 (3) 0.37071 (16) 0.2044 (5) 0.154 (3) 
0.4651 

(13) 

K7 8f 0.0504 (4) 0.2998 (3) −0.0002 (6) 0.088 (3) 0.180 (2) 

K8 8f 0.0798 (15) 0.0219 (12) 0.534 (2) 1.25 (4) 0.778 (5) 

K9 8f 0.0935 (3) 0.37923 (16) 0.2960 (5) 0.155 (3) 
0.4651 

(13) 

K10 8f 0.1088 (7) 0.1461 (2) 0.3666 (8) 0.111 (5) 0.180 (2) 

K11 8f 0.14408 (14) 0.05317 (10) 0.58778 (18) 0.0575 (8) 
0.4651 

(13) 

K12 8f 0.1517 (2) 0.26613 (13) 0.3977 (2) 0.1011 (16) 
0.4651 

(13) 

K13 8f 0.15285 (16) 0.14977 (11) 0.41214 (18) 0.0589 (9) 
0.4651 

(13) 
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K14 8f 0.19353 (11) 0.30305 (10) 0.08763 (17) 0.0574 (8) 
0.4651 

(13) 

K15 8f 0.1998 (4) 0.0499 (3) 0.4998 (6) 0.089 (3) 0.180 (2) 

K16 8f 0.20003 (10) 0.35828 (8) 0.21193 (16) 0.0594 (8) 
0.4651 

(13) 

K17 8f 0.2056 (3) 0.29772 (17) 0.4472 (3) 0.129 (2) 
0.4651 

(13) 

K18 8f 0.2101 (7) 0.1921 (4) 0.4667 (7) 0.127 (6) 0.180 (2) 

K19 8f 0.2095 (4) 0.2738 (4) 0.0338 (6) 0.108 (5) 0.180 (2) 

K20 8f 0.21050 (14) 0.41881 (12) 0.42323 (15) 0.1666 (18) 0.889 (3) 

K21 8f 0.2136 (4) 0.3258 (4) 0.1362 (8) 0.108 (5) 0.180 (2) 

K22 8f 0.23815 (12) 0.39179 (8) 0.28818 (16) 0.0584 (8) 
0.4651 

(13) 

K23 8f 0.31688 (14) 0.29675 (15) 0.1016 (2) 0.0995 (16) 
0.4651 

(13) 

K24 8f 0.32425 (14) 0.26794 (16) 0.0523 (3) 0.122 (2) 
0.4651 

(13) 

K25 8f 0.3278 (5) 0.4242 (4) 0.3638 (8) 0.105 (5) 0.180 (2) 

K26 8f 0.35392 (18) 0.37509 (13) 0.2502 (3) 0.214 (3) 0.778 (5) 

K27 8f 0.36922 (18) 0.49889 (9) 0.07631 (15) 0.1726 (19) 0.889 (3) 

K28 8f 0.45716 (9) 0.25098 (9) 0.07616 (15) 0.1722 (19) 0.889 (3) 

K29 8f 0.4730 (3) 0.44538 (15) 0.2048 (4) 0.148 (3) 
0.4651 

(13) 

K30 8f 0.4791 (3) 0.48160 (17) 0.0533 (3) 0.126 (2) 
0.4651 

(13) 

K31 8f 0.4819 (2) 0.30457 (15) 0.2049 (4) 0.145 (3) 
0.4651 

(13) 

K32 8f 0.49076 (10) 0.10036 (10) 0.08816 (17) 0.0579 (8) 
0.4651 

(13) 

K33 8f 0.4921 (3) 0.1041 (2) 0.1348 (8) 0.107 (5) 0.180 (2) 

K34 8f 0.4930 (3) 0.0582 (4) 0.0339 (8) 0.135 (7) 0.180 (2) 
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K35 8f 0.49767 (8) 0.15602 (8) 0.21243 (16) 0.0602 (8) 
0.4651 

(13) 

K36 4e 0 0.22907 (15) ¼ 0.199 (3) 0.778 (5) 

K37 4e 0 0.52111 (15) ¼ 0.199 (4) 0.778 (5) 

 

Table S6. Atomic displacement parameters (Å2) of KSi2P3- mC928. 

atom U11 U22 U33 U12 U13 U23 

Si1 0.0122 (3) 0.0135 (3) 0.0144 (3) 0.0005 (3) 0.0074 (3) 0.0008 (3) 

Si2 0.0111 (3) 0.0139 (3) 0.0142 (3) 0.0003 (3) 0.0076 (3) 0.0006 (3) 

Si3 0.0114 (3) 0.0126 (3) 0.0133 (3) −0.0005 (3) 0.0068 (3) −0.0018 (3) 

Si4 0.0155 (3) 0.0119 (3) 0.0132 (3) −0.0014 (3) 0.0077 (3) −0.0016 (3) 

Si5 0.0131 (3) 0.0123 (3) 0.0153 (4) 0.0006 (3) 0.0089 (3) 0.0012 (3) 

Si6 0.0175 (4) 0.0118 (3) 0.0132 (3) −0.0013 (3) 0.0080 (3) 0.0000 (3) 

Si7 0.0127 (3) 0.0134 (3) 0.0133 (3) 0.0011 (3) 0.0084 (3) 0.0005 (3) 

Si8 0.0118 (3) 0.0120 (3) 0.0128 (3) 0.0002 (3) 0.0073 (3) 0.0003 (3) 

Si9 0.0115 (3) 0.0134 (3) 0.0126 (3) 0.0002 (3) 0.0076 (3) 0.0000 (3) 

Si10 0.0145 (3) 0.0132 (3) 0.0154 (4) −0.0009 (3) 0.0104 (3) −0.0010 (3) 

Si11 0.0123 (3) 0.0131 (3) 0.0153 (4) −0.0002 (3) 0.0086 (3) −0.0008 (3) 

Si12 0.0145 (3) 0.0135 (3) 0.0149 (4) −0.0010 (3) 0.0096 (3) −0.0018 (3) 

Si13 0.0124 (3) 0.0126 (3) 0.0123 (3) 0.0003 (3) 0.0079 (3) 0.0006 (3) 

Si14 0.0121 (3) 0.0132 (3) 0.0127 (3) −0.0001 (3) 0.0081 (3) −0.0001 (3) 

Si15 0.0131 (3) 0.0113 (3) 0.0126 (3) 0.0001 (3) 0.0077 (3) 0.0003 (3) 

Si16 0.0123 (3) 0.0136 (3) 0.0129 (3) 0.0005 (3) 0.0080 (3) −0.0004 (3) 

Si17 0.0117 (3) 0.0129 (3) 0.0124 (3) −0.0004 (3) 0.0072 (3) −0.0007 (3) 

Si18 0.0129 (3) 0.0121 (3) 0.0131 (3) −0.0006 (3) 0.0076 (3) 0.0001 (3) 

Si19 0.0135 (3) 0.0178 (4) 0.0134 (3) 0.0003 (3) 0.0095 (3) −0.0006 (3) 

Si20 0.0149 (3) 0.0117 (3) 0.0144 (3) −0.0007 (3) 0.0095 (3) −0.0013 (3) 

Si21 0.0136 (3) 0.0136 (3) 0.0147 (4) −0.0013 (3) 0.0087 (3) −0.0020 (3) 

Si22 0.0139 (3) 0.0136 (3) 0.0144 (3) −0.0002 (3) 0.0099 (3) −0.0006 (3) 



4.4.1 Supporting Information: Polymorphism and fast Potassium-Ion Conduction in the 

T5 Supertetrahedral Phosphidosilicate KSi2P3 

191 

 

 

Si23 0.0145 (3) 0.0126 (3) 0.0135 (3) −0.0018 (3) 0.0095 (3) −0.0019 (3) 

Si24 0.0171 (4) 0.0115 (3) 0.0134 (3) 0.0004 (3) 0.0088 (3) 0.0017 (3) 

Si25 0.0134 (3) 0.0120 (3) 0.0131 (3) −0.0007 (3) 0.0082 (3) −0.0001 (3) 

Si26 0.0135 (3) 0.0118 (3) 0.0128 (3) −0.0002 (3) 0.0084 (3) −0.0004 (3) 

Si27 0.0155 (3) 0.0135 (3) 0.0142 (3) −0.0004 (3) 0.0099 (3) −0.0008 (3) 

Si28 0.0131 (3) 0.0115 (3) 0.0124 (3) −0.0003 (3) 0.0077 (3) −0.0004 (3) 

Si29 0.0124 (3) 0.0196 (4) 0.0134 (3) 0.0015 (3) 0.0082 (3) 0.0001 (3) 

Si30 0.0144 (3) 0.0121 (3) 0.0150 (4) −0.0009 (3) 0.0097 (3) −0.0012 (3) 

Si31 0.0129 (3) 0.0120 (3) 0.0144 (3) −0.0011 (3) 0.0081 (3) −0.0016 (3) 

Si32 0.0108 (3) 0.0176 (4) 0.0136 (3) 0.0012 (3) 0.0071 (3) 0.0007 (3) 

P1 0.0133 (3) 0.0173 (4) 0.0236 (4) 0.0006 (3) 0.0094 (3) 0.0055 (3) 

P2 0.0131 (3) 0.0160 (3) 0.0146 (3) 0.0011 (3) 0.0079 (3) −0.0001 (3) 

P3 0.0126 (3) 0.0133 (3) 0.0140 (3) 0.0002 (2) 0.0080 (3) 0.0009 (2) 

P4 0.0119 (3) 0.0166 (3) 0.0146 (3) 0.0011 (2) 0.0082 (3) 0.0016 (3) 

P5 0.0123 (3) 0.0164 (3) 0.0225 (4) 0.0003 (3) 0.0088 (3) −0.0031 (3) 

P6 0.0119 (3) 0.0121 (3) 0.0131 (3) −0.0009 (2) 0.0070 (3) −0.0018 (2) 

P7 0.0141 (3) 0.0119 (3) 0.0143 (3) −0.0006 (2) 0.0073 (3) −0.0009 (2) 

P8 0.0297 (4) 0.0144 (4) 0.0135 (4) −0.0050 (3) 0.0069 (3) −0.0006 (3) 

P9 0.0121 (3) 0.0153 (3) 0.0228 (4) −0.0003 (3) 0.0079 (3) −0.0066 (3) 

P10 0.0110 (3) 0.0131 (3) 0.0134 (3) −0.0003 (2) 0.0070 (3) −0.0010 (2) 

P11 0.0331 (5) 0.0144 (4) 0.0135 (3) −0.0044 (3) 0.0097 (3) 0.0006 (3) 

P12 0.0154 (3) 0.0144 (3) 0.0142 (3) 0.0003 (3) 0.0086 (3) −0.0015 (3) 

P13 0.0245 (4) 0.0181 (4) 0.0232 (4) −0.0088 (3) 0.0193 (3) −0.0079 (3) 

P14 0.0241 (4) 0.0164 (3) 0.0224 (4) −0.0037 (3) 0.0184 (3) −0.0029 (3) 

P15 0.0254 (4) 0.0169 (3) 0.0237 (4) −0.0070 (3) 0.0191 (3) −0.0066 (3) 

P16 0.0129 (3) 0.0128 (3) 0.0141 (3) 0.0003 (2) 0.0082 (3) 0.0005 (2) 

P17 0.0122 (3) 0.0170 (3) 0.0130 (3) 0.0001 (3) 0.0078 (3) −0.0011 (3) 

P18 0.0138 (3) 0.0120 (3) 0.0145 (3) 0.0005 (2) 0.0092 (3) 0.0006 (2) 
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P19 0.0130 (3) 0.0170 (3) 0.0130 (3) 0.0015 (3) 0.0083 (3) 0.0009 (3) 

P20 0.0129 (3) 0.0133 (3) 0.0131 (3) 0.0006 (2) 0.0081 (3) 0.0005 (2) 

P21 0.0125 (3) 0.0129 (3) 0.0144 (3) −0.0002 (2) 0.0085 (3) 0.0001 (2) 

P22 0.0131 (3) 0.0130 (3) 0.0142 (3) −0.0005 (2) 0.0084 (3) −0.0009 (2) 

P23 0.0144 (3) 0.0170 (3) 0.0237 (4) −0.0010 (3) 0.0102 (3) −0.0066 (3) 

P24 0.0122 (3) 0.0179 (4) 0.0231 (4) −0.0010 (3) 0.0094 (3) −0.0079 (3) 

P25 0.0133 (3) 0.0129 (3) 0.0143 (3) 0.0002 (2) 0.0092 (3) 0.0001 (2) 

P26 0.0140 (3) 0.0129 (3) 0.0136 (3) −0.0012 (2) 0.0095 (3) −0.0014 (2) 

P27 0.0142 (3) 0.0130 (3) 0.0137 (3) −0.0009 (2) 0.0090 (3) −0.0012 (2) 

P28 0.0139 (3) 0.0165 (3) 0.0148 (3) −0.0006 (3) 0.0098 (3) −0.0015 (3) 

P29 0.0177 (3) 0.0117 (3) 0.0147 (3) 0.0006 (3) 0.0103 (3) 0.0010 (2) 

P30 0.0135 (3) 0.0128 (3) 0.0134 (3) −0.0004 (2) 0.0084 (3) −0.0002 (2) 

P31 0.0159 (3) 0.0158 (3) 0.0148 (3) 0.0013 (3) 0.0102 (3) 0.0001 (3) 

P32 0.0127 (3) 0.0131 (3) 0.0132 (3) −0.0001 (2) 0.0079 (3) −0.0004 (2) 

P33 0.0131 (3) 0.0125 (3) 0.0135 (3) −0.0002 (2) 0.0081 (3) 0.0001 (2) 

P34 0.0167 (3) 0.0126 (3) 0.0128 (3) −0.0013 (3) 0.0088 (3) −0.0006 (2) 

P35 0.0140 (3) 0.0131 (3) 0.0144 (3) −0.0004 (2) 0.0093 (3) −0.0005 (2) 

P36 0.0126 (3) 0.0127 (3) 0.0138 (3) −0.0005 (2) 0.0077 (3) −0.0012 (2) 

P37 0.0157 (3) 0.0145 (3) 0.0144 (3) −0.0024 (3) 0.0091 (3) −0.0017 (3) 

P38 0.0145 (3) 0.0417 (5) 0.0138 (3) 0.0033 (3) 0.0090 (3) −0.0017 (3) 

P39 0.0160 (3) 0.0162 (3) 0.0227 (4) −0.0017 (3) 0.0117 (3) −0.0062 (3) 

P40 0.0144 (3) 0.0118 (3) 0.0133 (3) −0.0016 (2) 0.0093 (3) −0.0019 (2) 

P41 0.0270 (4) 0.0154 (3) 0.0230 (4) −0.0079 (3) 0.0200 (3) −0.0065 (3) 

P42 0.0139 (3) 0.0128 (3) 0.0140 (3) 0.0005 (2) 0.0089 (3) 0.0008 (2) 

P43 0.0142 (3) 0.0133 (3) 0.0139 (3) −0.0009 (2) 0.0092 (3) −0.0010 (2) 

P44 0.0254 (4) 0.0170 (4) 0.0233 (4) −0.0065 (3) 0.0192 (3) −0.0055 (3) 

P45 0.0131 (3) 0.0119 (3) 0.0143 (3) −0.0001 (2) 0.0085 (3) −0.0006 (2) 

P46 0.0218 (4) 0.0159 (3) 0.0230 (4) −0.0060 (3) 0.0165 (3) −0.0062 (3) 
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P47 0.0134 (3) 0.0414 (5) 0.0137 (3) 0.0053 (3) 0.0080 (3) 0.0017 (3) 

P48 0.0147 (3) 0.0122 (3) 0.0129 (3) 0.0009 (2) 0.0072 (3) −0.0004 (2) 

K1 0.0221 (11) 0.078 (2) 0.119 (3) 
−0.0107 

(13) 
0.0011 (15) 0.032 (2) 

K2 0.0230 (12) 0.122 (4) 0.147 (4) 
−0.0064 

(17) 

−0.0007 

(18) 
0.087 (3) 

K3 0.122 (3) 0.104 (3) 0.114 (3) 0.084 (3) 0.095 (3) 0.087 (3) 

K4 0.113 (2) 0.0407 (12) 0.093 (2) 0.0177 (13) 0.097 (2) 0.0178 (12) 

K5 0.0533 (11) 0.227 (3) 0.141 (2) 
−0.0290 

(15) 
0.0193 (12) 0.133 (2) 

K6 0.155 (5) 0.067 (3) 0.323 (10) 0.001 (3) 0.189 (7) 0.035 (4) 

K7 0.100 (7) 0.066 (5) 0.128 (9) −0.040 (5) 0.086 (7) −0.011 (5) 

K8 1.02 (7) 1.16 (8) 1.74 (11) −0.16 (6) 0.93 (8) −0.36 (8) 

K9 0.177 (6) 0.068 (3) 0.327 (10) 0.043 (3) 0.209 (7) 0.036 (4) 

K10 0.268 (15) 0.030 (3) 0.198 (11) 0.042 (6) 0.226 (12) 0.033 (6) 

K11 0.0756 (19) 0.0529 (16) 0.0699 (18) 0.0382 (14) 0.0577 (17) 0.0451 (14) 

K12 0.200 (5) 0.078 (2) 0.119 (3) 0.051 (3) 0.145 (4) 0.033 (2) 

K13 0.104 (2) 0.0518 (15) 0.0717 (19) 0.0235 (17) 0.080 (2) 0.0204 (14) 

K14 0.0390 (13) 0.0525 (16) 0.0711 (18) 0.0169 (11) 0.0290 (13) 0.0452 (14) 

K15 0.086 (6) 0.066 (5) 0.135 (9) 0.030 (5) 0.077 (7) −0.004 (5) 

K16 0.0437 (12) 0.0450 (13) 0.092 (2) 0.0236 (10) 0.0433 (14) 0.0487 (14) 

K17 0.237 (6) 0.122 (4) 0.140 (4) 0.108 (4) 0.173 (5) 0.082 (3) 

K18 0.263 (17) 0.084 (7) 0.156 (11) 0.059 (9) 0.191 (13) 0.040 (7) 

K19 0.071 (6) 0.121 (9) 0.125 (9) 0.029 (6) 0.056 (6) 0.098 (8) 

K20 0.216 (3) 0.228 (3) 0.142 (2) 0.192 (3) 0.154 (2) 0.134 (2) 

K21 0.060 (5) 0.102 (7) 0.191 (12) 0.056 (5) 0.091 (7) 0.127 (9) 

K22 0.0751 (17) 0.0441 (12) 0.091 (2) 0.0344 (12) 0.0686 (17) 0.0471 (13) 

K23 0.0601 (19) 0.104 (3) 0.117 (3) 0.0241 (19) 0.046 (2) 0.090 (3) 

K24 0.0500 (18) 0.116 (3) 0.132 (4) 0.010 (2) 0.022 (2) 0.100 (3) 
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K25 0.112 (8) 0.102 (7) 0.182 (12) 0.092 (7) 0.131 (9) 0.122 (8) 

K26 0.199 (4) 0.178 (3) 0.363 (6) 0.143 (3) 0.223 (5) 0.232 (4) 

K27 0.340 (5) 0.133 (2) 0.149 (2) −0.168 (3) 0.204 (3) 
−0.0889 

(18) 

K28 0.0656 (12) 0.135 (2) 0.148 (2) 
−0.0593 

(14) 

−0.0194 

(13) 
0.0890 (19) 

K29 0.188 (6) 0.074 (3) 0.304 (9) −0.024 (3) 0.212 (7) −0.006 (3) 

K30 0.202 (6) 0.119 (3) 0.139 (4) −0.119 (4) 0.147 (4) −0.106 (3) 

K31 0.124 (5) 0.071 (3) 0.299 (9) −0.018 (2) 0.159 (6) 0.004 (3) 

K32 0.0154 (9) 0.0486 (15) 0.0725 (19) 0.0004 (8) 0.0082 (11) 0.0192 (14) 

K33 0.016 (3) 0.032 (3) 0.190 (13) −0.003 (2) 0.021 (5) 0.029 (6) 

K34 0.030 (4) 0.091 (8) 0.164 (12) −0.016 (4) −0.002 (5) 0.047 (8) 

K35 0.0155 (8) 0.0404 (12) 0.094 (2) 0.0040 (8) 0.0178 (11) 0.0172 (12) 

K36 0.435 (9) 0.098 (3) 0.337 (7) 0 0.375 (8) 0 

K37 0.0228 (12) 0.100 (3) 0.337 (8) 0 0.041 (3) 0 
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Figure S1. Cu-Kα1 X-ray powder diffraction pattern of KSi2P3-tI960 (blue) with Rietveld fit (red line) and difference plot (grey). 
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Figure S2. Cu-Kα1 X-ray powder diffraction pattern of KSi2P3- oF1952 (blue) with Rietveld fit (red line) and difference plot 
(grey). 
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Figure S3. Cu-Kα1 X-ray powder diffraction pattern of KSi2P3- mC928 (blue) with Rietveld fit (red line) and difference plot 
(grey). 
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Figure S4. Representative scanning electron microscopic photographs of KSi2P3- mC928. 

 

Table S7. Elemental analysis by EDX of KSi2P3-mC928, signals of oxygen were not taken into account due to hydrolysis. 

 K Si P 

EDX point 1 / atom-% 18.65 31.51 49.84 
EDX point 2 / atom-% 17.23 31.86 50.91 

EDX point 3 / atom-% 18.21 31.09 50.71 

EDX point 4 / atom-% 15.82 33.82 50.36 

EDX point 5 / atom-% 16.23 32.17 51.59 

EDX point 6 / atom-% 18.83 31.19 49.98 

EDX point 7 / atom-% 17.30 30.54 52.16 

EDX point 8 / atom-% 16.98 30.98 52.04 

EDX point 9 / atom-% 18.61 30.54 50.85 

EDX point 10 / atom-% 19.08 30.06 50.87 

EDX point 11 / atom-% 16.41 32.46 51.12 

EDX point 12 / atom-% 17.38 32.08 50.54 

EDX point 13 / atom-% 18.00 30.22 51.78 

EDX point 14 / atom-% 17.96 32.50 49.54 

Average / atom-% 17.62 31.50 50.88 
Calculated / atom-% 16.66 33.33 50.00 
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Figure S5. 29Si-MAS-NMR spectrum of a KSi2P3-mC928 sample with a rotation frequency of 10 kHz acquired at a magnetic 
field of 11.7 T. Three very broad signals are visible at δ (29Si) = -12.9, -17.9 and -25.9 ppm resulting from 32 
crystallographically independent Si atoms on general Wyckoff sites. The chemical shift is comparable to known 
phosphidosilicates. 

 

Figure S6. Geometrically calculated pathways for potassium ion migration in KSi2P3-tI960. Four main channels are formed 
along [111] (top, left), [-111] (top, right), [1-11] (bottom left) and [11-1] (bottom, right), which are connected by shorter 
passages along every supertetrahedral face resulting in an isotropic 3D ion conduction. 
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Figure S7. Geometrically calculated pathways for potassium ion migration in KSi2P3-oF1952. Four main channels are formed 
along [101] (top, left), [-101] (top, right), [011] (bottom left) and [0-11] (bottom, right), which are connected by shorter 
passages along every supertetrahedral face resulting in an isotropic 3D ion conduction. 

 

 

Figure S8. Geometrically calculated pathways for potassium ion migration in KSi2P3-mC928. Four main channels are formed 
along [001] (top, left), [101] (top, right), [112] (bottom left) and [1-12] (bottom, right), which are connected by shorter 
passages along every supertetrahedral face resulting in an isotropic 3D ion conduction. 
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Table S8. Ionic conductivity and activation energy of selected solid potassium ion conductors; a visualization is shown in 
Figure 1 main text.   

Compound T / °C σ(K+) / Scm-1 Ea / eV Reference 

KSi2P3 25 1x10-4 0.20 This work 

K2Fe4O7 25 5x10-2 0.08[*] [1] 

K-β-Alumina* 25 6.5x10-5 0.29 [1-2] 

KFeO2 300 3x10-4 - [3] 

K0.7Cd0.15FeO2 300 2x10-3 0.24 [3] 

K0.4Cd0.3FeO2 300 2.5x10-2 0.24 [3] 

KGaO2 400 1x10-4 0.47 [3-4] 

K0.89Pb0.1GaO2 400 1x10-3 0.47 [4-5] 

K0.7Sr0.15GaO2 400 1x10-2 0.23 [4-5] 

KAlO2 400 1x10-3 - [4, 6] 

K1.90Pb0.05AlO2 400 2.5x10-3 0.29 [6] 

K1.90Ba0.05AlO2 400 5.8x10-2 0.23 [6] 

γ-K1.8Al1.9M0.1O4 (M =Ta, 
Nb) 

300 5-8x10-3 
0.23-
0.26 

[6-7] 

K1.8Ga1.9V0.1O4 400 1x10-3 0.47 [7-8] 

K1.8Fe1.9P0.1O4 300 76x10-3 0.35 [8-9] 

K1.8Al1.9P0.1O4 200 5x10-3 0.21 [9-10] 

K0.9Al0.9Ti0.1O2 400 4x10-3 - [10-11] 

KxMx/2Ti8-x/2O16 (M =Zn, 
Ni) x=1.6 

300 1x10-4 0.23 [11-12] 

K1.6Mg0.8Ti7.2O16 300 1x10-4 0.29 [12-13] 

0.8 La2O2SO4 −0.2 (0.8 
K2SO4 −0.2 CaSO4) 

>800 1x10-2 - [13-14] 

0.35 Gd2O3–0.3KNO2 600 2x10-1 - [14-15] 

K3Sb4BO13 300 3x10-5 0.33 [15-17] 

K2SbPO6 400 4x10-6 0.82 [16, 18] 

K3Sb3P2O14 400 6x10-6 0.59 [16, 18] 

K5Sb5P2O20 300 2x10-5 0.52 [16, 18] 

[#] Data extrapolated. [*] Data of single crystals. 
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Table S9. Results of electrochemical impedance spectroscopy and polarization measurements of KSi2P3-mC928 of three 
batches (1-3) of KSi2P3. 

Sample Relative pellet 
density / % 

σbulk / 
Scm-1 

σTot / Scm-

1 
Ea (σbulk) / 
eV 

Ea (σ2) / 
eV 

Ceff1 / F Ceff2 / F 
𝜺 =

𝑪𝒅

𝜺𝟎𝑨
 

1a 79 1.3E-05 4.8E-06 0.23 0.34* 1.4E-10 3.3E-05 442 
1b 81 2.7E-05 7.2E-06 0.21 0.19 9.9E-11 1.8E-05 381 
1c 73 1.9E-05 4.5E-06 0.12 0.39* 2.4E-11 2.4E-05 92 
2a 77 5.4E-05 1.1E-05 0.18 0.16 1.6E-11 2.0E-06 64 
2b 72 4.5E-05 7.7E-06 0.22 0.19 7.8E-12 9.0E-07 24 
2c 80 1.1E-04 1.8E-05 0.20 0.23 4.5E-11 1.0E-06 178 
2d 80 2.5E-04 4.1E-05 0.22 0.16 5.8E-11 1.30E-06 211.52 
3a 79 2.6E-04 1.4E-05 0.21 0.22 3.4E-11 4.20E-06 90.94 
3b# 80 2.0E-04 2.0E-04 0.28 n.a. 3.0E-11 n.a. 92.15 

Average 78 1.1E-04 3.4E-05 0.20 0.19    
St. dev. 3 9.6E-05 6.0E-05 0.04 0.03    

*Outlier not used for averaging #data fitted with R(1)CPE(1)-CPE(2) Model. 

 

 

Figure S9. Plot of Arrhenius plot of sample 3a in Table S8 showing very similar activation energies of the high frequency 
process (bulk) and the low frequency process (R2).  
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Table S10. Results of polarization measurements of KSi2P3-mC928. 

Sample Voltage / V Current / A R / Ω σeon / Scm-1 
1b 0.25 1.90E-09 1.3E+08 2.6E-09 
 0.50 1.00E-08 5.0E+07 6.8E-09 
1c 0.25 6.70E-10 3.7E+08 8.9E-10 
 0.50 3.40E-09 1.5E+08 2.3E-09 
1d 0.25 2.60E-09 9.6E+07 3.6E-09 
 0.50 5.50E-09 9.1E+07 3.8E-09 
2b 0.25 9.70E-09 2.6E+07 1.1E-08 
 0.50 1.18E-08 4.2E+07 6.6E-09 
2d 0.25 8.83E-09 2.83E+07 1.14E-08 
 0.50 1.67E-08 2.99E+07 1.08E-08 

Average    6.0E-09 
St. dev.    3.7E-9 
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Abstract 

The rational design of high performance 

sodium solid electrolytes is one of the key 

challenges in modern battery research. In 

this work, we identify new sodium ion 

conductors in the substitution series Na5-

xAl1-xSixS4 (0 ≤ x ≤ 1), which are entirely based 

on earth abundant elements. These 

compounds exhibit conductivities ranging 

from 1.64 · 10−7 Scm−1 for Na4SiS4 to 2.04·10−5 Scm−1 for Na8.5(AlS4)0.5(SiS4)1.5 (x = 0.75). We 

determined the crystal structures of the Na+-ion conductors Na4SiS4 as well as hitherto unknown 

Na5AlS4 and Na9(AlS4)(SiS4). Na+-ion conduction pathways were calculated by bond valence energy 

landscape (BVEL) calculations for all new structures highlighting the influence of the local 

coordination symmetry of sodium ions on the energy landscape within this family. Our findings 

show that the interplay of charge carrier concentration and low site symmetry of sodium ions can 

enhance the conductivity by several orders of magnitude. 

Introduction 

In recent years, all-solid-state batteries (ASSB) have garnered attention as promising candidates 

for future battery applications in large scale mobility systems such as electric vehicles.1–3 This is 

due to safety issues arising from liquid electrolytes applied in conventional lithium-ion batteries. 

Implementing solid electrolytes is thought to provide a more stable battery system, both thermally 

and mechanically. ASSBs can even pair this advantage with improved energy density through the 

use of Li or Na metal anodes and bipolar stacking. In prospect, the application of sodium 

containing materials produced from cheap and abundant sources could effectively cut down costs 

of ASSBs, thus enabling large-scale energy storage system solutions independent of limited lithium 

resources.4 One central component of an ASSB is the solid electrolyte. To be applicable for battery 

systems, the implemented solid electrolytes are required to show high ionic and low electronic 

conductivity, along with high electrochemical and structural stability, as well as low production 

costs.5 Regarding conductivity, the group of sulfides includes some of the best solid electrolytes to 

date. Especially thiophosphates, e.g. Li10GeP2S12 (LGPS), Li6PS5X (X = Cl, Br, I) and Na3PS4, are 

promising materials due to their high ionic conductivities and soft mechanical nature enabling cold 
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pressing of the electrolyte instead of high temperature sintering.6–12 These high ionic 

conductivities compared to most oxide solid electrolytes are supposed to stem from the high 

polarizability of the sulfide or thiophosphate anion lattice, facilitating Li or Na ion hopping in the 

bulk.13, 14 However, Zeier et al. showed that a softer lattice cannot only lower the migration barrier 

for charge carriers, but also affects the entropy of migration, which can negatively influence the 

overall ionic conductivity.15, 16 This ’softness’ of the lattice is commonly tuned by isovalent or 

aliovalent substitution to obtain materials with even higher ionic conductivities. Isovalent 

substitution is typically employed to introduce softer, more polarizable anions, and to widen 

diffusion pathways as was studied recently for the solid electrolyte Na3PS4. In its ’cubic’ phase, 

Na3PS4 exhibits a room temperature ionic conductivity of up to 4.6 · 10−4 Scm−1.17, 18 By substitution 

of S with Se, values up to 1.16 · 10−3 Scm−1 can be achieved for Na3PSe4.15, 19, 20 In addition to 

isovalent substitution, aliovalent substitution can be used to not only alter the polarizability of the 

lattice and influence the size of diffusion pathways, but also to tune the charge carrier 

concentration. Similar to the LGPS system,3, 6, 11, 12, 21–27 tetrel elements were employed in the 

Na3+xTxP1-xS4 (T = Si, Sn) system to increase the charge carrier density and increase the overall ionic 

conductivity. The Sn-containing compounds are structurally very similar to the LGPS-like 

Li10SnP2S12 and show conductivities of 4 · 10−5 Scm−1 for Na10SnP2S12 and the highest measured 

sodium ionic conductivity at room temperature for sulfides of 4 · 10−3 Scm−1 for Na11Sn2PS12.22, 28, 29 

Aliovalent silicon substitution studies were also conducted for the Na3PS4 phase achieving a 

maximum conductivity of 7.4 · 10−4 Scm−1 for a glass ceramic of composition 

94(Na3PS4)·6(Na4SiS4).30 The authors showed the presence of two ion conducting, hitherto 

unknown crystalline phases in this Na3+xSixP1-xS4 system with formal compositions ’Na11Si2PS12’ 

and ’Na4SiS4’. However, no structural information was given nor the reason for the large increase 

in conductivity of the amorphous ball-milled product (σ = 10−5 Scm−1) compared to the crystalline 

products (σ = 10−7 Scm−1). In this work we expand the materials space of sodium thio-ortho-

tetrelates and -trielates by aliovalent substitution of Si in the aforementioned Na4SiS4 by Al, 

therefore increasing the number of charge carriers and expanding the lattice by a larger cation 

with reduced charge (r(Si Tetr.
4+) = 0.26 Å, r(AlTetr.

3+ ) = 0.39 Å)31 to enhance sodium ion conductivity. 

We present the crystal structures of Na5AlS4, Na4SiS4 and Na9(AlS4)(SiS4) and investigate their Na+ 

ion migration pathways by bond valence energy landscape (BVEL) calculations. While Na5AlS4 was 

mentioned by Brown et al. and Na4SiS4 was reported recently by Tanibata et al., no crystallographic 

data have been reported as yet.30, 32  In this work we map out the ionic conductivity of the 

aliovalent substitution series Na5-xAl1-xSixS4 (0 ≤ x ≤ 1) and show that the conductivities can be 

significantly enhanced by tuning the charge carrier or defect concentration. Hereby, the more 

complex structure of Na8.5(AlS4)0.25(SiS4)0.75 shows a flatter energy landscape and a jump to a higher 

conductivity by two orders of magnitude (2.04 · 10−5 Scm−1) compared to the border phases Na4SiS4 

and Na5AlS4. 

Experimental Section 

Synthesis 

Stoichiometric amounts of Na2S (ALFA AESAR, 99%), Al2S3 (ALFA AESAR, 99%), Si (ball milled, ALFA 

AESAR, 99.999%), and S (GRUSSING, sublimed in vacuo) were used as starting materials. An excess 
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of 5 wt% sulfur was added to the mixture to ensure an oxidizing atmosphere during the reaction. 

Samples were prepared by thoroughly mixing and grinding the starting materials in an agate 

mortar. The resulting fine powders were transferred into glassy carbon crucibles, compacted and 

sealed under vacuum into quartz glass ampoules. The ampoules were subsequently transferred 

into a tube furnace and heated at 50 °Ch−1 to 600 °C and annealed for 3d. Subsequently, the 

furnace was turned off. The ampoules were removed from the furnace when the temperature was 

below 100 °C and transferred to a glovebox. Na5AlS4 and Na4SiS4 samples are off-white to yellow 

powders, probably from excess sulfur. Na8.5(AlS4)0.25(SiS4)0.75 crystals were colorless cuboids of 

about 200 µm diameter embedded in an orange amorphous material, presumably solidified 

sodium polysulfide melt. 

Powder X-ray Diffraction 

From all samples powder X-ray diffractograms (PXRDs) were measured on a STOE STADI P 

diffractometer (Ge-(111) monochromator, DECTRIS Mythen 1 K detector) utilizing MoKα1 or Cu-Kα1 

radiation in Debye-Scherrer geometry. All samples were sealed in glass capillaries with diameters 

of 0.3 to 0.5mm under argon atmosphere in a glovebox. Indexing of PXRD data, structure solution 

by charge flipping and subsequent Rietveld refinements were carried out with the program TOPAS 

Academic v. 5.33, 34 

Single Crystal X-ray Diffraction 

Single crystals of Na8.5(AlS4)0.25(SiS4)0.75 were isolated under paraffin oil outside the glovebox and 

sealed in glass capillaries under oil. Single crystal X-ray diffraction (SCXRD) experiments were 

carried out with a BRUKER D8 Quest diffractometer using Mo-Kα radiation. Data handling, including 

a multi-scan absorption correction with the program SADABS, was done utilizing the BRUKER Apex 

3 software package.35 The structure solution and refinement were performed with the programs 

SHELXS97 and SHELXL97, respectively.36 

Solid-state Nuclear Magnetic Resonance Spectroscopy 

Solid-state NMR spectra were measured on a BRUKER Avance III 500 instrument at a magnetic field 

of B0 = 11.74 T. Magic-angle spinning (MAS) experiments were performed in zirconia spinners at a 

spinning speed of 10 kHz using a BRUKER 4 mm triple-channel probe. 27Al and 29Si spectra were 

referenced indirectly to 1H in 0.1% TMS at 0.00 ppm. 

Differential Scanning Calorimetry 

For differential scanning calorimetry (DSC) measurement samples were sealed in small quartz 

ampoules (5 mm outer diameter, 10 – 15 mm length) under argon. To improve heat-flow the 

quartz ampoules were put in Pt-crucibles (6 mm diameter, 10 mm height). Measurements were 

then carried out using a NETZSCH STA 449 F5 Jupiter with an Argon flow of 40mLmin−1 in a 

temperature range between room temperature and 900 °C and heating/cooling rates between 1 

and 10 Kmin−1. Data handling was performed with the NETZSCH Proteus software package. 
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Energy Dispersive X-Ray Analysis 

Elemental composition was determined by energy-dispersive X-ray spectroscopy (EDX; detector: 

OXFORD INSTRUMENTS Inca Energy) and an image of the morphology was obtained using a JEOL JSM 

6500 F scanning electron microscope (SEM; field emission gun, acceleration voltage 20 kV). 

Bond Valence Energy Landscape Calculations 

Bond valence energy landscape (BVEL) calculations were performed with the program 

3Dbvsmapper.37 The BV method calculates the bond valence sum (BVS) for a tested ion at each 

voxel grid point of a three-dimensional mesh in a unit cell. For a sodium ion at its equilibrium site 

relative to the other ions in the structure (often equal to the crystallographic site of the sodium 

ion) the bond valence sum should be equal to its oxidation state (+1). Deviations of the BVS display 

possible migration pathways for the tested ion.38 For a detailed description of the method see the 

SI. Here, the BVEL method uses soft-bond-valence parameters and additional (penalty) terms to 

account for Coulombic attraction/repulsion terms.39 The cutoff distance was fixed to a maximum 

value of 8 Å. The images were created with VESTA.40 

Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy and galvanostatic polarization measurements were 

performed with an Ivium compactstat.h (24 bit instrument) in a two-electrode setup using a RHD 

INSTRUMENTS Microcell HC cell stand loaded with RHD INSTRUMENTS TSC Battery cells performing 

measurements between 25 °C and 75 °C inside the glovebox under argon atmosphere. The spectra 

were recorded in a frequency range of 1 MHz - 0.1 Hz and an applied rms AC voltage between 

30 mV and 100 mV. The analysis of the impedance spectra was carried out with the RelaxIS3 

software from RHD INSTRUMENTS. The linearity, stability and causality was checked by applying the 

Kramers-Kronig-relation before fitting the data. Before measuring, the samples were ground 

thoroughly and compacted to a pellet of about 0.5 mm thickness and 5 mm diameter by uniaxial 

cold pressing (500 MPa). The obtained densities of the pellets were between 76-91 % with an error 

of 6 % (cf. Table S13). For impedance spectroscopy, the pellets were sandwiched between indium 

foil (ALFA AESAR, 0.127 mm thick, 99.99 %) to enhance the contact with the stainless steel 

electrodes of the cells. No reaction between In and the samples was observed. Every sample was 

measured twice, and for each sample several temperature cycles were conducted. The 

measurement uncertainties arise from the error propagation of the uncertainties in pellet 

thickness, area and in obtained resistance. For the galvanostatic polarization measurements 

stainless steel electrodes were used. 
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Results and Discussion 

X-Ray Diffraction 

From all samples in the Na5-xAl1-xSixS4 (0 ≤ x ≤ 1) aliovalent substitution series PXRDs were measured 

to study the crystallinity and phase composition (additional crystallographic data for all structures 

are given in the supplementary information). Figure 1.1B shows that no complete solid solution is 

formed. Instead, three separate phases crystallize as a function of the degree of substitution x. 

This is consistent with the fact that the pseudo-binary border phases Na5AlS4 and Na4SiS4 do not 

crystallize isotypically as shown below. Regarding the volume of the respective crystalline phases 

depicted in Figure 1.1a, a Vegard-like dependence on the substitution value x for all phases can 

be observed and therefore partial miscibility within the respective phases can be assumed.41 

 

Figure 1.1 a) Normalized volume of the observed crystalline phases obtained by Rietveld refinement displayed against 
substitution value x; error bars represent 3σ and the red lines are a guide to the eye to illustrate the Vegard-like 
dependence on x. b) PXRDs (Mo-Kα1 radiation) of all samples in the Na5-xAl1-xSixS4 (0 ≤ x ≤ 1) substitution series. 

Crystal Structure of Na5AlS4. 

Since no suitable single crystals were obtained, the crystal structure of Na5AlS4 was determined 

using powder X-ray data. The PXRD of Na5AlS4 was indexed in the orthorhombic space group Pbca 

(No.61) with a = 12.0130(12) Å, b = 7.05263(7) Å and c = 21.5605(2) Å. The structure was solved 

by charge-flipping implemented in TOPAS Academic v.5 and refined with the Rietveld algorithm 

(Figure 1.2a). The structure is depicted in Figure 1.2. The compound crystallizes in the Na5FeO4 

structure type and is composed of isolated [AlS4]-tetrahedra and distorted [NaS4]-tetrahedra and 

[NaS6]-octahedra.42 The packing of the Al3+ atoms and therefore the packing of the (AlS4)5–-anions 

can be regarded as a slightly distorted α-uranium packing as was stated for isotypic Rb5GaO4.43 

The BVEL calculations (cf. below) show that most likely the Na2 atom does not take part in the 

sodium ion conduction and can therefore be considered as being part of the lattice. Hence, the 

lattice can be regarded as hexagonally packed infinite chains of face-sharing [Na2S6]-octahedra 

connected via a common face to [AlS4]-tetrahedra which alternate back and forth along a (Figure 

1.2c). 
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Figure 1.2: a) Rietveld refinement of Na5AlS4 (x = 0) measured using Cu-Kα1 radiation; black dots depict the measured 
data, red lines the Rietveld fit, gray lines the difference plot and black lines the respective reflection positions. b) [AlS4]-
tetrahedral sublattice in Na5AlS4 viewed along a. c) Perspective view of the [AlS4]-tetrahedral and [Na2S6] octrahedral 
arrangement parallel to b. d) Complete Na5AlS4 structure with [AlS4]tetrahedral arrangement viewed along b; maroon 
curved lines represent sodium ion diffusion pathways determined by BVEL calculations. 

Crystal Structure of Na4SiS4 

The structure of Na4SiS4 was also determined from PXRD data. The diffractogram was indexed in 

the orthorhombic space group P212121 (No.19) with a = 13.6765(3) Å, b = 8.7839(2) Å and c = 

6.88940(15) Å, solved using charge-flipping and refined by Rietveld refinement (Figure 1.3a). The 

structure is comprised of isolated [SiS4]-tetrahedra which are edge- and corner-sharing to 

distorted [NaS6]-octahedra (5+1 coordination, cf. below). The sulfur atom arrangement 

constitutes a distorted hexagonal close packing (hcp). Therefore, the structure can be regarded as 

a hcp of S2–-anions with Si4+ and Na+ filling tetrahedral and all octahedral voids, respectively. This 

highlights the similarity of this compound’s structure with the thio-LiSICON family.5 However, this 

structure model does not account for the weak reflection at 2Θ ≈ 5 °, marked in Figure 1.3a. It 

stems from an elongation of the a-axis by a factor of three (i3 transition) to a = 41.0301(7) Å and 

an ordering of sodium atoms Na10, Na11 and Na12 to form [NaS5]-pyramids in a one-up-

twodown-pattern, leading to the superstructure shown in Figure 1.3. 

 

Figure 1.3: a) Rietveld refinement of Na4SiS4 (x = 1) measured using Mo-Kα1 radiation, the super-structure reflection is 
marked by an asterisk; black dots depict the measured data, red lines the Rietveld fit, gray lines the difference plot and 
black lines the respective reflection positions. b) Na4SiS4 crystal structure parallel to c; c) Na4SiS4 structure viewed along 
a; d) [SiS4]-tetrahedra (blue) and [NaS5]-pyramidal (red) arrangement viewed parallel to c, showing the [NaS5]-pyramids 
in a one-up-two-down-pattern; maroon curved lines represent sodium ion diffusion pathways determined by BVEL 
calculations. 
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Crystal structure of Na9(AlS4)(SiS4) 

The double salt Na10-2x(AlS4)2-2x(SiS4)2x could be obtained in a compositional range of 0.5 ≤ x ≤ 0.75. 

Samples with x = 0.75 yielded suitable crystals for SCXRD measurements, presumably because a 

poly-sulfide melt serves as a solvent for the compound at temperatures exceeding 300 °C as shown 

by thermal analysis (cf. Figure S3). Na8.5(AlS4)0.5(SiS4)1.5 (x = 0.75) crystallizes in the monoclinic space 

group Cc (No.9), with a = 17.5673(6) Å, b = 13.5408(5) Å, c = 14.2543(5) Å, and β = 93.3683(13). 

Its crystal structure is comprised of isolated [Al/SiS4]-tetrahedra, and distorted tetrahedrally, 

trigonal-bipyramidally, square-pyramidally or octahedrally coordinated [NaS4]-, [NaS5]-, or [NaS6]-

units (Figure 1.4, Figure S1). Additionally, the anion sublattice shows pseudo-inversion symmetry, 

which is broken by the sodium cations. Since BVEL calculations show that Na13 requires the 

highest energy to take part in ion migration (cf. below), it can be considered as part of the lattice. 

Therefore, the topology of the structure can be described as a distorted hexagonal packing of rods 

comprised of [Na13S6] corner-sharing to four [Al/SiS4]-tetrahedra and interconnected by two 

corner-sharing [Al/SiS4]-tetrahedra parallel to c (Figure 1.4a). In contrast, for Na cations Na4, Na12, 

Na15 and Na18 (cf. Table S8) not taking part in the lattice, large anisotropic displacement 

parameters are found (see Table S9 and Figure S1). They occupy positions best described as two 

half-filled face-sharing [NaS4]-tetrahedra constituting an unresolved split position, which 

therefore explains the elongated shapes. The occupancy of Si vs. Al was not refined because of 

the similar atomic form factors of both elements, yet the Si/Al ratio was confirmed to be 3/1 by 

EDX measurements (cf. Table S11). 

 

Figure 1.4: a) [Si/AlS4]-tetrahedral and [Na13S6]-octahedral arrangement viewed along c and infinite [Si/AlS4]-[Na13S6]-
rods viewed parallel to a. b) Na9(AlS4)(SiS4) crystal structure viewed along b; blue polyhedra depict [Si/AlS4]-tetrahedra, 
orange polyhedra depict [Na13S6]-octahedra, red, dark red and yellow atoms depict Na, and blue atoms depict Si/Al; 
ellipsoids were drawn at 80% probability. c) Deconvoluted 27Al MAS NMR spectrum of Na9(AlS4)(SiS4) (x = 0.5); purple 
line shows the overall fit, colored dashed lines represent the contributing pseudo-Voigt peaks, relative intensities are 
given with their respective standard deviation in parentheses. d) 29Si MAS NMR spectrum of Na9(AlS4)(SiS4); colored 
dotted lines show a tentative signal distribution. 

The mean Al/Si–S-distances (cf. Table S10) of all four atomic sites of 2.147(3) Å (Si1S4), 2.165(3) Å 

(Si2S4), 2.166(3) Å (Si3S4), and 2.160(3) Å (Si4S4) are in between the distance expected for 

tetrahedrally coordinated Si4+–S of 2.10 Å and Al3+–S of 2.23 Å.31 This suggests that all Al/Si sites 
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are occupied by silicon and aluminum with Si1 having a slightly higher Si/Al ratio than the other 

three sites. Since the single crystal was obtained from a sample with x = 0.75, the occupancy of 

sodium atoms was expected to be less than one to maintain charge neutrality. Therefore, the 

occupancy of all sodium atoms was freely refined (cf. Table S8) insofar as their occupancy factor 

was significantly (≥ 3σ) lower than one, yielding a total number of sodium atoms per unit cell of 

66.9(2), which is in good agreement with the nominal value of 68. 

NMR spectroscopy 

To verify the assumption of a mixed occupancy of all four atomic Al/Si sites in the compound 

Na9(AlS4)(SiS4), 27Al and 29Si magic-angle spinning (MAS) NMR spectra were collected (Figure 1.4c, 

d). Both spectra show two clearly separated peaks with noticeable shoulders, especially in the 29Si 

spectrum. Although four signals in each spectrum are expected due to the four crystallographically 

independent Al/Si sites, the occurrence of only two peaks in each spectrum is in good agreement 

with the crystal structure by taking into account that the [Al/SiS4] sub-lattice shows pseudo-

inversion symmetry and therefore the chemical shifts of the respective nuclei should be very 

similar (or accidentally equal), resulting in two sets of two overlapping signals, which is apparent 

in the 29Si spectrum and, to a lesser extent, also in the 27Al spectrum. Additionally, the appearance 

of shoulders in the spectra suggests slightly different Si/Al occupancies for the atomic sites with 

pseudo-inversion symmetry, which is also corroborated by the mean Al/Si – S distances from 

SCXRD data. 

Bond Valence Energy Landscape Calculations 

BVEL calculations were performed in order to elucidate the minimum energy trajectories of the 

sodium ions and their dimensionalities in the three structures Na5AlS4, Na9(AlS4)(SiS4), and Na4SiS4. 

The bond valence approach was proven to be a valid starting point for discussing ion migration 

pathways in crystalline (ionic) solid electrolytes and electrode materials. The method provides 

reasonable pathways, comparable to those obtained by density functional theory (DFT) or 

molecular dynamics (MD) simulations.44,45 During ion migration (here Na+) from one equilibrium 

site Nai (often a crystallographic site) to an adjacent site Naj, sodium surpasses one (or multiple) 

transition state(s). Meta-stable sites along the path are considered to be interstitial sites for 

sodium ions. In this work, we denote the calculated global minimum energy Emin
global, the minimum 

energy within the infinitely connected pathway Emin
path and the energy at which a infinitely 

connected pathway is formed Emig
path. The energy required for overcoming the ion migration 

barrier height ∆ is calculated by ∆E = |Emin
path − Emig

path|. Subscript abbreviations denote the 

dimensionality of the pathway. Keeping in mind, that these calculated barrier heights for ion 

migration are overestimated, due to not taking lattice relaxations and coulombic repulsion of Na+–

Na+ into account, the BV method provides elucidating insights into probable ion migration 

pathways in a new structure. 
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BVEL calculations for Na5AlS4 

In Figure 1.5 the result of the BVEL calculation of Na5AlS4 is depicted. To better decipher the 

individual, spatially distinct components of the overall Na ion trajectory, we introduce sections A 

and B in Figure 1.5a, and separately discuss each section. In section A tetrahedrally coordinated 

Na1 form a 2D-like conduction pathway in the ac plane. Two adjacent [Na1S4] tetrahedra are 

connected via shared faces of an [S6]-octahedron, creating a dumbbell-like conduction network 

between two Na1 sites as shown in Figure 1.5c. Unoccupied tetrahedral sites (see Figure 1.5c) 

loosely connect the Na1–Na1 dumbbells. Each of these dumbbells is connected to two Na3, which 

are residing in peninsular-like side pockets. 

 

Figure 1.5: a) Na5AlS4 crystal structure viewed along b direction. Bond valence energy landscape at isoenergy value of 
−2.40eV (Eminglobal = −3.71eV, Eminpath = −3.43eV, Emigpath = −2.58eV,∆E3D = 0.83eV). The unit cell is divided along the 
crystallographic c direction into alternating sections A and B. b) Na5AlS4 unit cell with sections A and B. c) Section A (c = 
0.9 − 1.1) viewed along b and c. d) Section B (c = 0.6 − 0.9) viewed along b and c. 

Section B comprises a two-dimensional network composed of larger areas of low sodium ion bond 

valence energy (expanded isosurface) connected via unoccupied tetrahedral sites. These 

rectangular shaped areas, residing inside an octahedral cavity created by six sulfide ions (red 

octahedron, Figure 1.5d), display regions in which sodium can migrate freely without passing 

through high energy bottlenecks. This region is visible at low bond valence isoenergy of −3.0 eV in 

Figure S4 in the SI. Na4 resides in one of the corners of the expanded isosurface, thus creating a 

[Na4S6] coordination polyhedron. The [Na4S6] octahedra are connected via unoccupied 

tetrahedral sites forming a percolating network. The infinite [AlS4]-[NaS6] chains obstruct ion 

conduction along the crystallographic c direction, but allow connection of both sections A and B 

at the gap between two chains as depicted with the maroon colored curved lines in Figure 1.2c, d 

forming a zig-zag pattern along c and a two-dimensional pattern in the ab plane. Consequently, 
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despite its more dominant 2D conduction pathways in ab plane, Na5AlS4 is expected to be a three-

dimensional ion conductor. 

BVEL calculations for Na4SiS4 

For simplification, the orthorhombic structure with a shorter a axis in Figure S5 instead of the 

superstructure of Na4SiS4 in Figure 1.3 was used to calculate the bond valence energy landscape 

for Na4SiS4. This does not lead to an appreciably different BVEL outcome, since the superstructure 

is a result of sodium atom ordering. The anionic lattice remains the same in both structure models. 

Figure 1.6 depicts the structure of Na4SiS4 together with bond valence energy surfaces of different 

isoenergy values. 

 

Figure 1.6: Crystal structure of Na4SiS4 (simplified model without superstructure) with sodium atoms drawn in red and 
sulfur atoms drawn in yellow. Bond valence energy landscape at isoenergy values of a) −2.40eV and b) −1.80eV are 
drawn in gray (Eminglobal = −3.73eV, Eminpath = −3.73eV, Emigpath = −2.68eV,∆E2D = 1.05eV). Red arrows depict sodium ion 
diffusion pathways. Numbers denote crystallographic sodium sites. 

A more detailed illustration of the evolution of BVE isosurfaces can be found in Figure S5. As 

depicted in Figure 1.6, Na4 occupies a distorted square pyramid. Two base-sharing pyramids form 

a larger octahedron with Na4 preferentially occupying one half of the octahedron. In a short range, 

hopping through the common base of two adjacent square pyramids is energetically facile for Na4. 

For long-range diffusion, Na4 can hop via a tetrahedral site spanned by two [Na4S6] units into an 

expanded region of low bond valence energy (up or down along b). Na3 resides close to one of 

the [Na4S6] unit’s corners. Despite being connected to this low energy site as well, Na1 and Na2 

have to pass a bottleneck when diffusing to this site. Therefore, mainly Na4 and Na3 form a quasi-

one-dimensional, channel-like structure in b direction. At slightly higher bond valence energies 

tetrahedral sites between Na4-Na1 and Na4-Na2 are accessible through small bottlenecks (see 

Figure 1.6b, gray isosurface marked with red ellipses). The resulting network percolates the unit 

cell in all crystallographic directions, resulting in 3D ion migration at higher energies (∆3D ≈ 1.6 eV). 

BVEL calculations for Na9(AlS4)(SiS4). 

Compared to Na5AlS5 and Na4SiS4, the double salt Na9(AlS4)(SiS4) is structurally more complex, 

since it features 18 sodium sites hosted in mostly distorted coordination polyhedra. Only Na13 
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resides in a rather ordered [Na13S6]-octahedron, which is bridged in c direction by corner-sharing 

[AlS4]5–/[SiS4]4–-tetrahedra (cf. Figure 1.7 and Figure 1.4). In terms of conduction pathways, the 

sodium ions in Na9(AlS4)(SiS4) can be divided into isolated and migrating sodium ions. Migrating 

sodium ions, depicted as red spheres in Figure 1.7, reside inside the calculated BVEL network at 

isoenergy Emig
path. Most of the sodium ions contributing to the three-dimensional conduction are 

mainly square-pyramidally coordinated, but also trigonal bipyramidal, tetrahedral or octahedral 

coordinated. Presumably, the low local coordination symmetry of those sodium ions and the 

therefore asymmetric charge distribution leads to less coulombic attraction facilitating ion 

hopping. 

 

 

Figure 1.7: Crystal structure of Na9(AlS4)(SiS4) along a) a and b) c direction. The bond valence energy landscape at 
isoenergy value of −2.60eV is drawn in gray (Emin

global = −4.02 eV, Emin
path = −3.86 eV, Emig

path = −2.64 eV, ∆E3D = 1.22eV). 

However, the either trigonal bipyramidally (Na4,7), tetrahedrally (Na14) or octahedrally (Na13) 

coordinated sodium ions are not connected to the conduction network at Emig
path and thus are 

considered to be members of the rigid framework (cf. Figure S6). At noticeably higher energy all 

sodium ions but Na13 connect to a large, expanded network. Summarizing, at Emig
path a very flat 

three-dimensional isoenergy surface with only a few bottle necks occupies a large volume fraction 

of the unit cell. Compared to Na5AlS4 and Na4SiS4, in terms of conduction pathways, the sodium 

ions in Na9(AlS4)(SiS4) are expected to show higher mobility due to higher versatility in the sodium 

ion coordination and the resulting flatter potential energy surface for sodium ion migration. 

Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy in the temperature range 25–75 °C was conducted on 

cold pressed samples of all members in the series Na5-xAl1-xSixS4 with (0 ≤ x ≤ 1). As depicted in 

Figure 1.8, they show averaged sodium ion conductivities ranging from 1.64 · 10−7 Scm−1 for Na4SiS4 

up to 2.04 · 10−5 Scm−1 for Na8.5(AlS4)0.5(SiS4)1.5. Galvanostatic polarization measurements (cf. Figure 

S7) confirm the mainly ion conducting nature of the materials with transference numbers of about 

0.9998, thus being suitable as solid electrolyte in a battery. The conductivities in Figure 1.8 

represent the total conductivities of the samples, modelled by a capacitor or constant phase 

element (CPE) and a resistance (R) in parallel. Where necessary, a second R-CPE-element was 

added, and in each spectrum, the polarization of ions at the interface of the blocking electrode 

was modelled by a CPE.  
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Figure 1.8: a) Sodium ion conductivity in the phase system Na5-xAl1-xSixS4 with (0 ≤ x ≤ 1) as a function of the substitution 
factor x (visualized by dashed line). In the range of x = 0.50 – 0.75, where the material crystallizes in the Na9(AlS4)(SiS4)-
structure, the highest average conductivity of 2.04 · 10−5 Scm−1 was observed. The unsubstituted phases Na5AlS4 and 
Na4SiS4 show a significantly lower ionic conductivity of 1.64 · 10−7 Scm−1 -1.77 · 10−7 Scm−1, respectively. The error bars 
include the standard deviation of the sample and the error of the measurement of about 8%. b) Temperature dependent 
sodium ion conductivities calculated from R1 of all phases for a selection of measurements (all parameters for these 
particular measurements are given in Table S12 and Table S13). The different colors indicate the different crystal 
structures: Na5AlS4-structure (blue), Na9(AlS4)(SiS4)-structure (black) and Na4SiS4-structure (red) 

Exemplary impedance spectra and equivalent circuits of each sample as well as the respective 

capacitances and ideality factors (α) are given in the SI in Figure S8 and Table S12. The effective 

capacitances (Ceff) were calculated by the Brug formula46 Ceff = (R(CPE))1/α/R. The best conducting 

sample Na8.5(AlS4)0.5(SiS4)1.5 shows only one semicircle with a capacitance of about 2 · 10−10 F. The 

capacitances of the high frequency semicircle of all other samples are of the same order of 

magnitude, suggesting the same underlying processes. According to literature, the capacitance of 

1 · 10−10 F corresponds to grain boundary contributions.47 Thus, the high frequency arc contains 

the information about the bulk and grain boundaries, but the exact bulk contributions can not be 

deconvoluted. In some spectra a second semicircle at lower frequencies with capacitances of 

about 8 · 10−8 F − 6 · 10−7 F is present. The activation energies of this process, calculated according 

to σ = σ0/T·e−Ea/kbT (with σ0 being the prefactor, Ea the activation energy, kB the Boltzmann constant 

and T the temperature), are higher than the activation energies obtained from the high frequency 

semicircles (cf. Table S14 and Table S15). Consequently, this semicircle may stem from an 

inhomogeneity in composition or an additional resistive layer on the surface.47, 48 Interestingly, the 

low frequency semicircle is absent for the best conducting sample Na8.5(AlS4)0.5(SiS4)1.5 pointing to 

an easier handling of this material. To avoid a mingling of processes, only the data from the high 

frequency semicircle is applied for discussing the trends in activation energy and prefactor in the 

following. A plot only including conductivities calculated from the high frequency semicircles is 

given in Figure S9. It exhibits the same trend as in Figure 1.8 with Na8.5(AlS4)0.5(SiS4)1.5 being the 

best conducting member of the series. 

 

Discussion 

Taking a closer look at Figure 1.8 and S9 reveals the strong influence of the number of charge 

carriers on the conductivity of each material. Going from the poor ionic conductor Na5AlS4 along 

the isotypic phases up to x = 0.25, the substitution of Al3+ with Si4+ introduces sodium vacancies, 
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which increases the conductivity. On the other end of the series, Na4SiS4 shows a σNa in line with 

findings from.30 Here, the amount of sodium ions is increased in the form of interstitials by 

substitution with Al3+. The BVEL analysis suggests an occupation of tetrahedral sites between Na4-

Na1 and Na4-Na2 as interstitial positions for the sodium ions (cf. Figure 1.6). This would be 

consistent with more efficient 3D ion migration in the structure and overall facilitation of the ion 

transport. 

In the range of x = 0.50 − 0.75, where the Na9(AlS4)(SiS4)-structure is stable, the highest 

conductivities are found. The topology of Na9(AlS4)(SiS4) does not resemble the one of Na4SiS4 but 

shows similarities to Na5AlS4 with a distorted hexagonal packing of [Al/SiS4][Na2S6]-chains. The 

structure features (migrating) Na ions whose highly distorted coordination polyhedra are 

connected to other sodium sites mostly via faces and edges, which facilitates ion hopping and 

approximates 3D diffusion.49 In this sense, the double salt Na9(AlS4)(SiS4) thus shows similarities to 

the well known tetragonal LGPS-phase which shows exceptionally high ionic conductivity that is 

in part attributable to the low energy barrier for lithium diffusion between face-sharing [LiS4]-

tetrahedra.25,50 Additionally, the BVEL analysis of Na9(AlS4)(SiS4) indicates a similar situation to the 

frustrated energy landscape leading to superionic diffusion in LiTi2(PS4)3:51 The sodium 

coordination environments are more diverse and the coordination polyhedra more distorted in 

the double salt Na9(AlS4)(SiS4) compared to the border phases of the substitution series Na5-xAl1-

xSixS4. This low local coordination symmetry of sodium and connection of its coordination 

polyhedra lead to a flat energy landscape for sodium cations in Na9(AlS4)(SiS4), which is beneficial 

for ion transport. By further exchanging [AlS4]5− anions by [SiS4]4− anions in Na9(AlS4)(SiS4), sodium 

vacancies are introduced. Within the series Na5-x(AlS4)1-x(SiS4)x the value x = 0.75 

(Na8.5(AlS4)0.5(SiS4)1.5) constitutes the optimum for the observed ionic conductivity of 2.04 · 10−5 

Scm−1 and the lowest activation energy in the series of 0.30 eV as shown in Table S15, reflecting 

the flattening of the energy landscape proposed by the BVEL calculations. For all other members 

of the series the activation energies are rather similar within their standard deviation, at around 

0.35–0.40 eV (cf. Figure S10). Besides, the prefactors σ0 of the best conducting members of the 

series exceed the prefactors of the end members by one to two orders of magnitude (cf. Table 

S13), although the activation energy is lowered (cf. Figure S10). The prefactor takes into account 

the charge carrier density of mobile ions, the entropy of migration, the jump distance and the 

attempt frequency, among others. Recently, Kraft et al. systematically increased the lattice 

softness in a series of ionic conductors and noted that a decrease in activation energy is 

accompanied by a decrease in prefactor, which is in line with the Meyer-Nedel-rule.16 Accordingly, 

in cases where this rule applies, possible conductivity improvements via lattice softness 

engineering are inherently limited. However,51 showed for LiTi2(PS4)3 that the highly distorted 

coordination polyhedra of lithium lead to a frustrated energy landscape, lowering the energy 

barrier, but increasing the prefactor due to longer jump distances and a higher entropy for the 

transition state. In Na8.5(AlS4)0.5(SiS4)1.5 a similar influence on the prefactor as in LiTi2(PS4)3 can be 

inferred due to the flattening of the energy landscape by the highly distorted sodium coordination 

polyhedra. However, the high prefactor for the sample x = 0.95 compared to the composition with 

the highest conductivity at x = 0.75 could hint to an even more complicated situation in this series 

of compounds, necessitating further studies on the complex interplay between structural factors 

and the energetics of ion transport in these systems. 
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Performance-wise, Na8.5(AlS4)0.5(SiS4)1.5 with an ionic conductivity of 2.04 · 10−5 Scm−1 and an 

activation energy of 0.30eV is comparable to compounds such as Na10SnP2S12,28 silicon substituted 

Na3PS4,30 and HT−NaSi2P3.52 As can be concluded from the absence of additional resistances at 

lower frequencies, this material presumably shows an advantageous microstructure or pressing 

behavior. Furthermore, the smaller electron affinities of Al3+ and Si4+ may result in increased 

electrochemical stability at low potentials compared to thiophosphates such as Na3PS4, which will 

be the subject of future studies. 

Conclusion 

We have presented the crystal structures and Na ion conductivities in the novel substitution 

series Na5-xAl1-xSixS4 with (0 ≤ x ≤ 1), containing exclusively low-cost, earth-abundant and 

lightweight elements. For the best conducting compound Na8.5(AlS4)0.5(SiS4)1.5 (x = 0.75), a 

relatively high sodium ion conductivity of 2.04 · 10−5 Scm−1 at room temperature with an 

activation energy of 0.30 eV was found, putting this material on par with typical sodium solid 

electrolytes such as silicon substituted Na3PS4
30 and Na10SnP2S12.28 Our analysis of impedance 

and BVEL data for the substitution series Na5-xAl1-xSixS4 (0 ≤ x ≤ 1) unveils probable sodium ion 

migration paths and highlights the enhancement of the conductivity by the low local 

coordination symmetry of the sodium ions flattening out the potential energy landscape and 

the increase of sodium ion vacancies in Na8.5(AlS4)0.5(SiS4)1.5. Concluding, the right blend of the 

cations Al3+ and Si4+ entails an optimized structure as well as optimal amount of charge carriers 

for fast sodium ion conduction. 
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4.5.1 Supporting Information for ”Finding the right blend: Interplay between structure and 

sodium ion conductivity in the system Na5AlS4 – Na4SiS4” 

Crystallographic data for Na5AlS4 

Table S1: Crystallographic data and information for the structure solution and refinement from powder X-ray diffraction 
data for Na5AlS4. Standard deviations are given in parentheses. These data were deposited in the Cambridge 
Crystallographic Data Centre and were given the deposition number CCDC 1980422. 

 Na5AlS4  

crystal system  orthorhombic 

space group  Pbca, (Nr. 61) 

lattice params. a 12.01930(12) Å 

 b 7.05236(7) Å 

 c 21.5605(2) Å 

V [Å 3]  1827.56(3) 

Z  8 

calc. density [gcm−3]  1.96398(3) 

diffractometer  STOE STADI P, CuKα1-radiation 

Debye-Scherrer geometry 

temperature [K]  295 

absorption coefficient [mm−1] 12.1231(2) 

refined 2ϑ region [°] 3 – 90 

Rexp 6.054 

Rp 5.187 

Rwp 6.604 

Goof 1.091 

RBragg 1.949 

number of refined params. 60 

number of background params. 12 
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Crystallographic data for Na5AlS4 

Table S2: Standardized fractional atomic coordinates1 and isotropic displacement parameters [Å 2] for Na5AlS4. Standard 

deviations are given in parentheses. 

 

Table S3: Interatomic distances in Na5AlS4. Standard deviations are given in parentheses.  

i: -x+ , y- , z; ii: -x+1, y- , -z+ ; iii: x, -y+ , z+ ; iv: x, -y+ , z+ ; v: -x+ , -y+1, z+ ; vi: -x+ , -y+2, z- ; vii: -x+1, y+ , -z+ ; viii: -

x+ , -y+1, z- ; ix: -x+ , y+ , z; x: -x, y- , -z+ ; xi: x- , -y+ , -z+1; xii: x- , y, -z+ ; xiii: -x+1, y+ , -z+ ; xiv: x+ , -y+ , -z+1; xv: x+

, y, -z+ ; xvi: x- , -y+ , -z+1; xvii: -x+ , -y+2, z+ ; xviii: -x, y+ , -z+ ; xix: x, -y+ , z- ; xx: -x+ , -y+1, z- ; xxi: -x+1, y- , -z+ ; 

xxii: x, -y+ , z- ; xxiii: x- , y, -z+ ; xxiv: x+ , -y+ , -z+1; xxv: -x+ , -y+1, z+ ; xxvi: x+ , y, -z+  

Atom1     Atom2        distance [Å]        Atom1     Atom2     distance [Å] 

S1 Al1 2.274(8)i  S2 2.241(5)xvii 

 Na3 2.696(8)ii  S3 2.255(6)xviii 

 Na2 2.864(8)iii  S1 2.274(8)ix 

 Na1 2.902(8)iv  Na2 3.084(7)iv 

 Na1 2.958(8)v Na1 S3 2.857(10)ix 

 Na3 2.989(8)iii  S1 2.902(8)xix 

S2 Al1 2.241(5)vi  S2 2.918(8) 

 Na3 2.689(8)  S1 2.958(8)xx 

 Na4 2.804(9)vii Na2 S4 2.822(8)xxi 

 Na5 2.805(7)viii  S1 2.864(8)xxii 

 Na2 2.873(7)  S2 2.873(7) 
 Na1 2.918(8)  S4 2.898(8)xxiii 

Atom occupation- Wyckoff- x y z Biso 

 factor position     

S1 1 8c 0.3713(4) 0.2046(6) 0.9571(3) 2.58(15) 

S2 1 8c 0.4477(3) 0.8520(5) 0.3783(3) 2.50(12) 

S3 1 8c 0.1402(3) 0.2426(6) 0.6222(4) 3.29(12) 

S4 1 8c 0.6317(4) 0.7610(6) 0.2113(3) 3.4(2) 

Al1 1 8c 0.0399(3) 0.8312(5) 0.8737(3) 2.70(14) 

Na1 1 8c 0.3521(5) 0.9080(9) 0.5013(3) 3.8(2) 

Na2 1 8c 0.2869(4) 0.5531(8) 0.3658(3) 3.6(2) 

Na3 1 8c 0.5579(6) 0.5658(9) 0.4332(3) 4.6(2) 

Na4 1 8c 0.5863(5) 0.3809(10) 0.2501(3) 4.3(2) 

Na5 1 8c 0.8373(5) 0.1078(9) 0.8294(3) 2.9(2) 
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 Na2 3.168(6) ix  Al1 3.084(7)xix 

S3 Al1 2.255(6)x  S2 3.168(6)i 

 Na3 2.672(8)xi Na3 S3 2.672(8)xxiv 

 Na5 2.757(7)xii  S2 2.689(8) 
 Na5 2.792(8)xiii  S1 2.696(8)xiii 

 Na1 2.857(10)i  S1 2.989(8)xxii 

 Na4 2.961(10)xi Na4 S2 2.804(9)xxi 

S4 Al1 2.236(9)xiv  S4 2.861(8) 

 Na5 2.736(8)viii  S4 2.876(8)xxi 

 Na2 2.822(8)vii  S3 2.961(10)xxiv 

 Na4 2.861(8) Na5 S4 2.736(8)xxv 

 Na4 2.876(8)vii  S3 2.757(7)xxvi 

 Na2 2.898(8)xv  S3 2.792(8)ii 

Al1 S4 2.236(9)xvi  S2 2.805(7)xxv 

 

Crystallographic data for Na4SiS4 

Table S4: Crystallographic data and information for the structure solution and refinement from powder X-ray diffraction data 
for Na4SiS4. Standard deviations are given in parentheses. These data were deposited in the Cambridge Crystallographic Data 
Centre and were given the deposition number CCDC 1980423. 

 Na4SiS4  

crystal system  orthorhombic 

space group  P212121, (Nr. 19) 

lattice params. a 41.0301(7) Å 

 b 8.78409(14) Å 

 c 6.88962(12) Å 

V [Å 3]  2483.10(7) 

Z  12 

calc. density [gcm−3]  1.99260(6) 

diffractometer  STOE STADI P, MoKα1-radiation 

Debye-Scherrer geometry 

temperature [K]  295 

absorption coefficient [mm−1] 1.42581(4) 
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refined 2ϑ region [°] 2 – 50 

Rexp 5.390 

Rp 4.127 

Rwp 5.377 

Goof 0.998 

RBragg 1.825 

number of refined params. 109 

number of background params. 10 

 
 

Table S5: Standardized fractional atomic coordinates1 and isotropic displacement parameters [Å 2] for Na4SiS4. Standard 
deviations are given in parentheses. 

Atom occupation- Wyckoff- x y z Biso 

 factor position     

S1 1 4a 0.0315(5) 0.056(3) 0.908(3) 0.8(2) 

S2 1 4a 0.3654(5) 0.065(3) 0.904(3) 0.8(2) 

S3 1 4a 0.6993(5) 0.051(3) 0.907(3) 0.8(2) 

S4 1 4a 0.0621(5) 0.758(3) 0.436(3) 1.54(10) 

S5 1 4a 0.3963(5) 0.748(3) 0.447(3) 1.54(10) 

S6 1 4a 0.7289(5) 0.752(3) 0.430(3) 1.54(10) 

S7 1 4a 0.1346(5) 0.548(3) 0.422(4) 1.5(2) 

S8 1 4a 0.4662(5) 0.537(3) 0.434(3) 1.5(2) 

S9 1 4a 0.8019(5) 0.548(3) 0.408(3) 1.5(2) 

S10 1 4a 0.2185(4) 0.249(3) 0.669(3) 1.37(10) 

S11 1 4a 0.5436(4) 0.247(3) 0.662(3) 1.37(10) 

S12 1 4a 0.8813(5) 0.246(3) 0.667(4) 1.37(10) 

Si1 1 4a 0.2216(6) 0.246(4) 0.962(3) 1.58(10) 

Si2 1 4a 0.5555(6) 0.248(4) 0.973(4) 1.58(10) 

Si3 1 4a 0.8868(5) 0.245(4) 0.980(3) 1.58(10) 

Na1 1 4a 0.2394(6) 0.048(4) 0.386(5) 2.0(3) 

Na2 1 4a 0.5763(7) 0.045(4) 0.406(5) 2.0(3) 

Na3 1 4a 0.9051(6) 0.056(4) 0.408(4) 2.0(3) 

Na4 1 4a 0.2435(6) 0.443(4) 0.381(5) 0.9(3) 
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Na5 1 4a 0.5760(6) 0.452(4) 0.384(5) 0.9(3) 

Na6 1 4a 0.9166(5) 0.433(3) 0.379(3) 0.9(3) 

Na7 1 4a 0.1518(7) 0.241(5) 0.256(5) 3.2(2) 

Na8 1 4a 0.4840(7) 0.242(5) 0.244(5) 3.2(2) 

Na9 1 4a 0.8199(7) 0.241(5) 0.255(5) 3.2(2) 

Na10 1 4a -0.0079(6) 1.036(4) 0.235(4) 3.4(2) 

Na11 1 4a 0.3330(9) 1.011(5) 0.238(7) 3.4(2) 

Na12 1 4a 0.6706(8) 0.979(4) 0.270(6) 3.4(2) 

 

Table S6: Interatomic distances in Na4SiS4. Standard deviations are given in parentheses.i: x- , -y+ , -z+2; ii: x- , -y+ , -z+1; 

iii: x, y-1, z+1; iv: -x+1, y- , -z+ ; v: -x+ , -y, z+ ; vi: x+ , -y+ , -z+2; vii: x+ , -y+ , -z+1; viii: -x+ , -y, z+ ; ix: x+1, y+ , -z+ ; x: -

x+1, y+ , -z+ ; xi: -x+ , -y+1, z+ ; xii: x- , -y+ , -z+1; xiii: -x, y- , -z+ ; xiv: -x+ , -y+1, z+ ; xv: x+ , -y+ , -z+1; xvi: -x+1, y- , -

z+ ; xvii: -x+ , -y, z- ; xviii: -x+ , -y, z- ; xix: -x+ , -y+1, z- ; xx: -x+ , -y+1, z- ; xxi: x, y+1, z-1; xxii: -x, y+ , z+ ; 

Atom1     Atom2      distance [Å]         Atom1     Atom2      distance [Å] 

S1 Si2 2.15(4)i Si2 S5 2.05(3)iv 

 Na5 2.72(4)ii  S1 2.15(4)vi 

 Na10 2.78(4)iii  S8 2.15(4)iv 

 Na6 2.80(3)iv  S11 2.20(3) 

 Na8 2.83(4)ii  Na6 3.10(4)xiv 

 Na8 2.92(5)v  Na3 3.15(5)viii 

S2 Si3 2.05(4)i Si3 S2 2.05(4)vi 

 Na11 2.70(5)iii  S7 2.06(4)iv 

 Na9 2.76(4)ii  S12 2.17(3) 

 Na6 2.87(3)ii  S4 2.18(3)iv 

 Na7 2.96(5)v  Na2 3.01(4)viii 

 Na5 2.98(4)iv  Na5 3.14(5)xiv 

S3 Si1 2.19(4)vi Na1 S9 2.64(4)xvi 

 Na4 2.69(4) vii  S10 2.77(4) 

 Na12 2.84(4)iii  S6 2.95(5)ii 

 Na9 2.88(5)viii  S9 3.05(4)ii 

 Na7 2.89(4)vii  Si1 3.08(5)xvii 

 Na4 2.92(3)iv  S6 3.11(4)xvi 

S4 Si3 2.18(3)ix Na2 S7 2.80(4)vii 

 Na6 2.80(3)x  S11 2.84(4) 

 Na8 2.84(4)xi  S8 2.92(4)xvi 

 Na5 2.89(4)xii  S4 2.93(4)vii 

 Na2 2.93(4)ii  Si3 3.01(4)xviii 
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 Na10 3.18(4)iii Na3 S12 2.63(4) 

S5 Si2 2.05(3)ix  S7 2.80(4)xvi 

 Na3 2.88(4)ii  S8 2.85(3)vii 

 Na7 2.90(4)xi  S5 2.88(4)vii 

 Na5 3.11(4)x  Si2 3.15(5)xviii 

 Na6 3.16(4)xii Na4 S3 2.69(4)ii 

S6 Si1 2.16(3)ix  S10 2.81(4) 

 Na1 2.95(5)vii  S3 2.92(3)ix 

 Na4 2.95(4)x  S6 2.95(4)xvi 

 Na9 3.01(4)xi  S6 3.04(4)xii 

 Na4 3.04(4)xv  Si1 3.13(5)xix 

 Na1 3.11(4)x Na5 S1 2.72(4)vii 

S7 Si3 2.06(4)ix  S4 2.89(4)xv 

 Na12 2.60(4)xii  S11 2.95(4) 

 Na2 2.80(4)ii  S2 2.98(4)ix 

 Na3 2.80(4)x  S5 3.11(4)xvi 

 Na9 2.80(4)x  Si3 3.14(5)xx 

 Na7 3.01(5) Na6 S4 2.80(3)xvi 

S8 Si2 2.15(4)ix  S1 2.80(3)ix 

 Na10 2.60(4)xv  S2 2.87(3)vii 

 Na3 2.85(3)ii  S12 2.95(3) 

 Na2 2.92(4)x  Si2 3.10(4)xx 

 Na8 2.99(4)  S5 3.16(4)xv 

 Na8 2.99(4)x Na7 S9 2.79(4)xvi 

S9 Si1 2.18(4)ix  S3 2.89(4)ii 

 Na1 2.64(4)  S5 2.90(4)xix 

 Na7 2.79(4)  S2 2.96(5)xvi 

 Na11 2.80(5)  S7 3.01(5) 

 Na9 2.98(5) Na8 S1 2.83(4)vii 

 Na1 3.05(4)vii  S4 2.84(4)xix 

S10 Si1 2.02(3)  S1 2.92(5)xcii 

 Na1 2.77(4)  S8 2.99(4) 

 Na4 2.81(4)  S8 2.99(4)xvi 

 Na12 3.13(4)xii Na9 S2 2.76(4)vii 

 Na11 3.14(5)xi  S7 2.80(4)xvi 

S11 Si2 2.20(3)  S3 2.88(5)xviii 

 Na2 2.84(4)  S9 2.98(5) 

 Na10 2.92(4)xi  S6 3.01(4)xx 

 Na10 2.94(4)xv Na10 S8 2.60(4)xii 

 Na5 2.95(4)  S1 2.78(4)xxi 
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S12 Si3 2.17(3)  S11 2.92(4)xix 

 Na3 2.63(4)  S11 2.94(4)xii 

 Na6 2.95(3)  S4 3.18(4)xxii 

 Na11 2.98(5)xv Na11 S2 2.70(5)xxi 

 Na12 2.99(4)xiv  S9 2.80(5)xii 

Si1 S10 2.02(3)  S12 2.98(5)xii 

 S6 2.16(3)iv  S10 3.14(5)xix 

 S9 2.18(4)iv Na12 S7 2.60(4)xv 

 S3 2.19(4)i  S3 2.84(4)xxi 

 Na1 3.08(5)v  S12 2.99(4)xx 

 Na4 3.13(5)xi  S10 3.13(4)xv 

 

Crystallographic data for Na8.5(AlS4)0.5(SiS4)1.5 

Table S7: Crystallographic data and information for the structure solution and refinement from powder X-ray diffraction data 
for Na8.5(AlS4)0.5(SiS4)1.5. Standard deviations are given in parentheses. These data were deposited in the Cambridge 
xrystallographic Data Centre and were given the deposition number CCDC 1980426. 

 

Na16.76(6)(AlS4)(SiS4)3 

crystal system  monoclinic 

space group  Cc, (Nr. 9) 

lattice params. a 17.5673(6) Å 

 b 13.5408(5) Å 

 c 14.2543(5) Å 

 β 93.3683(13)° 

V [Å 3]  3384.9(2) 

Z  8 

calculated density [gcm−3]  1.982 

diffractometer  Bruker D8 Quest (microfocus), 

MoKα-radiation, Göbel mirror optics 

temperature [K]  295 

absorption coefficient [mm−1]  1.382 
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ϑ-range [°]  2.32 – 27.50 

indexing range  -22 ≤ h ≤ 22, -17 ≤ k 

≤ 17, 

-18 ≤ l ≤ 18 

number of measured reflexions  66764 

number of independent reflexions  7778 

number of independent reflexions (I ≥ 

2σ(I)) 

 6660 

Rint  0.0532 

Rσ  0.0302 

F(000)  1984 

corrections  Lorentz-, polarization-, absorption-effects 

absorption correction  multi-scan (SADABS)2 

structure solution  direct methods, SHELXS973 

structure refinement  least-squares on F2, SHELXL973 

number of free params.  350 

Goof  1.040 

R values (reflexions satisfying I ≥ 2σ(I))  R1 = 0.0348, wR2 = 0.0814 

R values (all data)  R1 = 0.0448, wR2 = 0.0863 

residual electron density [e−/ Å
 −3]  0.625/-0.499 

twin law  (-1 0 0, 0 -1 0, 0 0 -1) 

batch scale factor  0.46 

 

Table S8: Standardized fractional atomic coordinates1 and equivalent isotropic displacement parameters [Å2] for 
Na8.5(AlS4)0.5(SiS4)1.5. Standard deviations are given in parentheses. 

Atom occupation- Wyckoff- x y z Uequiv. 

 factor position     

Na1 1 4a 0.0000(2) 0.0160(3) 0.0160(3) 0.0403(8) 

Na2 1 4a 0.0079(2) 0.2210(4) 0.2467(3) 0.0558(11) 
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S1 1 4a 0.04013(12) 0.0236(2) 0.31978(15) 0.0379(5) 

S2 1 4a 0.04982(12) 0.2071(2) 0.05134(14) 0.0389(5) 

Na3 1 4a 0.0627(2) 0.2428(3) 0.4983(4) 0.0610(12) 

S3 1 4a 0.07158(13) 0.4809(2) 0.24654(15) 0.0352(5) 

Na4 1 4a 0.1121(3) 0.0854(3) 0.6894(2) 0.0776(14) 

S4 1 4a 0.14462(12) 0.5680(2) 0.03750(13) 0.0360(5) 

Si1 1 4a 0.15165(12) 0.07480(14) 0.36658(15) 0.0250(4) 

Si2 1 4a 0.15633(12) 0.57514(15) 0.19140(14) 0.0255(4) 

Na5 0.895(8) 4a 0.1588(2) 0.3388(3) 0.1468(2) 0.0488(10) 

S5 1 4a 0.16361(13) 0.0715(2) 0.51778(14) 0.0450(6) 

S6 1 4a 0.16354(13) 0.2241(2) 0.3200(2) 0.0492(6) 

Na6 0.805(14) 4a 0.2040(3) 0.1103(4) 0.1413(3) 0.067(2) 

Na7 0.823(7) 4a 0.2062(2) 0.4083(2) 0.3655(2) 0.0318(8) 

S7 1 4a 0.23822(13) 0.0183(2) 0.8137(2) 0.0394(5) 

Na8 1 4a 0.2465(2) 0.2575(3) 0.5632(3) 0.0551(10) 

S8 1 4a 0.25849(12) 0.2932(2) 0.00555(15) 0.0384(5) 

S9 1 4a 0.26822(12) 0.5230(2) 0.23772(15) 0.0409(5) 

Na9 1 4a 0.3017(2) 0.7230(4) 0.3090(3) 0.0563(11) 

Na10 1 4a 0.3087(2) 0.4838(3) 0.0561(2) 0.0400(8) 

Na11 0.848(7) 4a 0.3162(2) 0.1925(3) 0.3152(2) 0.0421(10) 

Na12 1 4a 0.3179(2) 0.0119(4) 0.4977(3) 0.0756(15) 

S10 1 4a 0.36523(10) 0.35601(14) 0.44868(12) 0.0274(4) 

S11 1 4a 0.36644(13) 0.11952(15) 0.13820(14) 0.0355(5) 

Si3 1 4a 0.37248(11) 0.24120(15) 0.04104(14) 0.0251(4) 

S12 1 4a 0.38285(11) 0.19002(15) 0.63956(13) 0.0315(4) 

Na13 1 4a 0.4038(3) 0.03996(10) 0.7780(4) 0.0429(3) 

Na14 0.931(5) 4a 0.4046(3) 0.43673(10) 0.2774(3) 0.0344(5) 

S13 1 4a 0.42616(11) 0.8087(2) 0.41727(14) 0.0355(5) 

Si4 1 4a 0.43545(11) 0.24254(14) 0.51666(13) 0.0200(4) 

S14 1 4a 0.44125(12) 0.11958(15) 0.41900(13) 0.0336(4) 

S15 1 4a 0.44322(10) 0.35692(15) 0.10912(12) 0.0280(4) 

Na15 0.934(8) 4a 0.4911(2) 0.0193(4) 0.0547(4) 0.070(2) 

Na16 1 4a 0.4949(2) 0.1838(3) 0.2455(2) 0.0511(9) 

Na17 0.498(12) 4a 0.6027(3) 0.1125(4) 0.4185(4) 0.029(2) 

S16 1 4a 0.64521(14) 0.2255(2) 0.2408(2) 0.0464(6) 

Na18 1 4a 0.6571(3) 0.3469(3) 0.4219(3) 0.101(2) 
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Table S9: Anisotropic displacement coefficients [Å2] for Na8.5(AlS4)0.5(SiS4)1.5. Uij is defined by: Uij = exp−2π2[U11(ha*)2 + ... + 
2U21hka*b*]. Standard deviations are given in parentheses. 

Atom U11 U22 U33 U23 U13 U12 

Na1 0.041(2) 0.038(2) 0.043(2) 0.0120(15) 0.009(2) 0.000(2) 

Na2 0.039(2) 0.086(3) 0.041(2) 0.011(2) -0.003(2) 0.012(2) 

S1 0.0258(12) 0.0487(12) 0.0387(11) -0.0098(9) -0.0018(9) -0.0132(9) 

S2 0.0284(11) 0.0524(13) 0.0350(10) -0.0109(10) -0.0057(9) 0.0035(10) 

Na3 0.030(2) 0.053(2) 0.100(3) 0.011(2) -0.001(2) 0.001(2) 

S3 0.0316(12) 0.0352(10) 0.0392(11) -0.0022(8) 0.0046(8) -0.0031(9) 

Na4 0.119(3) 0.087(3) 0.0269(15) 0.0142(15) 0.008(2) -0.040(2) 

S4 0.0289(10) 0.0538(12) 0.0249(9) 0.0074(8) -0.0008(7) 0.0046(9) 

Si1 0.0206(10) 0.0213(9) 0.0330(10) -0.0008(8) 0.0009(8) -0.0006(8) 

Si2 0.0203(10) 0.0303(11) 0.0260(9) 0.0073(8) 0.0013(8) 0.0007(8) 

Na5 0.047(2) 0.074(2) 0.0256(12) -0.0047(12) 0.0054(11) -0.0092(15) 

S5 0.0284(11) 0.076(2) 0.0312(10) -0.0177(10) 0.0022(8) -0.0026(11) 

S6 0.0266(11) 0.0288(10) 0.091(2) 0.0030(11) -0.0079(11) 0.0033(8) 

Na6 0.065(4) 0.086(4) 0.050(3) -0.018(2) 0.006(2) 0.010(3) 

Na7 0.0388(14) 0.0251(13) 0.032(2) -0.0004(11) 0.0026(11) 0.0020(11) 

S7 0.0337(12) 0.0322(10) 0.0539(13) -0.0034(9) 0.0157(10) -0.0032(9) 

Na8 0.033(2) 0.062(3) 0.070(2) 0.018(2) 0.00(2) 0.012(2) 

S8 0.0236(11) 0.0520(13) 0.0390(11) -0.0186(10) -0.0022(8) 0.0085(9) 

S9 0.0276(12) 0.0585(14) 0.0365(11) 0.0045(10) 0.0017(9) 0.0085(10) 

Na9 0.039(2) 0.093(3) 0.036(2) 0.003(2) -0.0061(15) -0.026(2) 

Na10 0.035(2) 0.040(2) 0.045(2) 0.0006(15) 0.003(2) 0.005(2) 

Na11 0.027(2) 0.058(2) 0.040(2) -0.0115(15) -0.0123(13) 0.0148(15) 

Na12 0.033(2) 0.125(4) 0.069(2) 0.063(2) -0.002(2) 0.001(2) 

S10 0.0272(10) 0.0257(9) 0.0289(9) -0.0001(7) -0.0013(7) 0.0009(7) 

S11 0.0433(13) 0.0315(10) 0.0313(10) 0.0022(8) -0.0002(9) -0.0068(9) 

Si3 0.0210(10) 0.0280(10) 0.0261(9) -0.0030(8) 0.0008(8) -0.0011(9) 

S12 0.0267(10) 0.0409(10) 0.0273(8) 0.0101(8) 0.0049(7) -0.0030(8) 

Na13 0.0519(8) 0.0342(7) 0.0429(7) 0.001(2) 0.0052(6) 0.008(2) 

Na14 0.0247(7) 0.0494(9) 0.0287(7) 0.000(2) -0.0015(5) -0.002(2) 

S13 0.0248(10) 0.0508(12) 0.0307(9) 0.0101(9) -0.0009(7) 0.0016(9) 

Si4 0.0194(10) 0.0236(9) 0.0168(8) 0.0016(7) 0.0001(7) 0.0010(8) 

S14 0.0388(12) 0.0319(10) 0.0302(10) -0.0038(8) 0.0037(8) 0.0041(8) 

S15 0.0256(10) 0.0310(9) 0.0272(9) -0.0072(7) -0.0016(7) -0.0052(8) 

Na15 0.026(2) 0.074(3) 0.108(4) -0.053(2) -0.007(2) -0.001(2) 
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Na16 0.042(2) 0.049(2) 0.065(2) -0.0140(15) 0.0269(15) -0.0106(13) 

Na17 0.031(3) 0.027(3) 0.029(3) 0.002(2) 0.004(2) 0.014(2) 

S16 0.0368(13) 0.0221(9) 0.079(2) -0.0110(10) -0.0073(11) 0.0018(8) 

Na18 0.105(3) 0.056(2) 0.151(4) 0.057(2) 0.085(3) 0.032(2) 

  

 

Table S10: Interatomic distances in Na8.5(AlS4)0.5(SiS4)1.5. Standard deviations are given in parentheses.  

i: x, -y, z- ; ii: x- , y- , z; iii: x- , -y+ , z- ; iv: x, -y, z+ ; v: x, -y+1, z+ ; vi: x- , -y+ , z+ ; vii: x- , y+ , z; viii: x, -y+1, z- ; ix: x+

, y+ , z; x: x+ , -y+ , z+ ; xi: x+ , -y+ , z- ; xii: x+ , y- , z; 

Atom1     Atom2      distance [Å]          Atom1     Atom2       distance [Å] 

Na1 S1 2.756(4)i  Na10 2.808(4) 

 S2 2.815(4)  Na18 2.818(5)iii 

 S15 2.870(4)ii  Na9 2.954(4)viii 

 S10 2.990(4)iii  Na17 3.203(6)iii 

 S5 3.105(4)i S9 Na14 2.696(5) 

 Si4 3.474(4)iii  Na10 2.775(4) 

 Na4 3.526(5)i  Na9 2.939(5) 

 Na10 3.528(2)ii Na9 S13 2.848(4) 

 Na14 3.557(5)iii  S16 2.862(5)vii 

 Na18 3.559(5)iii  S8 2.954(4)v 

 Na3 3.674(5)i  S12 3.108(4)viii 

 Na6 4.205(6)  Si3 3.498(4)v 

Na2 S12 2.866(4)iii  Na18 3.513(6)vii 

 S6 2.869(4)  Na8 3.590(5)viii 

 S1 2.912(5)  Na13 3.716(5)viii 

 S2 2.929(4)  Na2 3.779(2)ix 

 S13 3.129(5)ii  Na17 4.188(7)vii 

 Na5 3.470(6) Na10 S10 2.866(4)viii 

 Si4 3.483(4)iii  S15 2.984(4) 

 Na3 3.670(6)  Si3 3.482(4) 
 Na13 3.756(6)iii  Na7 3.490(5)viii 

 Na9 3.779(2)ii  Na1 3.528(2)ix 

 Na6 4.121(7)  Na14 3.546(5) 
S1 Si1 2.147(3)  Na8 3.672(5)viii 

 Na14 2.692(5)ii  Na17 4.220(6)iii 

 Na4 2.739(4)i Na11 S14 2.758(4) 

 Na1 2.756(4)iv  S11 2.895(4) 

S2 Si4 2.151(3)iii  S10 3.012(4) 

 Na18 2.811(4)iii  S7 3.165(5)i 

 Na5 2.896(4)  Na16 3.350(2) 
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 Na6 3.208(6)  Si4 3.520(4) 
 Na17 3.259(6)iii  Na13 3.557(5)i 

Na3 S13 2.750(4)ii  Na12 3.570(5) 

 S5 2.922(5) Na12 S11 2.775(4)iv 

 S4 2.975(5)v  S14 2.892(5) 
 S15 3.020(5)vi  S7 2.928(5)i 

 S6 3.192(5)  Na15 3.130(2)iv 

 Na8 3.311(2)  S12 3.307(6) 
 Si1 3.389(5)  Na6 3.378(6)iv 

 Si3 3.439(4)vi  Na13 3.624(7)i 

 Na4 3.527(6)  Na18 3.712(7)ii 

 Na15 3.567(7)vi S10 Si4 2.164(3) 

 Na1 3.674(5)iv  Na14 2.799(5) 

S3 Si2 2.145(3)  Na10 2.866(4)v 

 Na5 2.886(4)  Na1 2.990(4)x 

 Na7 2.994(4) S11 Si3 2.159(3) 
 Na13 3.020(6)iii  Na12 2.775(4)i 

 Na15 3.049(6)vii  Na16 2.790(4) 

 Na17 3.053(6)vii  Na15 2.890(5) 

 Na16 3.060(4)vii  Na13 2.985(4)i 

Na4 S5 2.665(4) Si3 S13 2.158(3)viii 

 S16 2.717(5)vi  S15 2.191(3) 

 S1 2.739(4)iv  Na3 3.439(4)xi 

 S7 2.901(5)  Na9 3.498(4)viii 

 Na6 3.199(7)iv S12 Si4 2.149(3) 

 S15 3.212(5)vi  Na13 2.841(4) 

 Si1 3.370(4)iv  Na2 2.866(4)x 

 Na18 3.485(6)vi  Na9 3.108(4)v 

 Na1 3.526(5)iv Na13 S13 2.864(4)v 

 Na8 3.840(6)  S11 2.985(4)iv 

 Na16 3.851(6)vi  S14 2.998(4)iv 

S4 Si2 2.193(3)  S3 3.020(6)x 

 Na7 2.756(4)viii  Na16 3.471(4)iv 

 Na15 2.802(5)vii  Na11 3.557(5)iv 

 Na8 2.974(5)viii  Na12 3.624(7)iv 

 Na3 2.975(5)viii  Na15 3.700(8)iv 

 Na17 3.040(6)iii  Na9 3.716(5)v 

 Na10 3.095(4)  Na2 3.756(6)x 

Si1 S6 2.143(3) Na14 S1 2.692(5)ix 

 S7 2.146(3)i  S15 2.752(5) 

 S5 2.154(3)  Na1 3.557(5)x 

 Na18 3.185(4)ii  Na16 3.813(4) 

 Na4 3.370(4)i  Na4 3.934(7)xi 
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 Na11 3.418(5) S13 Si3 2.158(3) 

 Na6 3.426(5)  Na3 2.750(4) 

 Na12 3.480(4)  Na13 2.864(4) 

Si2 S9 2.155(3)  Na2 3.129(5) 
 S16 2.167(3)vii  Na15 3.209(6)v 

 Na5 3.264(5) Si4 S2 2.151(3)x 

 Na16 3.325(4)vii  S14 2.176(3) 

 Na8 3.365(5)viii  Na1 3.474(4)x 

 Na7 3.431(4)  Na2 3.483(4)x 

 Na17 3.461(5)vii S14 Na15 2.801(4)iv 

 Na15 3.483(5)vii  Na16 2.835(4) 

Na5 S8 2.814(4)  Na17 2.838(6) 
 S6 2.913(4)  Na13 2.998(4)i 

 Na6 3.196(7) S15 Na1 2.870(4)ix 

 Na7 3.316(4)  Na3 3.020(5)xi 

 S9 3.363(5)  Na16 3.145(4) 
 Na17 3.408(6)iii  Na4 3.212(5)xi 

 Na10 3.586(5) Na15 S14 2.801(4)i 

 Na15 3.991(6)vii  S4 2.802(5)xii 

S5 Na12 2.859(5)  S3 3.049(6)xii 

 Na8 2.961(5)  Na12 3.130(2)i 

 Na6 3.085(6)iv  S13 3.209(6)viii 

 Na1 3.105(4)iv  Na17 3.354(7)i 

 Na18 3.333(5)ii  Si2 3.483(5)xii 

S6 Na7 2.673(4)  Na16 3.513(5) 
 Na11 2.721(4)  Na3 3.567(7)xi 

 Na6 3.095(6)  Na13 3.700(8)i 

Na6 S11 2.859(6)  Na5 3.991(6)xii 

 S7 3.044(6)i Na16 S16 2.705(4) 

 S5 3.085(6)i  S3 3.060(4)xii 

 Na4 3.199(7)i  Na17 3.171(6) 

 Na18 3.238(7)iii  Si2 3.325(4)xii 

 Na11 3.270(6)  Na13 3.471(4)i 

 S8 3.318(6)  Na4 3.851(6)xi 

 Na12 3.378(6)i Na17 S4 3.040(6)x 

Na7 S9 2.674(4)  S3 3.053(6)xii 

 S4 2.756(4)v  S16 3.088(6) 

 S10 3.053(4)  S8 3.203(6)x 

 Na17 3.418(5)vii  S2 3.259(6)x 

 Na10 3.490(5)v  Na18 3.315(7) 

 Na8 3.518(5)  Na15 3.354(7)iv 

 Na11 3.599(5)  Na5 3.408(6)x 

 Na14 3.793(6)  Na7 3.418(5)xii 
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S7 Si1 2.146(3)iv  Si2 3.461(5)xii 

 Na18 2.828(4)vi S16 Si2 2.167(3)xii 

 Na12 2.928(5)iv  Na4 2.717(5)xi 

 Na13 2.997(6)  Na9 2.862(5)xii 

 Na6 3.044(6)iv  Na18 3.058(6) 

 Na11 3.165(5)  Na8 3.187(5)xi 

Na8 S12 2.730(4) Na18 S2 2.811(4)x 

 S4 2.974(5)v  S8 2.818(5)x 

 S10 3.032(4)  S7 2.828(4)xi 

 S16 3.187(5)vi  Si1 3.185(4)ix 

 Si2 3.365(5)v  Na6 3.238(7)x 

 Si4 3.429(4)  S5 3.333(5)ix 

 Na9 3.590(5)v  Na4 3.485(6)xi 

 Na10 3.672(5)v  Na9 3.513(6)xii 

 Na12 3.694(7)  Na1 3.559(5)x 

S8 Si3 2.155(3)  Na12 3.712(7)ix 
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Figure S1: Sodium ion coordination in Na8.5(AlS4)0.5(SiS4)1.5. Na–S-distances are given in S Sodium atoms are depicted in orange, 
sulfur atoms in yellow. Ellipsoids are drawn at 80% probability. 
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Thermal analysis 

Due to the occurrence of crystalline side phases in Na5AlS4 samples, the synthesis conditions had to 

be optimized. Therefore, DSC measurements were done for the pseudo-binary border phases Na4SiS4 

and Na5AlS4. Both compounds were synthesized in small (6 mm diameter) sealed carbon coated quartz 

ampoules at 600 °C suited for DSC measurements and annealed for 3 h. The subsequent DSC 

measurements are depicted in figure S2. Both compounds show broad endothermic signals during 

heating at 608 °C (Na4SiS4) and 722 °C (Na5AlS4), respectively, which are attributed to a complicated 

multi-step melting process of the materials. In the case of Na5AlS4, this is presumed to be a 

decomposition reaction which also takes place at lower temperatures, albeit at a slower rate, since 

samples synthesized at 650 °C and above showing increasing amounts of an unknown crystalline side 

phase. This decomposition behaviour, at least to crystalline side phases, was not observed for Na4SiS4. 

However, the maximum synthesis temperatures were chosen to be below the onset of melting of 

Na4SiS4 at 600 C, which was suitable for all products. 

 

Figure S2: DSC measurement of Na4SiS4 and Na5AlS4; green and blue lines represent the heating and cooling ramps of Na4SiS4, 
respectively, measured at 5 Kmin−1, black and red lines represent the heating and cooling ramps of Na5AlS4, respectively, 
measured at 2 Kmin−1. 

In addition, we were interested why the only sample showing big single crystals (d ≈ 200 µm) was with 

x = 75% for Na5−xAl1−xSixS4. Therefore, the synthesis conditions were mimicked by heating the 

precursors to 600 °C for 3 h directly in the DSC machine and measuring the thermal signals during 

subsequent cooling. The DSC curve (cf. Fig. S3) shows two distinct exothermic signals at 542 °C and 

299 C. The first signal probably corresponds to the crystallization of Na8.5(AlS4)0.5(SiS4)1.5 from the melt 

and the latter is in good accordance with the melting point of sodium tetrasulfide (Na2S4, m.p.=300 
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C).4 The signal’s broad nature also suggests the presence of sodium polysulfides with higher chain 

lengths. This polysulfide melt could be beneficial for crystal growth by acting as a solvent for the 

targeted phase Na8.5(AlS4)0.5(SiS4)1.5. Since there are no indications of crystalline polysulfides in the 

PXRD or isolated sodium and sulfur rich areas in SEM/EDX measurements, we suppose that the 

polysulfide melt forms from unreacted Na2S and excess S during the reaction and gets gradually 

consumed with progressing reaction time. 

 

Figure S3: DSC measurement of Na5−xAl1−xSixS4, x = 75%; the measurement corresponds to the cooling of the sample at a rate 
of 5 Kmin−1 after annealing it at 600 °C for 3 h. 

Electron microscopy 

Since the Al/Si occupancy for the single crystal data of Na8.5Al0.5Si1.5S8 (x = 0.75) could not be refined 

because of the similar atomic form factors of the two elements, EDX spectroscopy was used to 

determine the composition. Table S11 shows the normalized results, averages, the respective 

standard deviations for O, Na, Al, Si and S, as well as SEM micrographs depicting the positions on the 

sample. From the SEM micrographs and the values for oxygen it is evident that the sample was 

partially hydrolyzed on the surface by being in contact with air although exposure time was less than 

30 s. While the values for Na and S are systematically too low and show a large spread supposedly 

due to hydrolysis and the strongly hygroscopic behavior of the sample, Al/Si ratios are within a small 

error margin and show a slightly lower Al/Si ratio as expected from the weighted precursors, which is 

in good accordance with the data obtained from SCXRD. 

 

 

150 200 250 300 350 400 450 500 550 
Temperature /°C 

Onset: 541.8 °C 

Onset: 299.1 °C 

 exo 

Na 8.5 ( AlS 4 ) 0.5 ( SiS 4 ) 1.5 



4.5.1 Supporting Information: Finding the right blend: Interplay between structure and 
sodium ion conductivity in the system Na5AlS4–Na4SiS4 

237 

 

237 
 

 

Table S11: Results of EDX measurements for Na8.5Al0.5Si1.5S8 (x = 0.75) in atom% normalized to the sum of Al and Si being 4. 
SEM micrographs depict the positions on the sample. 

Position O Na Al Si S 

SHA089 1 4.693 15.884 0.998 3.002 11.717 

SHA089 2 8.492 12.860 1.076 2.924 11.379 

SHA089 3 10.782 12.075 0.722 3.278 17.440 

SHA089 4 8.844 15.756 0.928 3.072 15.796 

SHA089 5 7.596 13.464 1.022 2.978 12.397 

SHA089 6 12.085 14.975 0.730 3.270 18.945 

SHA089 7 7.760 12.525 1.070 2.930 10.467 

SHA089 8 6.326 14.372 0.915 3.085 10.921 

SHA089 9 18.805 14.123 0.832 3.168 11.439 

SHA089 10 8.225 13.775 0.857 3.143 12.760 

SHA089 11 5.089 14.522 0.881 3.119 11.512 

SHA089 12 7.019 13.404 0.985 3.015 11.388 

SHA089 13 6.663 10.975 1.025 2.975 10.186 

SHA089 14 6.982 11.258 0.974 3.026 9.481 

SHA089 15 8.892 12.715 1.012 2.988 12.023 

SHA089 16 2.589 15.593 0.902 3.098 11.485 

average 8 14 0.9 3.1 12 

std. deviation 4 2 0.1 0.1 3 
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BVEL calculations 

Description of BVEL calculations 

In this section, we describe the general procedure of calculating bond valence sums and bond valence 

energy landscapes using the program 3Dbvsmapper. We also discuss the limitations of this method. 

In practice, the program 3DBVSMAPPER executes the following procedure: 

[1] Removal of all atoms of low occupancy (SOF < 0.05). 

[2] Removal of the tested ion (here Na+). 

[3] Creation of equal size voxel points across the unit cell (here: 0.2 Å). 

[4] Calculation of the BVEL at each point in real space. 

[5] Analysis of the volumetric data: calculation of the global minimum energy Emin
global, the minimum 

energy within the infinitely connected pathway Emin
path and the energy Emig

path, at which an 

infinitely connected pathway is formed. (vi) Generation of a periodic grid file (*.grd). 

The output file of *.grd extension can be used as a volumetric data input for VESTA.5 Although the BV 

approach used in this work provides quite accurate insights into ion migration pathways in possible 

crystalline solid ion conductors, some factors are not considered in this method. In DFT and molecular 

dynamics calculations the relaxation of the anionic lattice during ion migration through a bottleneck 

is usually considered. This relaxation, however, is lowering the potential energy of the transition sate 

and therefore lowering Emig, compared to the energy of the transition state calculated by the BV 

approach. Additionally, coulombic repulsion of Na+–Na+ is not included in this model, since all tested 

ions are removed from the structure before calculation. This can lead to underestimating the energy 

at real space points of higher test ion probability (e.g. along the conduction pathway), since the BV 

calculated energy landscape mimics a migration network for one test ion per unit cell. This is less 

important for materials with low concentrations of the migrating ion but plays a more crucial role in 

materials with high mobile ion concentrations. Pathways might be clogged by repulsion of ions with 

the same charge, may they be of the same or different kind, thus increasing Emig. Additionally, the BV 

method is restricted to mostly ionic compounds, excluding compounds with a more covalent bonding 

character and metals. Despite these methodological drawbacks, calculated bond valence energy 

landscapes provide fast and computationally cheap access for investigating ion migration pathways in 

crystalline (ionic) solids. 

 

BVEL calculations of Na5AlS4 
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Figure S4: Crystal structure of Na5AlS4 with Na atoms drawn in red (migrating ions) and orange (isolated ions), Al atoms 
drawn in blue and sulfur atoms depicted in yellow. Bond valence energy landscape at different isoenergy values are drawn 
in grey. 

BVEL calculations of Na4SiS4 

 

 

Figure S5: Crystal structure of Na4SiS4 with Na atoms drawn in red, Si atoms drawn in blue and sulfur depicted in yellow. Bond 
valence energy landscape at different isoenergy values are drawn in grey. 

 

BVEL calculations of Na9(AlS4)(SiS4) 

 



4.5.1 Supporting Information: Finding the right blend: Interplay between structure and 
sodium ion conductivity in the system Na5AlS4–Na4SiS4 

240 

 

240 
 

 

Figure S6: Crystal structure of Na9(AlS4)(SiS4) with Na atoms drawn in red (migrating ions) and orange (isolated ions). Bond 
valence energy landscape at different isoenergy values are drawn in grey. 
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Electrochemical characterization 

Galvanostatic polarization measurements 

A transference number tion of 0.9998 of an representative sample (Na5-xAl1-xSixS4 with x = 0.05) was 

determined by direct current galvanostatic polarization measurements using blocking-electrodes 

(stain less steel). The material is thus a mainly ionic conductor.6,7 

 

Figure S7: Galvanostatic polarization measurement of Na5−xAl1−xSixS4 with x = 0.05 with a current of 0.5 nA shows an 
electronic conductivity of 6x10−11S cm−1 and a transference number of 0.9998. The material is clearly a mainly ionic 
conducting material. 
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Electrochemical impedance spectroscopy 

Table S12: Ionic conductivities calculated from R1 and RTot (=R1+R2) and the respective capacitances of representative 
measurements shown in Figure S8 at 25 °C of Na5-xAl1-xSixS4 with (0 ≤ x ≤ 1). The electrode area was 0.20 cm2 and the thickness 
of the pellets in the range of 0.35-0.75 mm. 

x σR1 σRTot Ceff1 CPE1 α1 Ceff2 CPE2 α2 

 / Scm−1 / Scm−1 / F   / F   

0.00 4.27E-7 1.52E-7 2.26E-10 3.11E-10 0.96 1.75E-8 8.46E-8 0.59 

0.025 3.72E-7 2.18E-7 1.86E-10 3.15E-10 0.94 2.35E-8 1.54E-7 0.59 

0.05 6.41E-7 2.86E-7 1.96E-10 2.77E-10 0.96 2.02E-8 1.63E-7 0.50 

0.10 4.81E-7 1.27E-7 2.19E-10 5.55E-10 0.90 3.44E-7 6.29E-7 0.42 

0.25 1.82E-6 5.47E-7 2.22E-10 - - 2.48E-8 8.48E-8 0.76 

0.50 5.19E-6 2.76E-6 2.06E-10 - - 5.11E-8 4.53E-7 0.63 

0.625 7.14E-6 - 2.41E-10 3.63E-10 0.97 - - - 

0.75 2.78E-5 - 1.86E-10 - - - - - 

0.90 2.31E-6 1.46E-6 2.00E-10 - - 4.56E-8 1.53E-7 0.78 

0.95 5.83E-6 7.64E-7 2.75E-10 - - 2.81E-8 1.59E-7 0.67 

1.00 2.85E-7 - 1.58E-10 - - - - - 

 
Table S13: Pellet density of Na5-xAl1-xSixS4 with (0 ≤ x ≤ 1) samples shown in Figure S8 and their activation energies with prefactor 
σ0 averaged over several temperature cycles. 

x pellet Ea(R1) standard σ0 / KScm−1 standard 

 density / eV deviation (Ea)  deviation (σ0) 

0.00 0.87 0.35 0.01 118 39 

0.025 0.81 0.36 0.02 154 99 

0.05 0.91 0.37 0.01 288 74 

0.10 0.86 0.35 0.01 116 26 

0.25 0.80 0.37 0.003 1059 154 

0.50 0.87 0.35 0.01 1106 278 

0.625 0.87 0.36 0.01 2954 681 

0.75 0.88 0.31 0.001 1684 59 

0.90 0.88 0.34 0.01 394 86 

0.95 0.80 0.40 0.01 4389 1603 

1.00 0.76 0.36 0.01 78 24 
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Figure S8: For each member of the series Na5-xAl1-xSixS4 with (0 ≤ x ≤ 1) a representative impedance spectrum with fit and 
equivalent circuit model at 25 °C is given. The according values for conductivity, capacitance, activation energy and the prefactor 
are given in TableS12 and TableS13. For x=0.625, 0.75 and 1.00 the inclusion of a low frequency semicircle into the model leads 
to overfitting. Thus, the best fitting model consists only of one RC- or RCPE-element in series to a CPE. 
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Table S14: Ionic conductivity data calculated from RTot and averaged over all samples measured for each member of the series 
Na5-xAl1-xSixS4 with (0 ≤ x ≤ 1) at 25 °C. The activation energies σ(RTot) were averaged over all samples and several temperature 
cycles for each sample. The electrode area was 0.20 cm2 and the thickness of the pellet in the range of 0.35-0.75 mm.

 

     x σRTot / Scm−1 Standard deviation and error Ea(R2) / eV Standard deviation 

0.00 1.68E-07 1.91E-08 0.38 0.09 

0.025 2.01E-07 1.35E-08 0.50 0.04 

0.05 2.63E-07 3.35E-08 0.42 0.04 

0.10 1.31E-07 3.22E-08 0.46 0.04 

0.25 7.49E-07 5.04E-07 0.39 0.04 

0.50 1.81E-06 3.63E-07 0.37 0.08 

0.625 - - - - 

0.75 - - - - 

0.90 8.93E-07 3.34E-07 0.36 0.04 

0.95 5.46E-07 8.57E-08 0.63 0.03 

1.00 - - - - 

 
Table S15: Ionic conductivity data calculated from R1 and averaged over all samples measured for each member of the series 
Na5-xAl1-xSixS4 with (0 ≤ x ≤ 1) at 25 °C. The activation energies σ(R1) were averaged over all samples and several temperature 
cycles for each sample. The electrode area was 0.20 cm2 and the thickness of the pellet in the range of 0.35-0.75 mm. 

x σR1 / Scm−1 Standard deviation and error Ea / eV Standard deviation 

0.00 3.20E-07 3.12E-08 0.35 0.01 

0.025 3.07E-07 3.65E-08 0.39 0.02 

0.05 6.42E-07 8.99E-08 0.37 0.02 

0.10 1.29E-06 8.20E-08 0.37 0.01 

0.25 2.06E-06 1.38E-07 0.38 0.01 

0.50 7.04E-06 4.23E-07 0.36 0.01 

0.625 6.44E-06 2.69E-07 0.33 0.02 

0.75 2.04E-05 1.32E-06 0.31 0.01 

0.90 1.89E-06 2.04E-07 0.33 0.01 

0.95 4.49E-06 1.16E-06 0.37 0.01 

1.00 1.64E-07 4.64E-08 0.38 0.01 
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Figure S9: Ionic conductivities calculated exclusively from the resistance of the high frequency semicircle (R1) excluding resistive 
processes occurring for some member of in Na5-xAl1-xSixS4 with (0 ≤ x ≤ 1). The error bars denote the error and the standard 
deviation of the values. 

Activation Energies 

 

Figure S10: The measured activation energies range from 0.30-0.38 eV for the whole substitution range of Na5-xAl1-xSixS4 with (0 
≤ x ≤ 1). The lowest activation energy can be found in the double salt at x=0.75. The error bars denote the error and the standard 
deviation of the values. 
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Li7SiPS8 after solvent treatment 

A.-K. Hatz, R. Calaminus, J. Feijoo, F. Treber, J. Blahusch, T. Lenz, M. Reichel, K. Karaghiosoff, N. M. 
Vargas-Barbosa, B. V. Lotsch  

Abstract  

To scale up production of solid-state batteries, new 

routes for processing air sensitive thiophosphate 

based solid electrolytes need to be developed. To 

set a basis for this, we investigate the chemical 

stability and ionic conductivity of the LGPS-type 

lithium-ion conductor tetra-Li7SiPS8 (LiSiPS) 

processed with various organic solvents. We 

elucidate the nature of colorful polysulfides that 

arise during solvent treatment and trace back their 

origin to the dissolution of the Li3PS4-type 

amorphous side phase typically present in LiSiPS. 

We find that water and alcohols decompose LiSiPS 

by nucleophilic attack into oxygen-substituted thiophosphates and thioethers and propose a 

reaction mechanism for the latter. Moreover, we confirm that quaternary thiophosphates can be 

recrystallized from MeOH solutions upon subsequent high temperature treatment. Aprotic 

solvents with donor numbers smaller than 15 kcalmol-1 are suitable for wet processing quaternary 

thiophosphates because both the crystal structure of the electrolyte and a high ionic 

conductivity > 1 mScm-1 are retained. Using anisole as a case study, we clarify that residual water 

content up to 800 ppm does not lead to a significant deterioration in the ionic conductivity when 

compared to dry solvents (≤ 5 ppm). Additionally, we observe a decrease in ionic conductivity with 

increasing amount of solvent residue, which depends not only on the donor number of the solvent, 

but also on the vapor pressure and interactions between the solvent molecules and thiophosphate 

groups in the solid electrolyte. Thus, optimization of solvent processing methods of thiophosphate 

electrolytes is a multifaceted challenge. This work provides transferable insights regarding the 

stability of LiSiPS against organic solvents that may enable competitive and large-scale 

thiophosphate-based solid electrolyte processing. 

Introduction 

Over the last decade, thiophosphate-based lithium solid electrolytes have garnered significant 

attention due to their high room temperature ionic conductivities (>1 mScm-1), which often 

surpass those of commercial liquid, polymer and oxide-based solid electrolytes.1-5 For the large-

scale preparation of solid-state batteries (SSBs) using thiophosphate-based solid electrolytes (SEs), 

wet chemical processes like tape casting (slurry coating) and electrode infiltration are very 

promising as they could enable cheap and effective roll-to-roll production of SSBs.6-8 Thus, easy 

processability of the SEs, as well as scalability of each production step are necessary prerequisites 

for commercial applications.9 Since thiophosphate SEs are often unstable against polar solvents,10, 

11 it is necessary to study the behavior of a specific SE in a variety of solvents to find the most 
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suitable processing solvent. Such systematic studies help us better understand SE-solvent 

interactions as well as identify compatible polymer binders. With regards to binder selection, it is 

also important to determine the range of applicable solvents.10  

Only a handful of reports on the compatibility of thiophosphate-based SEs with organic solvents 

are available: mainly amorphous xLi2S-(100-x)P2S5, Li3PS4, Li7P3S11 and Li6PS5Cl have been studied. 

Lee et al. proposed that the polarity of the solvent is the most critical parameter.10 They found 

that N-methyl-2-pyrrolidone (NMP), the most polar solvent studied in that report, turned blue 

upon contact with the 75Li2S-25P2S5 glassy ceramic, concluding that the SE degraded. Conversely, 

samples treated with the significantly less polar solvents heptane, toluene and p-xylene retained 

their structure as indicated by their unchanged powder X-ray diffraction (PXRD) patterns. 

Exposure to the slightly polar tetrahydrofuran (THF), however, lead to a yellow coloring of the 

solution and an altered diffractogram, presumably due to the formation of a THF complex.9 

Yamamoto et al., on the other hand, ordered the effect of solvents on glassy 75Li2S-25P2S5 

according to the donor number (DN).12 The DN reflects the risk of the SE being decomposed by 

nucleophilic attack from the solvent. In that study, samples exposed to solvents with a DN below 

14 kcalmol-1, such as decane, anisole and toluene, maintained roughly the same ionic conductivity 

compared to the untreated material. Conversely, the conductivity of samples subjected to 

solvents with higher DNs drastically decreased. In the case of Li7P3S11, Tan et al. identified a 

qualitative trend between the solvent polarity and even more clearly between the solvent 

dielectric constant and its degradative effect on Li7P3S11, which was only stable in toluene and p-

xylene.13 As the polarity or the dielectric constant of the solvent increases, the degradation of the 

SE increased and the ionic conductivity decreased. Supported by DFT calculations, the authors 

attribute this behavior to the solvation free energies of P2S7
4− becoming more favorable as the 

dielectric constant of solvent increases. This means that P2S7
4− more likely dissolves in polar 

solvents with high dielectric constants. In addition, reaction energies for the formation of P2S6
4− 

and S2− from Li7P3S11 become more favorable with increasing dielectric constant of the solvent. For 

Li6PS5Cl, Ruhl et al. showed a minor influence on the performance of solid-state battery half-cells 

upon treatment with acetonitrile (ACN), but a large increase in cell resistance after treatment with 

toluene and THF.14 Jung et al. demonstrated that an oxysulfide coating on SE particles results on 

an increased stability and retention of high ionic conductivity in SEs processed in solvents such as 

toluene, acetonitrile, toluene and ethyl acetate.15 

As representative of quaternary thiophosphate-based SEs, the thio-LiSiCON Li3.25Ge0.25P0.75S4 and 

the prominent superionic conductor Li10GeP2S12 (LGPS) were subject to treatment with solvents 

such as hydrazine, heptane, toluene, triglyme, THF, 1,2-dimethoxyethane (DME) and methanol 

(MeOH).16-21 Li3.25Ge0.25P0.75S4 can be synthesized from hydrazine and is stable in heptane.21-23 LGPS 

turned out to be stable in toluene, THF, and DME with only a small decrease in conductivity. It 

reacts with triglyme forming a colorful solution, but this can be prevented by adding lithium salts 

forming a solvate ionic liquid.20 In MeOH, LGPS decomposes and forms an amorphous product. 

However, after a high temperature heat treatment, LGPS recrystallized with only minor impurities 

and acceptable ionic conductivity.19  

Understanding the behavior of thiophosphate based SEs in solvents also supports the search for 

solvent-based synthesis routes.9, 24 Several materials such as 50Li2S∙50P2S5,25 Li3PS4,26-32 Li7P3S11,33-

35 Li7P2S8I,36 Li4PS4I37 and argyrodites32, 38-40 were synthesized in solvents such as ethanol (EtOH), 
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THF, DME and ACN, among others. However, suitable solvent-based synthesis routes for 

quaternary LGPS-type materials have yet to be developed. The above-mentioned hydrazine-based 

route is not suitable for upscaling due to its high toxicity and being on the candidate list of 

substances of very high concern for authorization in the European Union.41 Notably, the 

dissolution of several thiophosphate species (LGPS, Li6PS5Cl) in alcohols was observed and 

exploited for synthesis, but the underlying mechanism is not understood and the mainly 

amorphous reaction products have not been characterized so far.14, 19, 39, 40  

Here, we report a systematic study regarding the compatibility of tetra-L7SiPS8 (LiSiPS) with a 

broad variety of solvents. LiSiPS is part of the widely known LGPS-type family, more specifically of 

the silicon-substituted compounds.1-3, 42-44 The substitution of Ge with Si significantly reduces the 

costs, thus silicon-substituted LGPS materials are promising candidates for large-scale production. 

A prominent member of this class is Li9.54Si1.74P1.44S11.7Cl0.3, which is one of the fastest LGPS-type 

ionic conductors known to date with 25 mScm-1 at room-temperature.3 The room temperature 

ionic conductivity of LiSiPS is above 2 mScm-1, thus sufficiently high for applications in a SSB. 

Moreover, the material is very ductile, facilitating mechanical contact between battery 

components. LiSiPS crystallizes at 500 °C, but the product usually contains an amorphous side 

phase with a proposed stoichiometry of “Li3.2Si0.2P0.8S4” making LiSiPS a glassy ceramic. This 

amorphous phase limits the overall conductivity of LiSiPS.1  

To test the chemical stability of LGPS-type LiSiPS, we subjected it to 16 solvents with properties 

ranging from protic polar to aprotic nonpolar. LiSiPS (10 wt%) was dispersed for 48 h in the 

respective solvent (90 wt%) under Schlenk line conditions. Subsequently, the solvent was 

evaporated under vacuum (1x10-3 mbar). First, we show the decomposition products of LiSiPS in 

water and propose a decomposition mechanism for LiSiPS in alcohols. Moreover, we confirm that 

quaternary thiophosphates can be recrystallized from MeOH solutions following heat treatment 

at temperatures greater than 500 °C. Second, after comparing structural integrity of the products 

via PXRD and solid-state nuclear magnetic resonance spectroscopy (ssNMR) and determining the 

ionic conductivity via electrochemical impedance spectroscopy (EIS), we find that LiSiPS is mostly 

stable in aprotic solvents. Only the amorphous side phase, rather than LiSiPS, reacts with solvents 

forming colorful polysulfide species as characterized by UV/Vis-spectroscopy and electron 

paramagnetic resonance spectroscopy (EPR). Using the example of anisole, we clarify that residual 

water in the solvents up to 800 ppm does not significantly deteriorate the ionic conductivity and 

find that the ionic conductivity of the processed SE decreases with increasing donor number of 

the solvent as well as residual solvent accumulated in the product as validated by 

thermogravimetric analysis (TGA). Physical properties such as polarity, viscosity and dielectric 

constant do not seem to play a significant role. Our findings should be transferable to similar SE 

systems, contributing to the development of large-scale processing methods for solid-state 

battery components in the future.  

Experimental 

Synthesis of tetra-Li7SiPS8 and solvent treatment 

tetra-Li7SiPS8 (LiSiPS) was synthesized from stoichiometric amounts of Li2S (SIGMA ALDRICH, 99.9 %), 

Si (ALFA AESAR, 99.999 %), red phosphorus (P, MERCK, 99 %) and Sulphur (S, GRÜSSING, 99 %, 

sublimed in vacuo) with an excess of 5 wt% of S to ensure complete oxidation. The starting 

materials were mixed and heated at 525 °C for 100 h (ramp 50°C/h) in glassy carbon crucibles, 
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which were sealed in quartz ampoules under vacuum (1x10-3 mbar). The as-obtained LiSiPS (PXRD 

in SI Figure 9, 31P MAS NMR in Figure 5b, was treated with organic solvents by mixing 10 wt% of 

LiSiPS with 90 wt% of the respective solvent under Schlenk conditions. The quality, origin and 

residual water content (determined by coulumetric Karl Fischer titration) of the organic solvents 

are listed in SI Table 1. Unless otherwise noted, the solvents were used as purchased without 

drying or further purification to ensure close proximity to industrial applications. The mixture was 

stirred for 48 h. Subsequently, the solvent was evaporated under vacuum (1x10-3 mbar). Samples 

treated with alcohols, water and NMP were further treated by heating up to 100 °C under vacuum 

for complete removal of the solvents. Post solvent treatment, dry fine powders were obtained. In 

the case of cyclohexane, toluene, anisole, ACN, dimethyl carbonate (DMC), THF, and the alcohols 

the powders were colorless. In the case of propionitrile (PCN), propylene carbonate (PC) and 

pyridine the powders turned yellow. Finally, upon treatment with trimethylamine (TEA) and NMP 

the powders turned orange and dark green, respectively.  

Electrochemical Impedance Spectroscopy 

The ionic conductivity of LiSiPS before and after solvent treatment was determined by EIS. By 

uniaxial cold pressing (10 kN), the samples were compacted to pellets of about 0.5-1.0 mm 

thickness with a diameter of 5 mm. The relative densities of the pellets corrected by the weight 

fraction and density of the respective solvent are given in SI Table 1 and were in the range of 

86 ± 5 %. The pellets were sputtered with ruthenium as ion-blocking electrodes on both sides. 

Impedance spectra (1 MHz–1 Hz, rms AC voltage of 50 mV) of triplicates of every sample were 

measured during heating and cooling between 25 and -20 °C with 5 °C steps and 1 h of 

equilibration time inside a glovebox under argon atmosphere. The samples treated with alcohols 

were measured between 25 and 75 °C. For EIS an IVIUM compactstat.h (24 bit instrument) in a two-

electrode setup using a RHD INSTRUMENTS Microcell HC cell stand loaded with RHD INSTRUMENTS TSC 

Battery cells was used. The analysis of the spectra was carried out with RelaxIS3 from RHD 

INSTRUMENTS.  

UV/Vis Spectroscopy 

The absorption properties of suspensions with the same concentration as for the solvent 

treatment study (10 wt% LiSiPS) with a total amount of solvent of 0.2-0.3 mL were measured in a 

quartz cell within an integrating sphere with an AGILENT CARY 5000 UV-Vis spectrophotometer. 

LiSiPS was filled into the sealed quartz cell inside the glovebox and the solvent added under inert 

gas atmosphere.  

Thermogravimetric Analysis 

For TGA, the samples were filled into corundum crucibles under argon inside a glovebox. 

Measurements were carried out using a NETZSCH, STA 449 F5 Jupiter with an Argon flow of 

20 mL/min in a temperature range between 20 °C and 200 °C and a heating rate of 10 K/min with 

a subsequent holding period of 60 min at 200 °C. Data handling was performed with the NETZSCH 

Proteus software package. 

Karl-Fischer-Titration of water in solvent 

The amount of water in the solvents was measured by coulometric Karl Fischer titration with a 

899 Coulometer from METROHM. Prior to the measurements, a standard with 1000 ppm water was 
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tested. Prior to titration of triethylamine (TEA) and pyridine, an excess of dry benzoic acid was 

added to neutralize the bases and keep the pH value in the appropriate range.  

MAS Solid State NMR and solution NMR 

Solid-state NMR spectra were measured on a BRUKER Avance III 500 instrument at a magnetic field 

of B0 = 11.74 T. Magic-angle spinning (MAS) experiments were performed in zirconia spinners at 

a spinning speed of 10 kHz using a BRUKER 4 mm triple-channel probe. The 1H spectra were 

referenced directly and the 31P, 6Li spectra indirectly to 1H in 0.1% trimethylsilane (TMS) at 

0.00 ppm. Solution NMR spectra (31P{1H } and 1H NMR referenced to 85% H3PO4 and TMS 

respectively) were recorded at 298 K in the respective solvent on a JEOL 400 MHZ device. 

Powder X-ray Diffraction 

PXRD measurements were carried out on a STOE Stadi P diffractometer with Mo-Kα1 irradiation, a 

Ge(111) monochromator in Debye-Scherer geometry. Samples were mixed with a silicon standard 

and sealed in glass capillaries with a diameter of 0.5 mm under argon. 

Electron Paramagnetic Resonance 

The EPR measurement was conducted on a BRUKER EMX Nano. For that, a small amount of the 

dispersion was sealed in a glass capillary under argon. 

Scanning Electron Microscopy 

The morphology of the samples was imaged using a JEOL JSM 6500 F scanning electron microscope 

(SEM; field emission gun, acceleration voltage 2 kV). 
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Results 

Behavior of LiSiPS against protic solvents  

The interaction of thiophosphates with protic solvents such as alcohols plays a key role for the 

synthesis of thiophosphate-based SEs. So far, most reports focus on the lithium argyrodites and 

only one report discusses the dissolution of LGPS in MeOH and recrystallization by high 

temperature treatment (550 °C for 8 h).8, 9, 19, 38, 39 A thorough understanding of the decomposition 

and/or dissolution process of thiophosphate SEs is critical to elucidate their solvent stability and 

help to develop electrode infiltration methods for LGPS-type materials. Here, we report, for the 

first time, the decomposition mechanism of the ortho-thiophosphate LiSiPS in alcohols as 

monitored by NMR spectroscopy. LiSiPS readily dissolves in the protic solvents MeOH and EtOH, 

whereas in iPrOH, it rather forms a suspension as visible in Figure 1c. After removal of the alcohols, 

the PXRDs in SI Figure 1 suggest the decomposition and complete loss of crystallinity for LiSiPS. 

The product is amorphous and only weak and broad reflections stemming from Li2S and other 

unknown phases are present, both of which are not observed in the pristine LiSiPS sample (cf. SI 

Figure 9). The ionic conductivity of the decomposed LiSiPS products is very low (10-10-10-6 Scm-1) 

and the activation energies are high (0.35-0.55 eV) as shown in Figure 1c.  

We propose a decomposition/dissolution mechanism that proceeds via a nucleophilic attack of 

methanol on the PS4
3- anion in LiSiPS, as illustrated in Figure 1b. After an initial protonation step, 

the methoxy group attacks the phosphorus and HS- is released.45 Subsequently, it is likely that a 

thiono-thiolo rearrangement occurs and the methyl group is transferred to a sulfide.46, 47 The 
31P{1H} liquid NMR spectrum of LiSiPS in MeOH-D4 in Figure 1a shows the splitting of the 

phosphorus signal into a septet at ca. 129.0 ppm caused by the coupling of phosphorus with three 

chemically equivalent deuterium nuclei of the methyl group. The small coupling constant of 2.4 Hz 

indicates a coupling over a bridging sulfur atom.48, 49 The reaction proceeds with a second solvent 

molecule that attacks another P–S bond and leads to further substitution of sulfur with oxygen as 

is supported by the observed signal at 92 ppm in Figure 1a. The necessary release of a thio-organyl 

group could explain the strong foul smell of the solutions. A higher degree of substitution of sulfur 

with oxygen atoms would shift the 31P{1H} signal towards even lower frequencies. After solvent 

removal, the chemical shift of the signals in the solid-state 31P MAS NMR spectrum in SI Figure 2 

is very similar to the signals found in the liquid NMR spectrum discussed above, showing that no 

further reactions take place upon drying. The 13C and 1H MAS NMR in SI Figure 2 confirm the 

retention of organic components, the chemical shifts of which are very similar to those of the 

initial alcohols in the sample. The high intensity of the signal at 92 ppm in the 31P MAS NMR 

spectrum of the MeOH treated samples suggests that the di-substituted species is the main 

product after drying. In the sample treated with iPrOH, the weak signal at 92 ppm suggests that 

only one substitution of sulfur by oxygen takes place, which is reasonable because iPrOH is more 

sterically hindered than the other linear alcohols studied here. 
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Figure 1 a) 31P{1H} liquid NMR spectrum of LiSiPS dissolved in MeOH-D4 showing the coupling of D with P, thus indicating 
a nucleophilic attack of the solvent on the PS4

3- anion and subsequent rearrangement of the organic moiety. b) Proposed 
reaction mechanism of decomposition of LiSiPS in MeOH leading to the formation of an oxygen substituted thioether. c) 
Ionic conductivity and activation energy of LiSiPS treated with alcohols in the order of DN. 

We also considered a nucleophilic attack by water molecules, a common contaminant in alcohol 

solvents. However, substitution of sulfur by oxygen (without methyl-group bonded either to 

oxygen or sulfur) would neither lead to the observed coupling of deuterium with phosphorus in 

the liquid NMR nor to the large shift to higher frequencies observed in the MAS NMR. Moreover, 

the typical decomposition products of LiSiPS after exposure to water (vide infra) - PS3O3-, PS2O2
3-, 

PSO3
3- and PO4

3- species with chemical shifts of 82-87, 68, 37 and 3 ppm in the 31P MAS NMR, 

respectively - are absent. The substitution of sulfur with oxygen following the proposed 

mechanism in Figure 1b is consistent with previous reports on the synthesis of thiophosphate 

argyrodites in EtOH where the presence of anionic POxSy species decrease the ionic conductivity.39  

A previous report shows that it is possible to recrystallize LGPS after MeOH treatment (2 wt% of 

LGPS in MeOH) via heat treatment at 550 °C for 8 h under vacuum. The obtained LGPS exhibited 

only a small amount of impurities (γ-Li3PO4 and Li4GeS4) and an ionic conductivity above 1 mScm-

1.19 We applied a similar approach to test whether such a recrystallization was possible for the 

MeOH-treated LiSiPS material. To this end, the MeOH-exposed sample was treated at the original 

synthesis conditions at 525 °C for 100 h in a quartz ampule in vacuo. Under these conditions, only 

the orthorhombic phase of LiSiPS (ortho-LiSiPS, 57 %) was recovered (albeit with a slight 

enrichment in Si content), with large amounts of γ-Li3PO4 (36 %) and Li2S (7 %) impurities (cf. SI 

Figure 1b, values obtained by Rietveld refinement).  

To better understand the degradation of LiSiPS in protic solvents, we also monitored the 

degradation products of the title compound upon treatment with degassed deionized water. 

LiSiPS dissolves in water and the solution shows a weak green color as visible in the inset in Figure 

2a. After drying, the white solid product is mostly amorphous, with a small fraction of unknown 

crystalline phases, some of which can be reasonably matched to LiOH from the PXRD in Figure 2a. 

The solid state 31P MAS NMR in Figure 2b reveals that the main species of the phosphorus-

containing decomposition products are di- and tri-oxo-substituted thiophosphates, i.e. PO2S2
3- and 
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PO3S3-, at 68 and 37 ppm, respectively. These results agree with previous reports by Hayashi et 

al.50 for a series of conductive oxysulfide glasses (Li2S-SiS2-Li3PO4) and with crystalline Na3PO2S2 

(δiso = 59 ppm)51, Na3PO3S (δiso = 33 ppm)51 and NaBa(PO3S)∙9H2O (34 ppm)52. The thiophosphate 

PS4
3- and phosphate PO4

3- anions give signals at around 86 and 9 ppm, respectively.53, 54 For the 

decomposition of a thiophosphate a step-wise mechanism is expected leading initially to POS3
3- 

(82-87 ppm)50, followed by the formation of PO2S2
3-, PO3S3- and eventually PO4

3-
.
55 We partially 

monitor such a step-wise decomposition mechanism via liquid 31P NMR in SI Figure 3, where after 

30 min mainly the di- and tri-oxo-substituted thiophosphates are present, which subsequently 

convert into the tri-oxo-substituted thiophosphate and the phosphate anion (3.46 ppm) after 48 h. 

The 29Si MAS NMR in SI Figure 4 shows that a SiO3S4- (thio)silicate anion (-68 ppm) is also present 

after decomposition.50, 56 The 1H and 6Li MAS NMR spectra in SI Figure 4 indicate various chemically 

distinct lithium positions presumably stemming from the various amorphous phases and the 

presence of Si-OH bonds.57 Taken together, these results provide insights into the decomposition 

processes of LiSiPS in protic solvents including water.  

 

Figure 2 a) PXRD of LiSiPS after treatment with degassed deionized water showing no resemblance with pristine LiSiPS 
(cf. SI Figure 9). A large background indicates the presence of amorphous species and some reflections from crystalline 
phases are present that either stem from LiOH or cannot be assigned. The inset shows a photograph of the greenish 
solution. b) Solid state 31P MAS spectra show the signals of the formed oxygen substituted thiophosphates in the dried 
product and c) of pristine LiSiPS. 

Behavior of LiSiPS against aprotic solvents 

For processing battery materials on industrial scale, the used solvent should be low-cost, low-toxic 

and environmentally friendly. However, since the dispersion of thiophosphate-based SEs with 

water or other protic solvents is not appropriate as shown above, we turned to aprotic solvents. 

Ideally, after processing, the high ionic conductivity of the thiophosphate-based SE is preserved, 

but costly procedures such as drying of solvents prior to use can be avoided to minimize the overall 

cost. Therefore, we set out to determine the influence of residual water in aprotic solvents first 

using the example of LiSiPS in anisole. Although, at present, anisole is not a common solvent in 

battery production, recent solvent selection guides58, 59 recommend anisole as green solvent due 

to its low toxicity and other benign properties. It is a solvent with moderate polarity making it 

moderately miscible with water allowing us to study the impact of trace water quite-well in 

comparison to solvents with a lower polarity. In comparison to more polar solvents, anisole is not 
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known to act as a strong nucleophile, despite the presence of an oxygen containing group. Thus, 

it is an appropriate candidate to test the influence of residual water during solvent treatment.  

We prepared a series of anisole/water mixtures and quantified the water content by Karl Fischer 

titration. The as-purchased anisole contained 203 ppm of water. When dried over molecular sieve 

for 48 h at room temperature, a low amount of 5 ppm residual water remained. We next prepared 

anisole/water solutions with 192 ppm and 795 ppm by adding a well-defined amount of water to 

the dry anisole under Schlenk conditions to mimic the as-purchased anisole and to have a sample 

with an even higher water content. Subsequently, the solutions were transferred to the glovebox 

for exposure of LiSiPS to these anisole/water solutions under argon atmosphere. Photographs of 

the samples in SI Figure 5 show that LiSiPS in anisole-5 ppm and anisole-192 ppm forms a colorless 

suspension. However, the suspension turns dark green in anisole-795 ppm, similar to that 

observed with LiSiPS exposed to pure water, becoming lighter over time. Nevertheless, after 

solvent removal the color disappears. Since the PXRD did not reveal any structural changes for all 

water contents, we turned to 31P solid-state MAS NMR to probe the possible presence of signals 

pertaining to the amorphous PSxOy phases occurring at 82-87, 68, 37 or 3 ppm (see above).  

 

Figure 3 a) 31P solid state MAS NMR and b) impedance measurement of the LiSiPS samples treated with anisole 
containing an increasing amount of water from 5 to 795 ppm. The material composition and ionic conductivity is very 
similar for all samples regardless of the added amount of water. The conductivity drops in comparison to the initial 
sample (from 2.8 mScm-1to approximately 1.3 mScm-1) even for the thoroughly dried anisole. 

For the pristine sample, 31P solid-state MAS NMR clearly shows the two signals of LiSiPS at 94 and 

73 ppm, which correspond to isolated [PS4]3- units on the 4d site (occupied by Si and P) and 2b 

(occupied exclusively by P) phosphorus site, respectively (Figure 3a).1 Based on previous reports,1, 

25, 54 we assign the additional peak at 90 ppm to ortho-LiSiPS and the peaks at 86 and 84 ppm to 

an amorphous ortho-thiophosphate-related “Li3PS4”-type side phase, and a polymeric PS3
- species, 

respectively. The corresponding 6Li MAS NMR spectra show one major species at 0.58 ppm and 

one minor species at 1.05 ppm, which are assigned to LiSiPS and amorphous Li3PS4-like phases, 

respectively (SI Figure 4). On the basis of these assignments, the 31P MAS NMR spectra were fitted 

to obtain the phase fractions of the pristine and solvent-treated LiSiPS samples (Figure 3a). In this 

context, we emphasize the value of complementing diffraction data with solid-state NMR 
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methods as a local probe to ascertain and quantify the presence of amorphous side-phases in 

polycrystalline thiophosphate-based powder samples. Comparing the series of spectra of LiSiPS 

treated with the anisole-water mixtures in Figure 3a, no significant changes occur (no additional 

signals, no large change in relative phase fractions in the 31P and 6Li NMR). Only the 1H MAS spectra 

in SI Figure 4 show the presence of silanol groups (two signals around 1 ppm) and a broader 

background at higher ppm for the anisole-795 ppm treated sample, probably stemming from 

protonation and adsorbed molecular water, respectively. Additionally, the anisole-5 ppm 

spectrum contains one sharp signal at ~0 ppm (that was also found for p-xylene and toluene, see 

SI Figure 10), possibly stemming from a proton in proximity to a silicon atom explaining the high 

field shift. However, the exact origin of that signal and its absence in anisole-192 ppm are unclear. 

Next, the influence of the residual water content on the ionic conductivity of the solid electrolyte, 

the key performance indicator, was probed. During pellet preparation, the anisole-5ppm treated 

LiSiPS was very sticky compared to the fine granular powders of the pristine LiSiPS and LiSiPS 

treated with anisole-192 ppm and anisole-795 ppm, which is reflected by the SEM images in SI 

Figure 7. On average, the anisole-5 ppm sample contains much larger secondary particles than the 

other samples. Nevertheless, as presented in Figure 3b, the ionic conductivity of the anisole 

treated samples drops to about half of the initial conductivity value (from 2.8 mScm-1 to 

approximately 1.3 mScm-1 of three pellets each), while the shapes of the impedance spectra are 

very similar (SI Figure 5b). Surprisingly, the activation energy of the sample with the lowest 

amount of residual water is the highest among all samples. The pellet density, the chosen model 

for fitting the impedance spectra, effective capacitances at low temperatures and the mass loss 

corresponding to the amount of residual solvent measured by TGA are listen in SI Table 3, but do 

not show a specific trend. We conclude from these findings that the residual amount of water in 

the solvent does not determine the properties of the solvent-treated LiSiPS. The latter is also 

supported by the fact that we do not observe a clear trend of ionic conductivity with increasing 

water content in all aprotic solvents tested, as will be discussed in the following (SI Figure 8).  

Next, we exposed LiSiPS to common aprotic solvents with varying physical and chemical properties 

such as polarity, dielectric constant, viscosity, and donor number. LiSiPS forms chemically stable 

dispersions in all of these aprotic solvents, showing none or only minor signs of deterioration (vide 

infra). The suspensions show a variety of different colors (from colorless, yellow, over green to 

blue) depending on the solvent as shown in the photographs in Figure 4a, similar to previous 

observations on thiophosphate suspensions.10, 12, 14, 20, 25, 26, 60 UV-Vis measurements suggest the 

formation of various polysulfide species in the solvent phase of the LiSiPS suspensions. These 

species are tentatively assigned according to previous literature in Figure 4b.61-63 The deep blue 

color of the NMP suspension stems from a radical species confirmed via EPR spectroscopy (cf. SI 

Figure 11), which is assigned to the [S3]-∙ radical anion (617 nm). The yellow color in THF could be 

due to the presence of [S2]-∙ and [S4]2- species (400 nm and 420 nm, respectively). In ACN and PC, 

the turquoise and dark green colors possibly originate from a mixture of [S3]-∙ and [S6]2- anions, the 

presence of the latter is assigned to the bands at 475 and 350 nm. In the case of the green 

suspensions treated with PCN and pyridine, they could contain a mixture of [S3]-∙ and [S4]2- anions. 

However, a solvatochromic effect on the polysulfides or the stabilization of more exotic sulfur 

species cannot be ruled out entirely because the absorptance of the samples is quite broad below 

500 nm. Due to the low concentration of the polysulfide species in the suspensions, Raman 
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spectroscopy measurements did not yield reliable spectra for further analysis. In order to 

deconvolute all polysulfide species involved, an in-depth study at higher concentrations supported 

by mass spectrometry measurements would be necessary.  

 
Figure 4: a) Photographs of LiSiPS dispersed in various solvents. c) UV-Vis spectra of colorful suspensions of LiSiPS in 
various solvents with a tentative assignment to polysulfide species according to [61-63]. 

Despite the formation of polysulfides, the PXRD pattern of the pristine LiSiPS is largely unchanged 

for all samples treated with aprotic solvents, suggesting retention of the tetragonal LiSiPS 

structure (SI Figure 9). Although the latter result suggests that the samples remain intact upon 

solvent treatment, solid-state 31P MAS NMR spectra provide evidence of chemical changes after 

solvent processing. For the pristine sample, we observe the characteristic signals of LiSiPS at 94 

and 73 ppm,1 and additional signals between 84 – 86 ppm pertaining to an amorphous “Li3PS4”-

type side phases and polymeric PS3
- species, already present in pristine LiSiPS (Figure 3a). The 31P 

NMR spectra were fitted to obtain the phase fractions of the pristine and solvent-treated LiSiPS 

samples (Figure 5b). The corresponding 6Li MAS NMR spectra are given in SI Figure 10a.  

 
Figure 5. a) Fitted 31P solid-state MAS NMR spectra of LiSiPS before and after treatment with aprotic solvents showing a 
reduction in Li3PS4-type amorphous side phase (86 ppm) upon treatment with solvents with high DN numbers (DN > 15). 
b) Plot of atom percent of fractions from fitted NMR spectra in a). 

The 31P solid-state MAS-NMR spectra for solvent-treated LiSiPS samples show that the signals for 

the amorphous and polymeric PS3
- species are the most affected after the treatment. For samples 

treated with solvents with DN < 15 kcalmol-1 (from cyclohexane up to ACN), the phase fraction 

distribution remains similar to that of the pristine LiSiPS. However, for solvents with a 

DN ≥ 15 kcalmol-1, we observe that the amount of “Li3PS4”-type side phase with the signal at 
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86 ppm is reduced. In addition, the corresponding 6Li MAS NMR spectra show a reduction of side 

phase (1.00 ppm) in those solvent-treated samples (SI Figure 10a). Previous studies on LGPS 

powders treated with THF (DN = 20 kcalmol-1) report on both presence and absence of colorful 

species in the suspensions.18, 19, 21, 64 However, according to Yuan et al.21 a LGPS/THF suspension 

only turns yellow upon adding elemental sulfur, indicating the formation of polysulfides. The 

authors conclude that phase pure LGPS is stable in THF (DN = 20 kcalmol-1). Since the PXRDs and 

NMRs of solvent-treated LiSiPS suggest no changes in the bulk crystalline structure either, we infer 

that LiSiPS shows the same solvent stability as LGPS. As the MAS NMR results suggest, we 

hypothesize that upon solvent treatment, primarily the amorphous side phases of LiSiPS dissolve 

and produce the various colorful polysulfide species identified via UV-Vis.21  

Moreover, the broadening of the NMR signal at 84 ppm and the disappearance of the NMR signal 

of the initial side phase after drying hints to a change in the composition of the amorphous side 

phase. We hypothesize that the polysulfide species in the suspensions incorporate via P-S-P bonds 

upon drying, forming P-[S]n-P precipitates either on the surface of the SE particles or as segregated 

particles. The observed formation of S-S bonds is generally undesired, because these species lead 

to a reduction of conductivity in thiophosphate compounds and an increased cell resistance.60, 65  

At room temperature, the pristine LiSiPS sample shows a total ionic conductivity of 4 mScm-1. 

Upon solvent treatment, the ionic conductivity is reduced for all samples and shows a general 

decreasing trend that scales with the DN of the solvents (Figure 6a). The corresponding impedance 

spectra are in SI Figure 13 and SI Table 3. Other physical solvent and sample properties, such as 

polarity (Et(30)), viscosity, dielectric constant, vapor pressure/boiling point of the solvent, residual 

amount of water and pellet density do not show a strong correlation with the ionic conductivity 

(cf. SI Figure 12, SI Figure 8, values in SI Table 2 and SI Table 3). The activation energy of the 

samples slightly increases with increasing DN with a few exceptions (Figure 6a). The variation is 

minor, but hints to an altered particle surface that hinders ion transport.  

 
Figure 6. a) Ionic conductivity of LiSiPS after solvent treatment showing a decline after a maximum at 9 kcalmol-1 with 
increasing donor number (DN). The desired high ionic conductivity above 1 mScm-1 is only persevered after treatment 
with a solvent with a DN below 15. The activation energy of LiSiPS shows only minor changes after treatment with various 
solvents. b) The ionic conductivity vs. TGA mass loss in mol % showing a decrease with increasing amount of residual 
solvent.  

In SI Figure 13, the data are grouped according to the properties and functional groups of the 

solvents: cyclohexane and those with phenyl moieties, those with nitrogen-containing moieties 

and those with oxygen-containing moieties. Although the DN is not the only parameter that 
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influences the ionic conductivity, within these classifications, the trend of decreasing ionic 

conductivity with DN becomes more evident.  

Despite the general decrease in conductivity, samples treated with cyclohexane and those with 

phenyl moieties (toluene, p-xylene) retain a high ionic conductivity above 1 mScm-1. The sample 

treated with p-xylene shows the best performance in this group. We observe that the processed 

SE powder became “sticky” after treatment with cyclohexane and toluene. The SEM images in SI 

Figure 14 show that after solvent treatment the morphology of the sample is different from that 

of the pristine LiSiPS. In general, the samples tend to agglomerate and form larger particles. In the 

cyclohexane-treated sample, new fibre-like structures are present (cf. magnification image). The 

origin of these fibres remains unclear but seems to be a sticky phase that hinders ion transport 

(due to the observed increase in activation barrier and reduced ionic conductivity). Our 

observations are similar to a recent report for solvent-treated Li6PS5Cl: when treated with toluene, 

the particles are reported to be embedded in a sticky matrix. The toluene treated sample shows 

a reduced ionic conductivity and increased cell resistance when tested in a solid-state battery 

configuration.14  

Among the samples treated with solvents that have N-containing moieties, only the sample 

treated with acetonitrile retains a good ionic conductivity (> 1 mScm-1) and lowers the activation 

energy. The improved conductivity might result from beneficial ion-dipole interaction of the nitrile 

group as reported before for acrylonitrile butadiene rubber (NBR) with 75Li2S-25P2S5.10 As the DN 

of the solvents in this group increases, the ionic conductivity is significantly reduced. The 

microstructural changes as visible in the SEM images in SI Figure 15 are small. Only the sample 

treated with TEA shows severe agglomeration, whereas the well performing sample treated with 

acetonitrile is a finely dispersed powder.  

In the group of oxygen containing solvents (O-terminated moieties), the sample treated with 

anisole shows the highest conductivity among all samples, and a fine powdery microstructure (cf. 

SEM images in SI Figure 16). The other samples show more agglomeration (in particular NMP-

treated LiSiPS) and some such as propylene carbonate and NMP-treated LiSiPS appear puffy. The 

samples treated with alcohols (MeOH, iPrOH and EtOH) decompose, in line with our results 

described above and included into the comparison for the sake of completeness.  

Thermogravimetric analysis (TGA) of all samples shows that evaporation of the solvents at 10-

3 mbar is not enough to remove the solvent phase of all samples. We observe that substantial 

amounts of solvent residue of up to 56 mol% (13.2 wt% for NMP) remain in the samples (SI Figure 

17). The presence of residual solvent is also evidenced in 1H solid-state MAS NMR spectra (SI Figure 

10). Since the calculated density of the pellets does not decrease significantly despite the residual 

solvent weight fraction (in comparison to the pristine LiSiPS, cf. SI Table 3), we presume that the 

solvent wets the surface of the SE particles and infiltrates interparticle voids. As such, we explored 

the role of residual solvent content on the ionic conductivity. Overall, the ionic conductivity 

decreases with increasing molar amount of solvent in the sample (cf. Figure 6a and SI Figure 18a). 

In the case of PC and NMP, with the lowest vapor pressures from all the solvents in this study, we 

determine solvent fractions greater than 35 mol%. However, the amount of residual solvent does 

not solely depend on the vapor pressure, but also on solvent-particle interactions. The latter is 

most evident for the pyridine-treated LiSiPS in which, despite a vapor pressure similar to toluene 

(20 hPa at 20 °C) a large fraction of it remains in the sample. It was recently reported that strong 
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interactions of pyridine (py) and thiophosphate groups leads to the breakage of P4S10 adamantane 

cages into the stabilized py2P2S5 complex.66 Interestingly, the conductivity after treatment with 

pyridine is still relatively high (6x10-4 Scm-1) indicating that strong solvent-thiophosphate 

interactions are not necessarily detrimental for the performance. Taken together, the results 

indicate that the residual solvent acts as a low conductivity phase that significantly hinders, and 

possibly dominates, the measured ionic conductivity of the processed samples. To verify the 

influence of a subsequent drying step on the ionic conductivity, the samples with the highest 

fractions of residual solvent (NMP and pyridine) were subjected to a heat treatment resembling 

the TGA measurement (2 h at 200 °C in Ar flow). Quite unexpectedly, the temperature treatment 

does not affect the samples equally: the total ionic conductivity of the NMP sample increases, 

whereas for the pyridine-treated sample it decreases (SI Figure 18b,c). These results suggest a 

complex interplay between the physical properties of a solvent, the solvent-particle interactions 

and the ensuing (chemical) changes at the interparticle grain boundaries, the latter being difficult 

to probe directly. In practice, thermal treatment of slurries above 100 °C should be avoided 

because this exceeds the stability range of common cathode active materials. Therefore, even if 

we could process the material further to improve its ionic conductivity, this additional thermal 

treatment would not make it into present battery assembly line methods. 

Discussion 

Our results show that the influence of solvent processing of LiSiPS samples on the resulting ionic 

conductivity is multifaceted. The conductivity of all samples is reduced after solvent processing 

and we identified a DN = 14 kcalmol-1 (ACN) as the threshold below which tetra-LiSiPS samples 

with application-relevant ionic conductivities67 of at least 1 mScm-1 at room temperature are 

obtained. However, the latter threshold does not apply for pyridine-treated samples nor for 

solvents with low vapor pressures (PC and NMP). In the case of the latter two solvents, we 

determined large solvent fractions remaining in the samples. The residual solvent acts as a low 

conductivity phase that hinders interparticle lithium transport as schematically shown in Figure 

5b. In other words, the ionic conductivity of lithium in the solvent phase controls the overall 

transport properties of the treated sample.  

Over the timescale of our experiments, solvent molecules interact primarily with the amorphous 

side phase of LiSiPS. Such interactions lead to the formation of soluble polysulfides that might 

precipitate as segregated particles upon drying (cf. Figure 7d), and microstructural changes of the 

samples. The microstructural changes may also be accompanied by chemical changes at the 

surface of the solid electrolyte particles (cf. Figure 7c). Such compositional changes at the solid 

electrolyte-solvent interface have been reported and systematically studied by Busche et al. for 

LAGP-based solid electrolytes exposed to liquid electrolytes.68 In the latter, the authors describe 

the formation of a new resistive “solid-liquid electrolyte interphase” (SLEI) as a result of 

decomposition products of the solid electrolyte, the solvent and the lithium salt in the solvent. 

The formation mechanism of such a SLEI on LiPON thin films has also been reported.69 Since we 

observe that the activation energy of all samples increases upon solvent processing, either the 

formation of such SLEIs or new resistive side-phases may occur (see Figure 7c and d, respectively). 

The formation of a SLEI is not necessarily detrimental as it might serve the purpose of improving 

the electrochemical stability of thiophosphates against cathode active materials or even Li metal. 

Since the p-xylene, anisole and ACN treated samples retain reasonable ionic conductivities, they 
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serve as good candidates to determine their oxidative stability via step-wise cyclic voltammetry 

measurements.70 Such experiments are currently underway in our lab.  

 
Figure 7 Schematic representation of a) initial LiSiPS microstructure b) LiSiPS with residual solvent inside pores, c) LiSiPS 
after formation of a solid-electrolyte liquid interface (SLEI) and d) LiSiPS with precipitations of low conducting phases.  

Furthermore, the proposed reaction mechanism for the decomposition of thiosphosphate 

electrolytes in alcohols explains why LGPS-type material can be partially recrystallized upon a high 

temperature heat treatment. The thiophosphate anion is decomposed but only a partial 

substitution of sulfur with oxygen takes place. Consequently, upon high temperature heat 

treatment, the alcohols are removed, and ortho-LiSiPS can be recovered as SiS4
3- enriched phase, 

probably containing un- or not fully oxygen-substituted thiophosphates among a γ-Li3PO4 side 

phase.  

Finally, we expect our findings to be transferable to other thiophosphates, including thio-LiSiCONs 

such as Li3.25[Si0.25P0.75]S4.71 Their chemical reactivity should be very similar, with some differences 

as the metal ion changes from Si4+ to Ge4+ to Sn4+. According to the HSAB concept, we predict an 

increased stability of the softer acid Sn4+ against hard bases such as water and most solvents, as 

already described for the Li4SnS4 compound.72 Moreover, to prevent the nucleophilic attack on 

the lithium thiophosphates during processing, the approach of adding lithium salt such as LiTFSI 

to the solvent or applying an oxysulfide-coating prior to solvent processing are complimentary 

promising approaches.15, 20 

Conclusions 

In summary, we evaluated the stability of LGPS-type LiSiPS against a large variety of solvents with 

properties ranging from protic polar to aprotic nonpolar. We find that LiSiPS is structurally stable 

in aprotic solvents but decomposes into oxygen-substituted thiophosphates in water, and into 

oxygen-substituted thioethers in alcohols. The latter finding may serve as a blueprint to develop 

a solvent-based synthesis route or electrode infiltration method. We clarify that the observed 

colors of several LiSiPS suspensions stem from the formation of polysulfide species upon the 

dissolution of the Li3PS4-type amorphous side phase, rather than the crystalline high-conducting 

phase.  

We further find that the relatively high ionic conductivities are largely preserved in p-xylene, 

anisole and ACN, and demonstrate that LiSiPS can tolerate up to 800 ppm of residual water in 

solvents using anisole as an example. Overall, the conductivity of the material decreases and the 

activation energy increases with increasing donor number of the solvent, hinting to a formation 

of resistive solid electrolyte-liquid interphases. Our findings should be transferable to similar 

quaternary systems, contributing to the development of large-scale processing methods for solid-

state battery components in the future.  
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4.6.1 Supporting Information for “Chemical stability and ionic conductivity of LGPS-type solid 

electrolyte tetra-Li7SiPS8 after solvent treatment” 

 

SI Table 1 List of solvents, their abbreviation used in the text, supplier, purity and water content measured by Karl Fischer 
titration. 

Solvent Abbreviation Supplier purity Septum seal H2O / ppm 

Cyclohexane c. Hexane Brenntag >99 % No 18 

Toluene  
Acros 

Organics 
Anhydrous, 

99.85 % 
Yes 

161 

p-Xylene  
Acros 

Organics 
99 % No 176 

Anisole  Merck ≥ 99 % No 203 

Acetonitrile ACN Merck 
Anhydrous, 

99.8 % 
Yes 70 

Propylene 
carbonate 

PC 
Sigma 
Aldrich 

Anhydrous, 
99.7 % 

Yes 118 

Propionitrile PCN 
Sigma 
Aldrich 

99 % No 705 

Dimethyl 
carbonate 

DMC 
Sigma 
Aldrich 

Anhydrous, 99 
% 

Yes 118 

Tetrahydrofuran THF Fischer 99 % No 65.9 
N-methyl-2-
pyrrolidone 

NMP 
Sigma 
Aldrich 

Anhydrous, 
99.5 % 

Yes 10.7 

Methanol MeOH VWR > 99 % No 503 
Ethanol EtOH Roth ≥ 99.9 % No 1134 

Pyridine  
Sigma 
Aldrich 

> 99 % No 164 

Isopropanol iPrOH Fischer HPLC No 45 

Triethylamine TEA 
Sigma 
Aldrich 

≥ 99 % No 488 

Water H2O d.i. degassed Yes - 

 

SI Table 2 Table of physical properties of LiSiPS and solvents used in this study. Donor number = DN[1] empirical polarity 
parameter = Et(30) 65 Boiling point = BP; Vapor pressure at 20 °C= VP; dielectric constant = ε.[2]  

Solvent classification DN / kcalmol-1 Et(30) / 
kcalmol-1 

BP / 
°C 

VP / 
hPa 

ε Viscosity 
/ mPa*s 

Density / 
gcm-3 

LiSiPS  - - - - - - 1.91 

c. Hexane 
aprotic 

nonpolar 
0 30.9 81 104 2 0.89 0.78 

Toluene 
aprotic 

nonpolar 
1 33.9 110 29 2.4 0.55 0.87 

p-Xylene 
aprotic 

nonpolar 
5 33.1 138 8.7 2.3 0.65 0.86 

Anisole 
aprotic weakly 

polar 
9 37.1 154 3.2 4.3 0.98 0.99 

ACN aprotic polar 14 45.6 82 97 37.5 0.34 0.79 
PC aprotic polar 15 46.0 242 0.04 2.5 2.8 1.21 
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PCN aprotic polar 16 43.6 97 52 27.7 0.44 0.79 
DMC aprotic polar 17 38.2 90 53 3.1 0.63 1.07 

THF 
aprotic weakly 

polar 
20 37.4 66 200 7.5 0.46 0.89 

NMP aprotic polar 27 42.2 202 0.32 33 1.66 1.03 
MeOH protic polar 30 55.4 65 128 33 0.54 0.79 
EtOH protic polar 32 51.9 78 59 24 1.08 0.79 

Pyridine 
aprotic weakly 

polar 
33 40.5 115 20 13 0.88 0.98 

iPrOH protic polar 36 48.4 82 44 19 2.07 0.78 

TEA 
aprotic weakly 

polar 
61 32.1 89 72 32 0.36 0.73 

 

SI Table 3 List of relative pellet density, TGA mass loss in wt%, fitting model for equivalent circuit analysis of EIS data with R 
being a resistance, C a capacitor, P a constant phase element (CPE)) and effective capacitances calculated by Ceff = Q1/αR((1/α)-

1) with α and Q being defined for a CPE as ZCPE=1/(Q(jω)α).*spectrum at -20 °C fitted with RP-P 

Sample ρpellet/ ρ(mLiSiPS* 

ρLiSiPS+msolvent* 

ρsolvent) / % 

TGA mass 

loss / wt % 

Equivalent 

circuit model 

C or Ceff 

at -20 °C / F 

LiSiPS 87 1.3 RP 5E-11* 
Anisole-5 ppm 84 1.3 RP-P 2E-10 

Anisole-
192 ppm 

84 1.7 RP 1E-10* 

Anisole-
795 ppm 

84 2.2 RP 1E-10* 

LiSiPS 91 0.8 R-P 3E-11* 
c. Hexane 88 1.98 RP 1E-10* 
Toluene 83 0.7 RP-P 1E-10 
p-Xylene 90 1.64 RP 2E-10*  
Anisole 84 0.94 RP 1E-10*  

ACN 86 1.01 RP-P 2E-10 
PC 87 10.01 RP-P 1E-10 

PCN 93 2.57 RP-P 2E-10 
DMC 88 4.28 RP-P 1E-10 
THF 81 2.57 RP-P 8E-11 
NMP 92 13.29 RP-P 7E-11 

MeOH   RP-P 1E-11 
EtOH   RP-P 2E-11 

Pyridine 91 10.66 RP-P 7E-11 
iPrOH   RP-RP-P 1E-11 
TEA 88 6.74 RP-P 1E-10 
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SI Figure 1: a) PXRD of decomposition product of LiSiPS after treatment with alcohols. b) Product of LiSiPS decomposed in 
Methanol after subsequent heat treatment at 525 °C for 100 h in a sealed quartz ampule. A mixture of ortho-LiSiPS (with 
adjusted lattice parameters), Li3PO4 and Li2S is obtained.  

 

 

SI Figure 2: Solid state NMR spectra of decomposition product of LiSiPS after treatment with alcohols. 
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SI Figure 3 Liquid NMR of a highly concentrated solution of LiSiPS in degassed deionized water following the decomposition 
reaction into oxygen-substituted thiophosphates after 30 min and 48 h. 

 

SI Figure 4 29Si, 1H and 6Li MAS solid state NMR from pristine LiSiPS (black) treated degassed deionized water for 48 h and 
dried under vacuum (grey, denoted as H2O).  
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SI Figure 5 a) Photographs of the LiSiPS samples treated with anisole containing an increasing amount of water from 5 to 
795 ppm and b) impedance spectra of all samples.  

 

 

SI Figure 6 1H and 6Li MAS solid state NMR from LiSiPS treated with anisole containing an increasing amount of water 
ranging from 5 to 795 ppm. 
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SI Figure 7 SEM images from LiSiPS treated with d.i. water and anisole containing an increasing amount of water ranging 
from 5 to 795 ppm. The material treated with anisole containing larger amount of water show smaller secondary particles.  

 

SI Figure 8 Ionic conductivity of solvent-processed LiSiPS samples arranged in order of increasing residual water content.  
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SI Figure 9 PXRD patterns of LiSiPS after treatment in aprotic solvents showing a retention of the initial crystal structure being 
phase pure tetra-LiSiPS. As reference for the PXRD measurements, a silicon standard was added to the sample. In the 
diffractograms the Si reflection is marked with an asterisk.  
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SI Figure 10: 6Li and 1H MAS NMR spectra of solvent treated LiSiPS. Interestingly, the strong signal in the 6Li-spectra shifts 
slightly with varying solvent. This shift does not follow the nature of the solvent (e.g. donor number, dielectric constant, 
residual amount of solvent etc.) Thus, the chemical environment of lithium seems to be influenced by a complex interplay of 
solvent and LiSiPS.  
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SI Figure 11: EPR spectrum of LiSiPS in NMP corroborates the presence of the radical anions. Since [S3]- is the dominant species 
in the UV/Vis spectrum, the EPR signal originates presumably from [S3]- . The g value of 2.007 of the weak signal differs from 
literature values of e.g. ultramarine (2.029) [3]and [S3]-∙in 2.029 in TEGDME[4] and DMF[5], and 2.015 in NMP[6]. However, we 
find the signal shifting when the concentration or time after dispersion changes indicating a change in chemical environment 
and concentration. 
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SI Figure 12 Physical properties of the solvent such as a) vapor pressure/boiling point b) polarity (Et(30)) c) viscosity and d) 
dielectric constant do not show a strong correlation with the ionic conductivity of LiSiPS after solvent treatment. 
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SI Figure 13: Ionic conductivity as function of donor number group according to the properties and functional groups of 
solvent. The respective impedance spectra are given next to the plot. a) non-polar solvents b) solvents containing a N-
terminated moiety and c) solvents containing a O-terminated moiety being able to interact with the solid electrolyte.  

 

SI Figure 14: SEM images of LiSiPS before and after solvent treatment with nonpolar solvents. 
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SI Figure 15 SEM images of LiSiPS after solvent treatment with N-containing solvents. 
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SI Figure 16 SEM images of LiSiPS after solvent treatment with O-containing solvents. 
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SI Figure 17: TGA mass data of solvent treated LiSiPS after a) heating period of 58 min at 200 °C and b) after 680 min at 
200°C for the solvents NMP and PC that possess the highest boiling point and lowest vapor pressure in the series.  

 

SI Figure 18: a) The ionic conductivity decreases as function of molar weight loss, i.e. residual solvent fraction (measured by 
TGA). The samples with the highest amount of residual solvent (NMP, Pyridine) were subjected to an additional heat 
treatment step in accordance with the TGA measurement (2 h at 200 °C in Ar flow) resulting in a solvent residue of 8 mol% 
for NMP and 7 mol% for pyridine, respectively) and the ionic conductivity was remeasured (b and c). The resistivity of the 
NMP-treated sample decreases (b), but the resistivity of the pyridine-treated sample increases (c). These results hints to a 
complicated behaviour upon drying with possible interfacial reactions that are impeding ionic transport.  
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Abstract  

While two-dimensional (2D) materials 

may preserve some intrinsic properties of 

the corresponding layered bulk material, 

new characteristics arise from their 

pronounced anisotropy or confinement 

effects. Recently, exceptionally high ionic 

conductivities were discovered in 2D 

materials such as graphene oxide and 

vermiculite. Here, we report on the 

water-assisted fast conduction of lithium-

ions in restacked lithium tin sulfide nanosheets. Li0.8Sn0.8S2 exfoliates spontaneously in water and 

can be restacked into homogenous films in which the lithium content is decreased, and a partial 

substitution of sulfur with hydroxyl groups takes place. Using a recursive supercell refinement 

approach in reciprocal space along with real-space pair distribution function analysis, we describe 

restacked lithium tin sulfide as partially turbostratically disordered material composed of lithium-

containing and lithium-depleted layers. In humid air, the material takes up multiple layers of water 

that coordinates lithium-ions in the space between the layers, increasing the stacking distance 

and screening the interaction between lithium-ions and the anionic layers. This results in a 1000-

fold increase in ionic conductivity up to 47 mS cm−1 at high humidities. Orientation-dependent 

impedance spectroscopy suggests a facile in-plane conduction and a hindered out-of-plane 

conduction. Pulsed field gradient nuclear magnetic resonance spectroscopy reveals a fast, 

simultaneous diffusion of a majority and a minority species for both 7Li and 1H, suggesting water-

assisted lithium diffusion to be at play. This study enlarges the family of nanosheet-based ionic 

conductors and helps to rationalize the transport mechanism of lithium-ions enabled by hydration 

in a nanoconfined 2D space.   

Introduction 

Several technological applications require improved development and understanding of materials 

with fast ion transport that can be easily fabricated on a large scale. In this regard, 2D materials 

have garnered significant attention as their anisotropic properties and miniature dimensions are 

attractive for various fields including nano(opto)electronics, energy conversion and storage, 

catalysis, membranes, or nanofluidics.1, 2 When such materials contain nanoconfined fluids, they 

can exhibit rapid ion diffusion and transport kinetics.2 Deeper insight into the mechanisms 

underlying this behavior is desired.  

Compared to their bulk counterparts, 2D single layers and restacked materials generally show 

different physical properties,3-7 often developing new and useful characteristics due to their 
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pronounced anisotropy and/or confinement effects.6, 8, 9 The most prominent example of this 

behavior is graphene:3, 10-13 For instance, lithium shows fast chemical diffusion in bilayer graphene 

and water flows exceptionally fast in artificial nanochannels built from graphene. The fast flow of 

water is associated with increased structural order in nanoconfined water, and ionic motion which 

depends on the interaction of the hydration shells with the channel walls.13, 14 Besides, graphene 

oxide (GO), a derivative of graphene, also shows unusual diffusion properties.15-19 GO films that 

are formed by restacking GO nanosheets take up water from the environment, which is embedded 

in the nanoconfined space between the layers. These hydrated systems show exceptionally fast 

conduction of different ions such as H+, K+, Mg2+, and Ca2+. The ionic conductivities at low 

electrolyte concentrations (< 50 mM) in GO films even exceed the conductivity of the cations in 

aqueous salt solutions.16 In this case, conductivity is rather independent of electrolyte 

concentration, which is characteristic of surface-charge governed ionic transport. Similar results 

were observed for GO samples exposed to a high relative humidity (RH). These show fast proton 

conduction up to σ = 4×10−4 S cm−1 for thick multi-layer films at 60 % RH and σ = 7×10−3 S cm−1 for 

single GO layers at 95 %.17, 20 It is assumed that the hydrophilic surface groups such as -O-, -OH, 

and -COOH attract protons from adsorbed water, which propagate through hydrogen-bonding 

networks along the adsorbed water film.20  

Ion conduction properties have been examined in only a few other restacked nanosheet materials. 

Vermiculite layers were assembled into a nanofluidic device showing high proton conductivity 

using a near neutral solutions (σ = 6×10−3 S cm−1) with the advantage of higher thermal stability 

than GO. In that system, the conductance of lithium-ions stemming from a LiCl solution and being 

transported through the vermiculite layers was also demonstrated.21 Besides, a remarkably high 

in-plane hydroxyl conductivity of 10−1 S cm−1 was observed in single-layer, layered double 

hydroxides (LDH).22 Moreover, thin films fabricated from the exfoliated and restacked 

phosphatoantimonates HSbP2O8
23 and H3Sb3P2O14

24 that show a large swelling upon water 

exposure, exhibit an increase in proton conductance of several orders of magnitude upon 

exposure to relative humidities from 0 to 100 %. This increase is larger than the change observed 

for the non-exfoliated, bulk layered material, pointing to higher ionic mobilities in the restacked 

Figure 1. Fabrication method for three types of sample: First, by immersion of Li0.8Sn0.8S2 in water exfoliated Li-TS 
nanosheets are obtained. Second, after washing the suspension by centrifuging, homogeneous thin films either on an 
alumina substrate (thickness about 1 µm, magnification in Figure S5e) or free standing (thickness about 10 µm) can be 
fabricated by drop-casting and drying at RT. By grinding the free standing films and compacting the powder, a pellet 
with a random orientation of nanosheets is created. The black arrows indicate the orientation of electrodes during 
conductivity measurement. 
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materials compared to their bulk counterpart, which makes them interesting candidates for 

photonic humidity sensing applications.25 

In this study, the fast, water-assisted conduction of lithium-ions in restacked lithium tin sulfide (Li-

TS) is reported. Its parental bulk material Li0.8Sn0.8S2 is a solid lithium-ion conductor.26, 27 Under 

exposure to humidity, Li0.8Sn0.8S2 forms defined hydrates that exhibit order of magnitudes higher 

ionic conductivity than in the dry state. The impact of hydration on the structure and transport 

properties on Li0.8Sn0.8S2 was first preliminarily shown by Holzmann et al.28 and then fully disclosed 

by Joos et al.27. Moreover, Li0.8Sn0.8S2 can be easily exfoliated into individual layers in liquid water 

and restacked into homogenous films either on a substrate or even free-standing (cf. with Figure 

1).24, 29 Due to the ultra-high refractive index of n = 2.5, thin Li-TS films have been utilized as stimuli-

responsive 1D photonic crystals and upon hydration by water vapor a strong swelling of the films 

was reported by Szendrei et al.30 In line with previous reports correlating swelling upon humidity 

exposure and ion conduction, we find that the total conductivity of restacked Li-TS is indeed highly 

dependent on the relative humidity of the environment and reaches up to 47 mS cm−1. 

Orientation-dependent measurements indicate a preferred in-plane conduction (in between the 

layers). Moreover, we develop a structural model for the dry and hydrated restacked Li-TS and 

demonstrate by pulsed field gradient nuclear magnetic resonance spectroscopy (PFG NMR) that 

the diffusion of the lithium-ions and water takes place simultaneously.  

 

Experimental 

Preparation of restacked nanosheets 

The precursor material Li0.8Sn0.8S2 was prepared and exfoliated according to Kuhn and Holzmann 

et al.26, 29. The nanosheet suspension was washed once by centrifuging at 20000 rpm for 10 min 

and then redispersing in purified water. Since during exfoliation H2S evolves, exfoliation should be 

conducted in a fume hood. The pH of the suspensions was measured with a pH indicator paper. 

For thin films of restacked nanosheets on a substrate, 4 mL of the suspension (1 mg mL-1) was 

drop-cast onto alumina substrates (CRYSTEC, 10 x 10 x 0.5 mm, single crystal cleaved along (0001), 

polished on one side) placed in a plastic reservoir with a volume of 12.6 cm3 and slowly dried at 

room temperature. By this procedure, thin films with a thickness of about 1-3 µm were obtained. 

The thickness of the films on a substrate was measured by scanning electron microscopy with a 

Merlin SEM (ZEISS). To fabricate free-standing films and powder samples, the suspension was 

poured in a vessel made of polypropylene and dried between 25–60 °C in an oven for several days. 

Subsequently, the films could be simply peeled-off the vessel. The thickness of the free-standing 

films was measured by evaluation of images made by an optical microscope (LEICA DM 2500 M).  

X-ray measurements 

X-ray powder diffraction (XRPD) experiments were conducted using a STOE STADI P diffractometer 

(Mo-Kα1 radiation, Ge(111) monochromator, MYTHEN 1 K Detector) in Debye-Scherrer geometry. 

For humidity-dependent measurements, capillaries were stored under water-saturated 

atmosphere before sealing. Rietveld refinements were carried out with the program TOPAS v. 6.0.31 

Total scattering measurements were carried out using the high energy Powder Diffraction and 

Total Scattering Beamline P02.1 of PETRA III at the Deutsches Elektronen-Synchrotron (DESY, more 
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details are in the SI). X-ray total scattering data were collected in rapid acquisition mode 

(RAPDF).32 A large-area 2D PERKIN ELMER XRD1621 detector (2048x2048 pixels, 200x200 µm2 each) 

was used at a sample-to-detector distance of approximately 304 mm. Samples were loaded into 

1.8 mm ID and 1.9 mm OD polyimide capillaries (COLE-PARMER) and measured at room 

temperature. The incident energy of the X-rays was 59.858 keV (λ=0.20713 Å). Data integration 

and reduction to the pair distributions functions (PDFs) were performed using fit2D33 and 

xPDFsuite34, 35 respectively. Structure refinements were performed using both PDFgui36 and Diffpy-

CMI37.  

Impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) was performed with an IVIUM compactstat.h (24-

bit instrument) in an enclosed two-electrode setup. The relative humidity of the stagnant gas was 

controlled using saturated salt solutions.38, 39 Each sample was equilibrated at the respective RH 

for 24 h. After this time, no further change in conductivity was measurable. For in-plane 

measurements, the films on alumina substrates were sputter-coated with 80–100 nm gold or 

platinum electrodes, while the free-standing films contacted with carbon foils in a home-built 

measurement cell. The relative density of the films of about 91±8 % was calculated from the 

measured weight and thickness of the films and normalized on the crystallographic density of 

LiSnS2. The measurement cell for the in-plane measurement was a gas-tight SCHOTT glass with a 

total volume of 250 mL equipped with humidity and temperature sensors from SENSIRION installed 

inside the chamber. The chamber was submerged in water and kept at a defined temperature 

with a JULABO FP50ME thermostat. For out-of-plane measurements, the samples were pressed 

between two pieces of carbon foil in a TSC Battery cell from RHD INTRUMENTS, humidified for 24 h 

in a desiccator at the respective humidity and then sealed gas-tight. The same films as for in-plane 

measurements were also sample out-of-plane as well as pressed pellets (8 mm diameter, pressed 

with 40 kN, relative density normalized on crystallographic density of LiSnS2 is about 85±3 %).  The 

applied rms AC voltage was 100 mV for films and 10 mV for the pellets. The setup applied for 

measuring the dry pellet (with sputtered ruthenium metal electrodes) and under varying partial 

water pressure is described in the SI section 7.1. Impedance spectra were analyzed using the 

RELAXIS3 software (RHD INSTRUMENTS). 

Nuclear magnetic resonance spectroscopy 

1H, 7Li, 6Li, and 119Sn solid state NMR spectra were obtained on a BRUKER AVANCE III 400 MHZ 

instrument at Larmor frequencies of 400.1, 58.8, 155.6, and 149.2 MHz, respectively (B0 = 9.4 T). 
1H spectra are externally referenced to tetramethylsilane (TMS, δiso = 0.0 ppm and 7Li spectra to a 

9.7 M aqueous solution of LiCl δiso = 0.0 ppm). 119Sn spectra are referenced to tetramethyltin 

(Sn(CH3)4, δiso = 0.0 ppm) with solid SnO2 used as a secondary chemical shift standard (δiso = 

−603.0 ppm relative to Sn(CH3)4).40 Magic-angle spinning (MAS) experiments were performed in 

ZrO2 spinners at a spinning frequency of 5-14 kHz using a BRUKER 4 mm double channel probe. The 

temperature of the samples was controlled using a BRUKER BVT3000 temperature controller and 

was calibrated using the 207Pb signal in Pb(NO3)2.41 

For pulsed field gradient (PFG) NMR measurements, the samples were sealed in a glass tube with 

an additional fitted glass rod inside to reduce the dead volume and to avoid desorption and 

evaporation of water during the experiments. 7Li and 1H NMR measurements were performed on 
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a BRUKER AVANCE III 400 MHz instrument (B0 = 9.4 T; 1H Larmor frequency of 400.1 MHz, 7Li Larmor 

frequency of 155.56 MHz), equipped with a diff60 single gradient diffusion probe. The probe 

allows for pulse field gradients g of up to 30 Tm−1 and variable temperature measurements up to 

+150 °C. The diffusion measurements were accomplished using a stimulated echo pulse 

sequence.42 The echo attenuation curves S(g, δ, ∆) were processed using a bi-exponential form of 

the Stejskal–Tanner equation,43 S(g, δ, ∆) = S0Aexp((−γ2δ2g2)DA(∆−δ/3)) +  

S0Bexp((−γ2δ2g2)DB(∆−δ/3)), accounting for the at-least two independently moving nuclei (species 

A and B) with distinct effective diffusion coefficients DA and DB. Here, γ is the 1H or 7Li gyromagnetic 

ratio, respectively, g is the strength and δ the duration of the pulse field gradient, and ∆ is the time 

interval between the field gradients that defines the diffusion time scale. The signal intensity of 

each 1H and 7Li spectrum was obtained by applying peak area integrals. The PFG data were 

analyzed with TOPSPIN3.6 (BRUKER). 

Results and Discussion 

Exfoliation and Chemical Composition 

Exfoliation of Li0.8Sn0.8S2 in water can be described by the formal removal of Li2S, which is realized 

by evaporation of H2S and the formation of LiOH in aqueous solution according to (1).  

Li0.8Sn0.8S2+2x H2O → Li0.8−2xSn0.8S2−x+2x LiOH+ x H2S↑ (1) 

This exfoliation process is distinct from the exfoliation of Li intercalated LixSnS2, featuring partly 

reduced Sn(II), in aqueous solution into exfoliated SnS2, LiOH, and H2.44-46 As previously shown 

by Kuhn et al.29, the in-plane structure of the exfoliated material is reminiscent of a 

“defective” variant of SnS2, with a lower electron density at the S positions indicating the 

presence of sulfur vacancies. This suggests a (partial) filling of the sulfur vacancies by 

hydroxide ions according to (2). 

[Sn0.8S2−x]−(0.8−2x)+x H2O → [Sn0.8S2−x(OH)x]−(0.8−x) + x H+ (2) 

Following the pH during exfoliation gives more information about this process: instead of 

obtaining a basic pH as expected from (1), the stable nanosheet suspension is neutral at pH 7 and 

after long periods of time, the pH shifts into the acidic regime (pH = 4-5 after months in a sealed 

bottle), indicating an acid-base process to be at play. These pH changes can be rationalized by the 

gradual incorporation of hydroxyl groups (or oxygen) into the sulfur vacancies in [Sn0.8S2-x]–(0.8–2x) 

over time. During this process, protons are released into the suspension according to (2). The 

insertion of hydroxyl groups is consistent with the appearance of signals at -740, -660, 

and -585 ppm in the 119Sn NMR spectra that are clearly distinct from SnS2 and SnO2 (Figure S1-2). 

Raman spectra also support the insertion of hydroxyl groups (Figure S4). The shift of the most 

intense signal of Li-TS to higher wavenumbers with respect to SnS2 is consistent with bonding 

interactions between tin and oxygen. Moreover, 2D 1H-119Sn NMR correlation spectra of the dry 

sample indicate that residual protons are present near to oxygen-tin bonds species, again 

suggesting that hydroxyl ions replace sulfur ions (Figure S3a).  

After the initial hydroxide insertion step, slow hydrolysis of the nanosheets proceeds. After several 

months of long storage in aqueous solution or as dry material in air, thermodynamically stable 

SnO2 particles start to form on the surface of Li-TS films as shown in Figures S5c and S5d. To 

prevent further hydrolysis and to remove excess LiOH (cf. Figure S5a-b), the suspension was 
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centrifuged and washed with purified water once before further investigations. The restacked Li-

TS was used as freshly prepared as possible and investigated in two different states: the "dry" 

state and the "hydrated" state (see schematics in Figure 2). Upon exposure to humid air, the layers 

reversibly adsorb water likely driven by the large hydration energy of lithium-ions as already 

demonstrated by ellipsometric porosimetry.30  

 

Figure 2. Upon exposure to water vapor, water molecules adsorb between the restacked nanosheets and lead to 
swelling of the material. 

The dry state is obtained by heating the sample overnight at 120 ◦C under vacuum and subsequent 

handling under Ar. In this state, most of the adsorbed water is removed, and only 1.5 wt% residual 

water is present (Figure S6b, data point at 0 % RH). The restacked Li-TS retains about 44±8 % of 

the initial lithium content (Table S1) and shows one broad signal in the 6Li MAS NMR spectrum in 

the dry state and two distinct sharper signals in the hydrated state (cf. Figure 4c). Moreover, as 

already suggested by solid state 119Sn NMR, the elemental analysis (SI section 3 Table S1-3) also 

indicates a partial substitution of sulfide with hydroxide (OH:S = 0.19) in the anionic network 

lowering the S:Sn ratio towards ≤ 2 while preserving the initially present tin vacancies. The exact 

composition varies slightly for each batch.  

At high RHs (100 % for 24 h) Li-TS adsorbs up to 32 wt% water (TGA data in Figure S6b, c, 

and d). This corresponds roughly to 9 water molecules per lithium-ion and 2.6 water 

molecules per sum formula. In summary, the exfoliation process changes the tin-sulfur-

oxygen content significantly while substantial amounts of lithium-ions are washed out, 

making the exfoliated, restacked material chemically distinct from both pristine Li0.8Sn0.8S2 

and SnS2. 

 

Structural Characterization 

Restacked Li-TS films prepared by drop casting show a homogeneous thickness between 20 nm 

and several µm (see Figure 1 and Figure S5b, d). To better understand the 3D structure, the 

powdered materials were further investigated using XRPD and PDF analysis. The diffraction 

patterns for the dry and hydrated material on a lab diffractometer (Mo-Kα1 radiation) are shown 

in Figure S6 and the synchrotron measurement with Rietveld refinement47 in Figure 3a. 

First, we will discuss the structure of the dry Li-TS sample (details see SI 5.1-5.2 and Figure S7-14). 

The patterns show broad, triangular-shaped “Warren-type” peaks characteristic of orientational 

(i.e., turbostratic) disordered layers as visualized in Figure 3a.48 Such peaks are often observed 

when layered materials such as tetravalent sulfides are restacked from suspension.49 Additionally, 

the 003 basal reflection is split into two overlapping Bragg peaks suggesting a modulation of the 
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interlayer distance, likely by interstratification effects. Thus, by applying a supercell approach50, 51 

the microstructure of the stacking-faulted dry Li-TS was approximated by a combination of 

stacking faults and turbostratic disorder as summarized in the following.  

The structure of dry Li-TS contains basic stacking motifs related to Li-containing Li4xSn1-xS2 (x > 0) 

(with an interlayer distance of 6.137(50) Å) and “defective”, Li-depleted SnS2  optimized to for the 

C19-type stacking (with an interlayer distance of 5.90(10) Å). The former motif can be 

approximated and modelled by the structure of anhydrous LiSnS2
52  with a reduced lithium and tin 

occupancy similar to the parental material. This Li0.8Sn0.8S2 model has a typical CdCl2-like C19 

stacking with lithium residing between the layers. Exfoliation in water presumably removes 

lithium-ions that were originally located on Sn sites (inside the Sn-S layers) and lithium-ions in the 

interlayer galleries between the Sn-S layers in the parental material. This removal of lithium-ions 

leaves behind lithium vacancies within the Sn-S layers. However, no information on the 

distribution of voids within the layers and on the presence of intra-layer lithium could be extracted 

from the refinements. In 6Li MAS NMR of restacked dry Li-TS inter- and intralayer lithium positions 

are no longer distinguishable (cf. Figure 4c) hinting to broad dispersion of lithium positions caused 

by the structural disorder. Consequently, the question whether intralayer lithium is removed 

entirely cannot be unambiguously resolved from the MAS NMR and PXRD data. The other motif is 

more similar to pure SnS2. The model exhibits a CdI2-like C6 stacking with vacant octahedral, 

interlayer cation positions in the hexagonal close packed anion lattice (see Figure S12). This 

presence of SnS2-like regions is likely caused by exfoliation and restacking which generates lithium 

vacancies in the interlayer space, leading to the large overall lithium deficiency in Li-TS. 

However, the sole combination of faultless Li0.8Sn0.8S2 and SnS2 structure models is not sufficient 

to describe the structure of dried Li-TS (cf. Figure S14, Rwp=12.21 %). To obtain a satisfactory 

description of the experimental data, both faulting between these two motifs as well as 

turbostratic disordering of each layer is required (Rwp=3.41 %). Dry, restacked Li-TS thus contains 

a high faulting concentration (~40 %) of CdI2-type (C6) (SnS2-like) within CdCl2-type (C19) 

(Li0.8Sn0.8S2-like) interlayer associations, depending on the local presence or absence of lithium, as 

visualized in Figure 3b. This is in agreement with the loss of 40 % of initial lithium content in the 

Figure 2. a) Rietveld refinement of XRPD of dry restacked Li-TS showing the presence of faults between a regular CdCl2-
type (C19) for the Li0.8Sn0.8S2-type and CdI2-type (C6) stacking for the lithium depleted SnS2-type regions in the material, 
as wells as random variations of the stacking vectors within the ab-plane as deduced for the structural model discussed 
in the text and in the SI. b) The structure of restacked Li-TS nanosheets can be understood as partial translational 
turbostratic disorder of layers combined with stacking faults between SnS2-type (C6) and Li0.8Sn0.8S2-type (C19) regions. 
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refined Li-TS sample (Table S2 sample 11). The layer orientations are significantly (though not 

completely) modulated by turbostratic disorder, with the refinement converging to random in-

plane translations of ±42.5% of the ab-dimensions. 

Turning to the pattern from the hydrated Li-TS sample (Figure 4a, and further explanation in SI 5.3 

and Figures S15-19), the basal reflection is shifted to a lower angle than that seen for the dry 

sample. This shift indicates a significant increase in interlayer distance due to the intercalation of 

water. Depending on the sample and its history, interlayer distances ranging from 9.3 to 11.9 and 

12.8 Å were observed (vs. 6.1 Å in dry Li-TS), which could be associated with the intercalation of 

roughly two or three layers of water, respectively (SI Figure 10). The difference between 11.9 vs. 

12.8 Å possibly stems from the change of octahedral to tetrahedral coordination of the lithium-

ions between the layers (cf. Figure S16).  

The diffraction patterns in Figure S15 indicate further structural characteristics in the hydrated 

state and can only be sufficiently well described by the inclusion of two phases of hypothetical 

Li0.8Sn0.8S2·3H2O representing different local stacking orders (abc-stacked α-Li0.8Sn0.8S2·3H2O + 

ab̅ab̅-stacked α-Li0.8Sn0.8S2·3H2O, Fig. S19), as well as regions containing dry Li0.8Sn0.8S2 and dry 

SnS2 (cf. Figure 4a, and SI 5.3).  

First, the interlayer distances are modulated by random variations in both the number of 

intercalated water layers and the relative orientations of the Sn-S layers. This is supported by the 

fact that the basal reflections 003 are more broadened than the 100 reflection, which would not 

be expected for simple turbostratic disorder with identical layer distances.53 Second, the 

characteristic triangular Warren-type peak shape indicates that the hydrated samples contain a 

high density of stacking faults as with the dry sample. Third, there are domains without any water 

intercalation, as indicated by the larger-than-expected intensity of the second order basal 

reflection (006) of the hydrated state, due to the overlap of the dry-state basal reflection. From 

these considerations, a model for the highly hydrated material was derived. Due to the high 

number of possible structural defects, we could not use the approach for fitting the XRPD pattern 

that was applied for the dry samples. Instead, we used a multiphase approach, similar to the one 

applied for SnTiO3
54, in which each phase represents certain microstructural features of the 

sample. Three layers of water (Li0.8Sn0.8S2·3H2O) were used to describe the average hydrated 

Figure 3. a) Rietveld refinement of hydrated restacked Li-TS. The structural model includes 2 phases of hypothetical 
Li0.8Sn0.8S2·3H2O representing different local stacking orders as well as Li0.8Sn0.8S2- and SnS2-structured regions. b) 
Schematic of the structural model used in the Rietveld refinement in a). c) 6Li MAS NMR shows two distinct species in 
the hydrated state resembling the presence of a majority and a minority species also found in PFG NMR, and only one 
very broad downfield shifted signal in the dry state. d) Alternative models: Inter- and intralayer positions of lithium 
and water molecules (top) and those close to the pore wall or in the centre of a nanoconfined 2D channel (bottom) 
exhibiting a low and a high diffusion coefficient, respectively, as proposed by Osti et al.



4.7 Fast Water-Assisted Lithium Ion Conduction in Restacked Lithium Tin Sulfide 

Nanosheets 

289 

 
domains. Since tin and sulfur are by far the strongest scatterers in the structure, shifts between 

staggered and eclipsed stacking of the SnS6/3-octahedra layers have the strongest impact on the 

diffraction pattern. The intercalation of three layers of water can lead to a C19-type (Figure S18, 

a) or C6-type-like stacking (Figure S18, b) of the SnS6/3-octahedra layers, so phases for both types 

were included. Phases of non-hydrated Li0.8Sn0.8S2 and SnS2 were also both included to describe 

the non-hydrated faulting domains. The final fit and a visualized representation of the different 

domains in the material is shown in Figure 4a and b. 

The resulting two environments for lithium are in line with the two lithium signals found in the 6Li 

MAS NMR spectrum of hydrated Li-TS in Figure 4c. The signal at 0.26 ppm is shifted towards higher 

fields with respect to that of the dry sample, presumably due to the presence of a high amount of 

surrounding water screening the electrostatic interaction between lithium and sulfur as visualized 

in Figure 4b. The peak at 0.95 ppm corresponds to a low water content, being similar to the dry 

material. Thus, these findings help to interpret the PFG NMR data in Figure 7 that suggest the 

presence of two lithium species in the hydrated samples: a mobile and a fairly immobile species. 

In the hydrated layers, where three layers of intercalated water are present, the lithium cations 

are fairly mobile. In contrast, in the non-hydrated layers the lithium-ions show a lower local 

mobility and therefore give a NMR signal similar to the dry sample. Notably, we associate the main 

influence on the chemical shifts of the two types of lithium-ions with the difference in surrounding 

water content, but we cannot disregard the possibility that under hydration lithium-ions fill 

vacancies inside the S-Sn layers as visualized in Figure 4d on the top. This might also explain the 

existence of two lithium species with distinct diffusion coefficients. 

PDF data were measured and analyzed to support the reciprocal-space analysis and further 

investigate details of the atomic structure (see SI for more details). Most notably, the PDFs for 

both dry and hydrated samples were very similar and could be suitably described by a single SnS2-

layer model refinement.55 This confirms the strongly turbostratic nature of the layers in both 

states, resulting in weak correlation between interlayer atom-pairs, and further rules out any 

likelihood for ordered bi-or multi-layer stacks. For the dry sample, a similar goodness-of-fit could 

be achieved for a turbostratic, 3D model with only three layers in the unit cell compared to the 

2D, single-layer model. This further suggests that preferred, relative orientations likely exist 

depending on the amount and distribution of intercalated lithium. The preference of the data 

toward models with in-plane distortions is indicative of local distortions of the Sn-Sn distances due 

to the presence of discrete vacancies and/or Li substitutions, and a misfit of the second nearest 

neighbor shell suggests that the atoms in the turbostratically disordered layers also distort slightly 

out-of-plane. This was tested using supercells of both single layer (2 × 2) and 3D (2 × 1 × 1) 

models by allowing each Sn and S atom to distort slightly off its symmetrically allowed position in 

only the z-direction. While distinctive features of the data could not be identified to determine 

whether Sn site vacancies (or possibly Li substitutions) are locally ordered or random, refinements 

suggest that the density of vacancies/substitutions is relatively low.  

The hydrated material measured at the synchrotron had a lower water content compared to the 

samples of the Rietveld refinement, due to drying during transport to the synchrotron. The layer 

distance of 9 Å associated with a bilayer of water was observed, but with lower relative intensity 

compared to the non-hydrated basal reflection in the same dataset. However, a significant SAXS 

signal increasing toward the 𝑄𝑚𝑖𝑛 (= 0.4 Å-1) of the measurement was observed, which did not 
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appear in the dried sample. This may suggest smaller domain sizes in the hydrated samples or 

possibly scattering effects due to other microstructural effects such as delamination. 

Transport properties 

Conductivity measurements 

The electrical properties of Li-TS are distinct from the parental Li0.8Sn0.8S2
26 and SnS2

56, but similar 

to the properties of Li0.8Sn0.8S2 hydrates.27 To assess the ion conduction properties of dry Li-TS first, 

a pellet pressed from fine ground powder was measured under argon flow (cf. SI section 7.1 and 

Figure S26). The obtained EIS semicircles are severely depressed and are not well-described with 

a single Par(R, CPE) equivalent circuit (R: resistance, CPE: constant phase element).  

 

Regarding the structural analysis of Li-TS and comparing it with the parental compound Li0.8Sn0.8S2, 

one might still expect the dominant mobile charge carrier to be Li defects after exfoliation. 

However, the increased complexity of the granular microstructure and structural disorder suggest 

prominent changes in diffusion paths, which directly affect the relaxation times. Therefore, rather 

than one defined process, we should consider a distribution of relaxation times for this system, 

which explains the severe depression of the observed EIS arc and requires a fitting with two Par(R, 

CPE) elements in series (cf. Figure S26). Hence, we will only consider the total (DC) resistance of 

the sample (i.e. the intercept of the semicircle with the Zre axis at low frequencies), R1+R2=RTot, 

corresponding to the total conductivity σ = d/(ARtot) with d being the thickness and A the area of 

the sample. The conductivity of dry Li-TS has an activation energy of (0.55 ± 0.2) eV and a room 

temperature magnitude of (3.4 ± 0.5) x 10-8 S cm-1.  This conductivity is lower than in the parent 

Li0.8Sn0.8S2 compound (<10-5 S cm-1), probably caused by the depletion of lithium-ions in restacked 

Li-TS as well as structural changes.  

Figure 4. Total ionic conductivity of a Li-TS pellet as a function of relative humidity at varying temperatures (30, 60 
and 100 °C) clearly shows a large impact of hydration. The inset shows the impedance spectrum at 100 °C and low 
RH. For these measurements, sputtered ruthenium was used to contact the pelletized samples.    
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Furthermore, the restacked Li-TS shows ion conducting properties which are intriguingly sensitive 

to the humidity of the environment. Li-TS was measured as a function of water vapor pressure 

(pH2O) at temperatures ranging from 30-100 °C in Figure S27. At high temperatures and low 

humidities (≤ 2 % RH at 100 °C, ≤ 25 % RH at 60 and 30 °C) the same (R)(CPE)-(R)(CPE)-CPE model 

as for the dry Li-TS can be applied (inset in Figure 5). However, upon a certain degree of hydration 

of the pellet (Figure 6b, starting from a RH of 15 % at 60 °C) the semicircle is fit only by one R-CPE 

element with a dielectric constant of 50 (being similar to the species with the low dielectric 

constant in dry Li-TS). Figure 5 shows the large impact of the hydration on the ionic conductivity 

at varying temperatures. At 30 °C, the conductivity increases by several orders of magnitude from 

10-8 to 10-4 S cm-1, which is much more drastically than at 100 °C. Since the structural 

characterization showed that water incorporates in the bulk of the material, the strong increase 

in conductivity is enabled by incorporated H2O. Since the interaction of lithium-ions with the 

anionic Sn-S layers is screened by the coordination with water, we assume an increase in mobility 

of the lithium-ions leading to the high ionic conductivities. At 100 °C the humidity is low, 

consequently, only a small amount of water incorporates into the structure, leading only to a small 

increase in conductivity. Even though the formation of a surface layer which becomes conducting 

under very humid conditions, especially at low temperatures, is possible, the dominance of bulk 

conduction is supported from the structural analysis and surface effects were therefore neglected 

Nevertheless, we cannot entirely rule out the formation of new mobile carriers, such as protons 

and hydroxide ions, that could contribute to the ionic conductivity (besides Li+), and/or a more 

complex underlying transport mechanism (SI 7.1). Hydroxyl substituted Sn-S is in principle capable 

of acid/base chemistry, but a change in pH of the nanosheets suspension during exfoliation and 

restacking lead only to a decrease in observed conductivity. As stated below, probing these non-

structural charge carriers is challenging and NMR (vide infra) shows no additional signal for 

protons or hydroxides in the hydrated state making a detection of the influence of additional 

charge carriers not feasible. 

To probe the dimensionality of ion transport, which is often preferred in the lateral plane of the 

nanosheets, as observed in other restacked and single layer materials21, 22, a foil-like free-standing 

film of Li-TS was measured using in-plane and out-of-plane geometries and compared to a pellet 

with a random orientation of layers (cf. Figure S28). To ensure full hydration, the samples were 

exposed to 100% RH and equilibrated for 24 h at RT. The in-plane conductivity exceeds the out-

of-plane conductivity by more than two orders of magnitude, indicating facile transport along the 

layers. This suggests that the lithium cations move easily through the water-filled space between 

the Sn-S layers, but have limited opportunity to move perpendicular to the layers from one 

interlayer gallery to the one below or above. Remarkably, Li-TS films show ionic conductivity in 

the temperature range down to -25 °C as shown in Figure S29, i.e., below the freezing point of 

water, without any sharp change in value. This points to a melting point depression for water as 

observed in other nanoporous and nanoconfined 2D systems.57-59 The pellet sample measured 

under these conditions has a conductivity of 0.1 mS cm−1, which is lower than the conductivity in 

the in-plane but higher than in the out-of-plane orientation of the free-standing film. This is 

consistent with a mixed orientation of layers decreasing the conductivity. 
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To probe even thinner Li-TS films and to enhance the mechanical stability, Li-TS was coated onto 

an alumina substrate. The ionic conductivity as a function of relative humidity of the film on the 

substrate is presented in Figure 6 in comparison to the pellet measurement at 30 °C. With 

increasing relative humidity (16 to 92 % RH), the resistance of the thin film on alumina drops and 

the in-plane ionic conductivity increases drastically over three orders of magnitude from 

σEIS = 0.03−47 mS cm−1. Figure 6c shows a representative impedance spectrum fitted with the 

given model to extract the resistance of the spectrum. The model includes one Par(R, C) in series 

to another Par(R, CPE) to account for the high (R1 and C1) and low (R2 and CPE1) frequency 

semicircles that are attributed to the bulk properties and contributions from processes at the 

electrode, respectively. The polarization of ions at the interface of the blocking electrode was 

modelled by CPE2. The ionic conductivity (σEIS) is calculated from impedance spectra by applying 

σEIS = l/(AR1) with l being the distance between the electrodes, A the surface area of the sample 

calculated from the length of the electrode and the thickness of the film (cf. Figure 1 and values 

in SI Table 5), and R1.60  

On thin films some transport of charge carriers on the surface could influence the EIS 

measurement, but as water clearly incorporates into the structure as shown above and the 

measurements of the pellet suggests, we attribute the measured conductivity to the bulk process 

within the film. The conductivity (cf. Figure 6) can be roughly assigned to three regimes associated 

with an increased H2O/Li ratio deduced from TGA measurements (Figure S6b and c): with 

increasing H2O/Li ratio the conductivity increases. In the regime with 3.4 < H2O/Li a maximum 

conductivity of 47 mS cm−1 can be found at 92 % RH. It is on par with state-of-the art solid lithium-

Figure 5. a) Ionic conductivity as a function of relative humidity at 30 ◦C of the restacked nanosheet thin film on Al2O3 
in comparison to the pellet. With increasing water content the ionic conductivity increases by orders of magnitude. b) 
Impedance spectrum of the Li-TS pellet at 30 °C at medium RH showing only one semicircle. c) Impedance spectrum 
of a Li-TS thin film on a Al2O3 substrate at 30 °C and high RH. The pelletized samples were measured using sputtered 
ruthenium, whereas the films were measured using sputtered gold or platinum as contacts.  
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ion conductors.61 The activation energy of the thin film on alumina in the regime with 3.4 < H2O/Li 

of 0.29 eV as measured at 76 % RH in the temperature range of 45-70 ◦C (cf. Figure S30) is very 

similar to the activation energy of the Li0.8Sn0.8S2-hydrates and lithium montmorillonite, and only 

slightly smaller than in sodium vermiculite (0.50 eV).27, 62, 63 Notably, the out-of-plane activation 

energy of 0.27 eV, determined from the measurement (Figure S29) at 76 % RH, is very similar to 

the activation energy of the in-plane measurement. The in-plane conductivity of 9 mS cm−1 of the 

free-standing film is a factor of three smaller than the film on a substrate. This might be an effect 

of the more heterogeneous microstructure or increased thickness (factor 10-30) of the free-

standing films in comparison to the very uniform thin-films on a substrate.  

 

Diffusion study by PFG NMR 

Having established a high ionic conductivity of hydrated Li-TS nanosheet films, the nature of ionic 

charge carriers cannot be unambiguously resolved by EIS. Measurements with ion blocking 

electrodes cannot distinguish between different ionic charge carriers (e.g., Li+ or H+), while the use 

of Li metal as a Li-selective electrode proved impossible due to decomposition of Li in the presence 

of water. Likewise, proton conducting materials such as Nafion are known to also conduct lithium-

ions.64 The use of an aqueous lithium salt solution as done by Raidongia et al.16 was not feasible 

since the restacked Li-TS nanosheets redisperse in solution. Thus, to further elucidate the type of 

charge carriers and the corresponding diffusivities, 7Li and 1H pulsed field gradient NMR was 

applied on powder samples. Similar to EIS, PFG NMR probes the long range ion dynamics of a 

sample. PFG NMR measures diffusion processes in the 10-100 ms regime on a µm length scale 

(vide infra) and EIS measures the conduction of ions in a time domain of 1x10-6-100 s over the 

whole sample thickness (mm length scale). PFG NMR has already been used for investigating the 

mobility of lithium-ions and water in a variety of materials such as carbon nanotubes,65, organo-

functionalized GO,66 hydrated zeolites,67, 68  liquid and solid lithium-ion conductors,69-73 among 

others.  

All of the following 7Li and 1H PFG NMR measurements were conducted on the same sample to 

elucidate the interplay of lithium-ions with the adsorbed water. In the dry state, where the 

conductivity is very low < 10-7 S cm-1, no measurable diffusion of 7Li or 1H was found by PFG NMR. 

In the hydrated state, the typical signal of adsorbed mobile water is visible at 4.57 ppm in the 1H 

MAS NMR in Figure S3b. Due to a lack of detectable protonic charge carriers (6.5-7 ppm),74-76 a 

contribution of protons to the conductivity is neglected for the interpretation of the data and we 

assume molecular water to be the dominant mobile species. The PFG NMR data, after exposure 

to 100 % RH for a week (42 wt% H2O), show a similar behavior for water and lithium-ions following 

a biexponential decay (cf. Figure 7). In general, PFG NMR probes the self-diffusion of a nucleus by 

measuring the attenuation of the static NMR signal as a function of the field gradient strength g. 

While a mono-exponential decay is expected for a single diffusing species with a 3D trajectory, 

our data cannot be explained based on this simple model (long dashed lines in Figure 7). Assuming 

2D diffusion as observed by PFG NMR for layered zirconium beryllium hydrides77, 78  and the parent 

lattice hydrates of Li0.6[Li0.2Sn0.8S2]28 also does not reproduce our data satisfactorily (dashed curved 

lines in Figure 7). A reasonably good fit for both the 7Li and 1H data was obtained only by using a 

bi-exponential model including two distinct diffusion coefficients. The population distribution of 

the diffusion coefficients is roughly 20 to 80 % (SI Figure 31) for both nuclei. Due to differences in 
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the relaxation behavior of the different nuclei, quantification of PFG NMR data is inherently 

difficult. Nevertheless, the existence of two diffusing species is supported by the ratio of 7 % for 

the peak at 0.95 ppm (minority species, 20 % in PFG NMR) and 93 % for the peak 0.26 ppm 

(majority species, 80 % in PFG NMR) in the 6Li MAS spectrum Figure 4. From here on we refer to 

the diffusion coefficients originating from the majority species as component 1 and the ones of 

the minority species as component 2 for both 7Li and 1H diffusivity measurements. The higher 

diffusion coefficient (component 1) always stems from the majority species. Variable temperature 
7Li MAS measurements show a slow exchange of the two species. Therefore, the origin of the bi-

exponential decay in the PFG data can be attributed to the presence of two independent, mobile 

lithium species in the sample, which is in agreement with the presence of both hydrated and non-

hydrated Li species from structural analysis (Figure 4b). An alternative interpretation of the 

observed bi-exponential decay follows the model of Osti et al.79 (visualized in Figure 4d), which 

was developed for different diffusion coefficients of water in nanoconfined spaces, e.g., in 

vermiculite clays. The water interacting with the wall is significantly slowed down in comparison 

to fast water in the middle of the confined space. However, observing a similar bi-exponential 

decay for 1H and 7Li suggests a coupled movement of lithium-ions and water similar to the 

movement of sodium ions with their hydration sphere in vermiculite.63 In the latter case, water 

coordinates the sodium ions between the SiO2 – Al2O3 layers and sodium ions move by dragging 

their hydration shells along (i.e., their motion is accompanied by water motion). In restacked Li-

TS, the high diffusion coefficients of the majority species (component 1) at 305 K are of the same 

order of magnitude for both nuclei: DH2O = 4.3×10−10 m2s−1 is two times higher than DLi+, which is 

2.1×10−10 m2s−1.  

The value for DH2O is very close to diffusivities observed for water in Li-vermiculite80 (DH2O 

=3.4×10−10 m2s−1) and Li-montmorillonite81 (DH2O = 4×10−10 m2s−1), which also show 2D confinement 

of water and have alkali cations between anionic layers. Unfortunately, the diffusion coefficients 

of the alkali cations were not measured in that study. The diffusion coefficients of a sample 

exposed to 100 % RH for a shorter period of time (1 d (identical to EIS samples) vs 1 week) are 

slightly lower and almost identical for both nuclei (see Figure S32). Apparently, interlayer water 

gradually becomes more bulk like, and the diffusion coefficient of water approaches the value of 

water in 1 M LiCl (of DH2O = 1.73×10−9 m2s−1). 

Figure 6. a) The bi-exponential fit of the 1H and 7Li attenuation curves of the normalized peak area as a function of 
(γ2δ2(∆−δ/3)g2 in 1010 sm−2) compared to a mono-exponential decay and to the 2D diffusion model according to Stoll 
et al.77,78. b) Diffusion coefficients of all components extracted from 1H and 7Li PFG NMR data. The diffusivity of 1H is 
of the same order of magnitude as that of 7Li. c) The diffusion coefficients of components 1 only slightly depend on the 
diffusion time ∆, but components 2 show a stronger dependence, indicating some sort of inhibition on a larger distance.
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However, DLi+ exceeds the diffusivity of lithium-ions in the hydrated zeolite LiLSX and in Li-β-

alumina single crystals as determined by PFG NMR by one order of magnitude.67, 68, 82 Of note, the 

DLi+ value is also two times higher than the diffusion coefficient of the fully hydrated Li0.8Sn0.8S2
27, 

very similar to the diffusion coefficient of lithium observed for a LiCl solution in Nafion64, and only 

slightly lower than free lithium-ions in 1M LiCl solution (8.0×10−10 m2s−1).  

The low diffusion coefficients of 7Li and 1H component 2 at 305 K in Figure 7b are of similar 

magnitude with DH2O = 2.1×10−11 m2s−1 and DLi+ = 3.7×10−11 m2s−1, and ca. one order of magnitude 

lower than component 1. The diffusion coefficients of 7Li and 1H as a function of temperature show 

an activation energy of 0.24 eV for the fast species and 0.4 eV for the slow species. The lower 

activation energy is close to the activation energy determined by EIS. A variation of gradient 

spacings and, hence, diffusion times ∆ (Figure 7c), results in very similar diffusion coefficients. This 

is particularly the case for the fast-diffusing species, indicating essentially free lithium diffusion 

unimpeded by grain boundaries. This suggests a continuous diffusion path for hydrated Li 

throughout the sample. The slow species is impeded much more, possibly due to confinement 

within dry regions of the sample. The behavior of the 1H diffusion coefficients with ∆ is extremely 

similar to that of the 7Li coefficients, further strengthening the assumption of a water-assisted 

transport of lithium. The isotropic displacement calculated by 𝑟𝑟𝑚𝑠 = √2𝐷𝑁𝑀𝑅𝛥 results in 4-6 µm 

for 7Li and 1H (component 1) and 1.5-2 µm for component 2. This distance spans several layers 

and is thus consistent with lithium-ion transport through the bulk of the material. 

To evaluate whether the diffusion data probe the same process as the EIS measurements, the 

NMR conductivity (σNMR) was calculated based on the Nernst-Einstein equation 𝜎𝑁𝑀𝑅 =

𝐷𝑁𝑀𝑅
𝑡𝑟 𝑛𝑧2𝑒2 𝑘𝐵𝑇⁄  with n being the charge carrier concentration, e the elementary charge, kB the 

Boltzmann constant, and T the temperature using the diffusion coefficient Dtr
NMR obtained by PFG 

NMR (details see in SI section). Assuming a lithium content of roughly 40 % relative to the initial 

lithium content in the parental Li0.8Sn0.8S2 based on ICP analysis, n = 4.6×1027 m-3 is obtained. To 

account for the increase in interlayer spacing (d) upon hydration (dilution of charge carrier 

concentration), n is multiplied with ddry-Li-TS/dhydrated-Li-TS. From this, the conductivity is calculated as 

a weighted sum of the fast species with Dcomp1 (93 %) and the slow species with Dcomp2 (7 %) by 

𝜎𝑁𝑀𝑅 = (𝐷𝑐𝑜𝑚𝑝1𝑛𝑐𝑜𝑚𝑝1𝑧2 + 𝐷𝑐𝑜𝑚𝑝2𝑛𝑐𝑜𝑚𝑝2𝑧2) 𝑒2 𝑘𝐵𝑇⁄ . In this way, a σNMR of roughly 20 

mS cm−1 is obtained, which is in good agreement with the in-plane conductivity obtained from EIS. 

We therefore conclude that (i) most of the lithium-ions contribute to the in-plane conduction, and 

(ii) PFG NMR probes the same long-range transport phenomenon as EIS. Our findings are 

consistent with lithium-ions being the dominant charge carriers and possible proton or hydroxide 

conduction is judged to be minor.  

Conclusions 

In summary, we elucidated the exfoliation of Li0.8Sn0.8S2 in water and determined the chemical 

composition of the restacked Li-TS material, which is clearly distinct from the parental Li0.8Sn0.8S2 

and SnS2. The number of lithium-ions is severely decreased and spectroscopic analysis suggests 

the incorporation of hydroxyl groups into sulfur vacancies during exfoliation. We established a 3D 

structural model based on XRPD and PDF analyses for the highly disordered restacked Li-TS. The 

structure forms through turbostratic stacking of layers, where the relative orientation of 

neighboring layers can be classified as akin to either Li0.8Sn0.8S2 (C19, CdCl2-type) or SnS2 (C6, CdI2-
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type), depending on the local presence or absence of lithium-ions. Upon hydration, the increase 

in the stacking distance can be explained by the incorporation of water coordinating the lithium-

ions. However, a fraction of material remains in the dry state or contains lithium depleted SnS2-

type regions. The presence of these different phases gives rise to different lithium-ion hydration 

states between the layers. By impedance spectroscopy, we show an increase of lithium-ion 

conductivity over several orders of magnitude upon hydration and a preferred conduction in the 

in-plane direction of the layers. That increase is presumably caused by the screening of the 

interaction of the lithium-ions with the anionic Sn-S layers by the incorporated water molecules 

enhancing the lithium-ion mobility. Furthermore, by PFG NMR, we show that the high conductivity 

upon hydration results from mainly co-diffusion of water and lithium-ions. PFG NMR was applied 

to follow the lithium-ion diffusion in nanosheets for the first time and the similar, fast diffusion 

coefficients DLi+ = 2.1×10−10 m2s−1 and DH2O = 4.3×10−10 m2s−1 at 305 K indicate a coupled movement 

of lithium-ions and water. This points to water-assisted lithium-ion conduction possibly similar to 

sodium ion conduction in vermiculite.63, 83 Besides, the presence of both highly mobile and fairly 

immobile lithium-ion species observed by PFG is rationalized by the distribution of lithium-ions 

between hydrated and non-hydrated states in restacked Li-TS.  

In conclusion, despite the differences in composition and a high degree of disorder, the fast water-

assisted lithium-ion conduction observed in the parental Li0.8Sn0.8S2 is persevered in Li-TS after 

restacking. Moreover, the exfoliation process allows the fabrication of large oriented thin films 

exhibiting an even faster lithium-ion conduction of up to 47 mS cm−1 in the in-plane direction of 

the layers. Thus, our study shows that alkali cations in restacked 2D Li-TS nanosheets are highly 

mobile depending on their hydration state, and sheds light on the role of water-assisted lithium-

ion transport in this 2D system. 
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1. Nuclear magnetic resonance 

The appearance of a broad signal at -660 ppm in the 119Sn spectrum of the dry material (Figure S1, 

a) that is shifted to higher field compared to SnS2 (cf. Figure S1 and Figure S2) hints to tin 

coordinated with oxygen instead of sulfur. During the 1H-119Sn cross polarization experiment (1H-
119Sn-CP), the relative intensity of the signal at -660 ppm increases, indicating a close proximity of 

hydrogen and tin. In the hydrated state (Figure SS1), water in close proximity to tin leads to an 

even larger shift of the signal towards -582 ppm (similar to SnO2 at -603 ppm1).This signal is 

especially pronounced in the CP experiment of the hydrated material. The 1H spectrum in the dry 

state (Figure SS2) features signals at 5.29 ppm and 3.08 ppm which are similar to the hydroxyl 

signals in hydrated SnO2.2 In the hydrated state, these signals are overlapped with a broad signal 

at 4.57 ppm that is typical for the chemical shift of mobile water adsorbed in the structure. The 
119Sn-1H-LG-HETCOR experiment of the dry samples allows to determine which 1H signal is closest 

to which Sn atom (cf. Figure SS3). It shows the vicinity of the hydrogen atoms at 3.08 ppm to the 

SnO2-type tin atoms at -600 ppm and of the atoms at 5.29 ppm to the tin atoms at -660 and -750 

ppm. 
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Figure SS1 HPDEC 119Sn NMR and 1H-119Sn cross polarization experiments of a) a dry NS sample (120 ◦C under vacuum) 
and b) and hydrated NS sample at ambient conditions. The chemical shifts of SnS2 and Na2Sn(OH)6

 were taken from 
Figure S2. Na2Sn(OH)6 shows a sharp peak at -564 ppm representing Sn+4(OH)n entities. SnO2 was used as chemical shift 
standard in this work (δiso = −603.0 ppm relative to Sn(CH3)4). 

 

Figure S2 MAS 119Sn NMR spectra of SnS2, SnO2 and Na2Sn03 ·3H2O for comparison. Spinning side bands are marked by 
an asteriks. 
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Figure S3 a) 119Sn-1H LG HETCOR experiment shows the attachment of residual water and hydroxyl groups to tin. b) 1H 
MAS NMR at 14 kHz of dry (120 ◦C under vacuum) and hydrated Li-TS in comparison. Positions of peaks in dry sample 
resemble hydroxyl groups in tin dioxide and chemical shift in the hydrated sample fits mobile water. 

2. Raman/Infrared spectroscopy 

Raman spectra were registered on a JOBIN YVON Typ V 010 labram single grating spectrometer, 

equipped with a double super razor edge filter and a Peltier-cooled CCD camera (JOBIN YVON). The 

incident Laser wavelength was 632 nm. All samples were measured in sealed glass capillaries. For 

infrared spectroscopy a Spectrum BX FT-IR-Spektrometer from PERKIN ELMER equipped with a 

diamond ATR unit from SMITHS DETECTION was used. 

 

 

Figure S4 Raman spectroscopy of restacked hydrated NS in comparison to SnS2. The spectrum of Li-TS is clearly different 
from SnS2 where only Sn-S vibrations are present: the most intense signal of Li-TS is shifted to higher wavenumbers 
indicating a bond from tin to atoms with a lower weight such as oxygen instead of sulfur. In addition, a second broad 
signal is present similar to the signal of Li0.6[Li0.2Sn0.8S2] at 350 cm−1. Overall, the signals are broadened probably due to 
the ultra-thin thickness of the nanosheet (phonon confinement in nanomaterials).3  
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3. Determination of element composition by EDX, ICP and combustion 

analysis 

To determine the amount of sulfur the sulfur analyzer CS-800 from ELTRA was used and for 

hydrogen and oxygen the Elemental analyzer Vario El. For quantitative determination of Li and 

Sn in the samples, ICP-OES was performed with a VISTA-PRO ICP-OES spectrometer. 

To determine the composition of the nanosheet films, various methods were applied and a sum 

formula for compound was deduced. After washing, 40 wt % of the initial lithium content remains 

in the material according to ICP-OES SI Table S1. The IR spectrum in SI Figure S1 shows the absence 

of typical lithium containing side phases such as LiOH·H2O and Li2CO3. The Sn to S ratio determined 

by EDX ranges between 1.6 to 2.0 with about 20 wt% of oxygen being present (including residuals 

of absorbed water on the sheets) (cf. SI Table S2). Freshly exfoliated samples have a Sn:S ratio of 

2 whereas older samples have a slightly lower ratio due to aging (within several months). A sulfur 

content of about 31 wt % of a sample dried under vacuum and handled under inert gas 

atmosphere (to remove adsorbed water) was independently measured via combustion analysis, 

which also shows the presence of oxygen and hydrogen (cf. SI Table S3). For pure SnS2 35 wt % of 

sulfur would be expected. From these experimental results the averaged sum formula 

Li0.3[Sn0.8S1.6(OH)0.3]·0.1H2O is deduced. The exact composition varies slightly for each batch. 

Table S1 Determination of Li:Sn ratio by ICP-OES after washing for one time, the average of two measurements of each 
sample is presented. 

Sample Li:Sn ratio; Sn 

= 0.8 

Sample 1 0.41 

Sample 2 0.26 

Sample 3 0.42 

Sample 4 0.36 

Sample 5 0.38 

Sample 6 0.35 

Sample 7 0.30 

Sample 8 0.28 

Sample 9 0.32 

Sample 10 0.32 

Sample 11 0.47 

Average 0.35±0.06 
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Table S2 Determination of Sn:S ratio and oxygen content by EDX. 

Sample Sn / w% S / w% O / w% Sn:S 

Sample 12 (8 months suspension) 29.91 49.15 19.81 1.64 

Sample 12 29.88 48.88 19.47 1.64 

Sample 8 (stored 8 months) 28.12 47.78 22.78 1.70 

Sample 8 29.26 48.95 20.00 1.67 

Sample 13 (4 months suspension) 28.29 50.78 19.63 1.80 

Sample 13 29.18 51.65 18.08 1.77 

Sample 13 29.46 52.86 16.9 1.80 

Sample 14 (1 month suspension) 33.82 66.18 no data 1.96 

Sample 14 32.52 67.48 no data 2.07 

Sample 14 33.12 66.88 no data 2.02 

 

 
Table S3 Determination of S, O and H content of the dry sample 8 via combustion analysis. 

Element content w% 

Sulfur 31.3 

Oxygen 4.5 

Hydrogen 0.4 
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4. BSE and SEM analysis of restacked nanosheets 

Elemental composition was determined by energy-dispersive X-ray spectroscopy (EDX) with an 

OXFORD INSTRUMENTS INCA Energy detector. Images of the morphology were obtained using a JEOL 

JSM 6500 F scanning electron microscope. The thickness of the thin films on alumina were 

determined with a Merlin SEM (ZEISS). 

 

Figure S5 Electron microscopy of restacked LTS NSs a) BSE image of nanosheets without washing step showing the non-
uniformity of the sample; b) zoom in on restacked NSs after one washing step; c) close-up on oxygen rich particles 
(determined by EDX) on the surface of the nanosheets after storing them for several months in air d) many oxygen rich 
particles are visible after a heat treatment at 450 ◦C under Ar. e) higher magnification SEM image of Li-TS nanosheets 
on an Al2O3 substrate that shows the ordered layering of the nanosheets in the xy-plane.  
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5. X-ray diffraction and thermogravimetric analysis 

For thermogravimetric analysis (TGA) measurements, powder samples were equilibrated at the 

respective relative humidities for 24 h (or the given time in the text) and then quickly transferred 

in an alumina crucible. The measurements were carried out using a NETZSCH STA 449 F5 Jupiter 

with an Argon flow of 40 mLmin−1 in a temperature range between 20 and 140 °C and a heating 

rate of 1 Kmin−1. Data handling was performed with the NETZSCH Proteus software package. 

5.1 Considerations on the layer constitution 

For any refinements concerning the stacking order and stacking faults of a layered material, the 

layer constitution can be a very crucial point. In this study a lithium tin sulfide, analogous to the 

material described by Holzman et al.4 was used as starting material. They describe the structure 

of lithium tin sulfide Li0.8Sn0.8S2 (from the series Li4xSn1-xS2 with x = 0.2) using a monoclinic unit cell 

with two symmetrically independent tin positions. Both tin sites are occupied by tin, lithium, or a 

vacancy to a different degree. Hence, the distribution of voids within the tin sublattice can be 

Figure S7 a) The XRPD measurements show the hydration of the Li-TS NSs upon exposure to 100 % RH for one day in 
comparison to a dry sample (120 ◦C, vac. over night) showing an increase in d-spacing of about 5 Å (from 6 to 12 Å) 
indicating the incorporation of  three water layers into the structure. b) Li-TS loses about 32 wt% of water after hydration 
at 100 % RH in the TGA. SnS2 that shows no significant weight loss is given as reference. c) This corresponds to 2.6 water 
per sum formula: Li0.3[Sn0.8S1.6(OH)0.3]·2.6H2O. d) The TGA data as mass loss vs. temperature. To calculate the mass loss 
(adsorbed water) in b) two such measurements were averaged. 
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denoted as partially ordered (Figure S7, b). The voids that might be partially filled by lithium 

cations can also be distributed randomly. This leads to a smaller unit cell and to a trigonal lattice 

symmetry (Figure S7, a). On the other hand, the voids can be distributed fully ordered, i.e. the 

distance between voids is maximized. A prominent example for fully ordered voids are classical 

layered honeycomb compounds, like Li2SnS3, where 1/3 of the octahedral voids are vacant. This 

also leads to a condensed honeycomb motif (Figure S7, c-e) in the tin sublattice and to a trigonal 

lattice or monoclinic (in case of an abc-like [the small Latin letter indicates the layer position] 

stacking order, see below) symmetry but to a larger unit cell volume. It should be noted that for 

any trigonal supercell with an ordered void distribution, a monoclinic cell with a' = a, b' = a · cos(π/6) 

and γ' = 90 ° can be found, with the same amount of voids in the tin sublattice but with a different 

void distribution (Figure S8). An important consequence of these considerations is that in the 

random void distribution in- or out-of-plane distortions of the tin sublattice are forbidden by 

lattice symmetry (local non-crystallographic distortions may still occur), while partially or fully 

ordered voids lead to unit cell metrics that allows these distortions.  

 

Figure S7 Possible distribution of voids in the Sn-sublattice of Li4xSn1-xS2 (x > 0): (a) fully random distribution, (b) partial 
ordered distribution, fully ordered distribution with (c) 1/4, (d) 1/6 and (e) 1/7 of the tin position being vacant. Partially 
filled atom symbols indicate partially occupied sites, the lattice parameters were derived from the smallest ideal, trigonal 
cell of Li4xSn1-xS2 (x > 0)  with fully random void distribution (a). 
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As shown, the distribution of voids has a major impact on the diffraction pattern. The difference 

in the XRPD pattern between partially ordered and fully disordered voids (Figure S9, a, b) seems 

to be negligible and to affect only the reflection intensities, but possible distortions of the 

monoclinic lattice and the SnS6/3 octahedra can lead to peak splitting or to the appearance of new 

reflections. The presence of ordered voids leads to the appearance of additional reflections with 

low intensity. The lower the amount of voids, the lower the intensity of these reflections. In some 

cases, an ordered void (Figure S9, d, e) distribution leads to the appearance of additional small 

reflections in the low 2θ angle region, which can be easily misinterpreted as “superstructure” 

reflections. The measured diffraction pattern of the Li0.8Sn0.8S2 (Figure S9, grey pattern, x=0.20) 

starting material exhibits additional small reflections in the low and medium 2θ angle region 

clearly pointing to an ordered distribution of voids within the tin sublattice. In addition, some of 

the high intensity reflections are shifted, which indicates a considerable distortion of the lattice. 

The intensity of the additional peaks suggests that 1/5 or more of the tin positions are vacant, 

which is in accordance to the reported phase composition.4 A detailed analysis of the structure, 

however is beyond the scope of this manuscript and will be done separately.  

 

Figure S8 Possible ordered void distribution within a tin sublattice with 1/4 of the tin positions being vacant leading 
either to (a) a monoclinic or orthorhombic (which depends on the stacking order, see below) or to (b) a trigonal cell 
setting. 

Although a strong movement of Sn4+ cations through the sulfide sublattice appears to be unlikely 

to occur during exfoliation and restacking, a careful comparison of the diffraction patterns before 

and after restacking reveals some differences (Figure S10). Most striking is that lithium tin sulfide 

(Li-TS) after exfoliation, restacking, and drying exhibits fewer and broader peaks then the starting 

material (Li0.8Sn0.8S2), which means that both the lateral and the vertical domain sizes decrease 

during this procedure. The triangular peak shape also indicates strong stacking fault disorder that 

evolves during restacking. Strong anisotropic line broadening is most likely also the reason why 

there are less peaks in the diffraction pattern. A comparison of the positions of strong reflection 

reveals some structural details: reflections with h00 and h0l indices (Figure S10, green background) 

are shifted towards higher diffraction angles, after exfoliation, restacking and drying whereas the 

00l basal reflection remains (yellow background) at the same position. This means the lateral 

extension of the unit cell shrinks, which indicates some out-of-plane distortion of tin atoms 

whereas the interlayer distance remains almost constant. Another interesting feature is the 

position of the low intensity reflection at around 4.4 ° 2θ (Figure S10, grey background), which 

indicates either an ordered distribution of the voids (Figure S8) or an interstratification of water 

(see below). As this peak is shifted towards lower diffraction angles after exfoliation, drying and 
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restacking, which is in contrast to the h00 and h0l that are shifted to higher diffraction angles, it 

can be most likely assigned to domains with intercalated water layers. Nevertheless, the 

distribution of voids within the tin sublattice can be still ordered, as the small intensity reflection 

that are associated with this ordering are vastly broadened due to stacking fault disorder (Figure 

S11, c, magenta pattern) and low domain size. 

 

 

Figure S9 Comparison of simulated XRPD patterns of  Li0.8Sn0.8S2 using different layer constitutions in terms of void 
distribution within the tin sublattice: (a) fully disordered distribution (Figure S7, a), partially ordered distribution (Figure 
S7, b), ordered distribution in a trigonal lattice with 1/6 of the tin positions being vacant (Figure S7, e), (d) ordered 
distribution in a trigonal lattice with 1/4 of the tin positions being vacant (Figure S8, b), (e) ordered distribution in a 
monoclinic lattice with 1/4 of the tin positions being vacant (Figure S7, a). The XRPD patterns were normalized to the 
peak maximum of the 003 basal reflection. 

Due to the pronounced tendency of layered honeycomb compounds for randomly oriented 

stacking vectors (Figure S11, a), especially after restacking, the hypothetical diffraction pattern of 

abc-stacked Li0.8Sn0.8S2 with a disordered void distribution and of randomly oriented abc-stacked 

Li0.8Sn0.8S2 with an ordered void distribution are almost identical. Due to the smaller lateral extent 

of the unit cell, using a structural model with a disordered void distribution speeds up the 

numerical calculations by more than two orders of magnitude. Therefore, we decided to use this 

model as an approximation for the layer setup for the following semi-quantitative analyses on the 

microstructures of hydrated and dry restacked Li-TS .  



4.7.1 Supporting Information: Fast Water-Assisted Lithium Ion Conduction in Restacked 

Lithium Tin Sulfide Nanosheets 

311 

 

 

 

Figure S10 Comparison of the XRPD patterns of Li0.8Sn0.8S2 before and after exfoliation, restacking and drying. 
Reflections indicating the lateral dimension of the unit cell are indicated by green background, reflection corresponding 
to the vertical extension of the unit cell, i.e. the inter layer spacing by yellow background and reflections that cannot be 
unambiguously assigned by grey background. Selected reflection positions in the XRPD pattern of the starting material 
are indicated by red dashed lines. 

 

Figure S11 Possible distribution of voids in the Sn-sublattice of Li0.8Sn0.8S2: (a) fully random distribution, (b) fully 
ordered distribution with 1/6 of the tin position being vacant. Projections of possible stacking vectors, S1-i, leading to 
equivalent staggered abc-like layer stacking, onto the ab plane are shown as magenta arrows. (c) Comparison of 
simulated XRPD patterns using different layer setups and stacking orders. 

5.2 Refinement of the crystal- and the microstructure of dry restacked lithium tin 

sulfide nanosheets from XRPD data 

A close inspection of the diffraction pattern of the dried Li-TS material in Figure 2a (main text) and 

SI Figure S6 and Figure S14 reveals clear indicators for different kinds of disorder in the material. 

First, the non 00l reflections exhibits strong anisotropic broadening and triangular peak shapes, 

which is indicative for stacking fault disoder.5, 6 Second, the splitting of the 003 basal reflection 
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into two overlapping Bragg peaks suggests that the interlayer distance is modulated by the 

disorder. 

Different structure models are published for the ideal, faultless structure of anhydrous LixSnSy.7, 8 

In most models an overall CdCl2-type stacking order is suggested. The lithium ions are situated in 

the octahedral voids in-between the SnS2-layer, which leads to an overall (BαC)β(AγB)α(CβA) 

stacking order, where capital Latin letters indicate anion positions and small Greek letters refer to 

cation positions, the SnS2 layers are indicated by round brackets (c.f. Figure S4). Pure SnS2 exhibits 

a CdI2-like stacking with vacant, octahedral, interlayer cation positions, leading to an (BαC)(BαC) 

stacking order and to a considerably smaller interlayer distance of 5.88 Å9 vs. 6.1319 Å for LiSnS2
10 

as illustrated in Figure S12. 

The lithium deficiency in the restacked Li-TS nanosheets (loss of 40 % of initial lithium content) 

and splitting of the basal reflections suggest the presence of stacking faults between CdCl2- and 

CdI2-type stacking. These transitions are associated with lithium vacancies in the latter stacking 

type, leading to a shorter z-component of the relating stacking vector S2 in Figure S12. 

Turbostratic-like disorder can be additionally expected as this is often observed in layered, 

tetravalent sulfides.11 Thus, C6-type faults associated with interlayer lithium vacancies within the 

C19-type basic stacking of LiSnS2, were also included in the model. The amount of faulting is 

defined by a fault probability Px (Table S4). This accounts for the lithium deficiency in the material, 

leading to an idealized composition of Li0.8–xSn0.8S2. The turbostratic components of the stacking 

vectors is modelled by adding random shifts within in ab-plane (eq. 1, rc). This has already been 

successfully applied to the microstructural refinement of NiCl(OH)12 and CoO(OH)13. Different 

extents of turbostratic disorder can be simulated by varying the limits of these random shifts (eq. 

1, 𝑙𝑖𝑚𝑟𝑐). A limit of 0.5 in fractional coordinates corresponds to a random shift of ±0.5 in the a- 

and b-directions and therefore to complete turbostratic disorder. 

  

Figure S8 Illustration of the most common stacking orders and interlayer distances in LiSnS2 (refined as lithium and tin 
deficient Li0.8Sn0.8S2 and SnS2). The positions of cation layers are indicated by small Greek letters and the positions of 
anion sublayers by capital Latin letters. The stacking vectors, describing the transition from one layer to the next is 
represented by magenta and green arrows. 
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Table S4 Transition probability matrix applied for the refinement of the microstructure of LiSnS2. The parameter Px 
describes the amount of C6-type faults in the overall C19-type stacking order of the material (Figure S1), the stacking 
vectors are given in (eq. 1). 

from↓/to→ C19-type interlayer lithium C6-type interlayer void 

C19-type interlayer lithium 1-Px, S1 Px, S1 

C19-type interlayer lithium 1-Px, S2 Px, S2 

S1 with -limrc ≤ 

rc ≤ limcr 

S2  

(eq. 1) 

 

The program TOPAS 6.014 was used to refine the XRPD patterns of the Li-TS material. A supercell 

approach15, 16 was used to approximate the stacking faulted microstructure. Stacks of 500 layers 

were generated, and 100 of these supercells were averaged. An automated series of refinements 

were conducted in which the parameters Px, limrc and the z-components of the stacking vectors 

were varied incrementally in a grid search approach.17, 18 The optimization process was carried out 

many time iteratively as it was done for Ag3LiIr2O6 and Ag3LiRu2O6 optimization sequentially: the 

random component (minrc) of the stacking vectors, the stacking fault probability (Px), the z-

component of stacking vector S1, 4. the z-component of stacking vector S2 and the z-coordinate 

of the sulphur atoms. 

A selection of the final grids is presented in Figure S13. The introduction of turbostratic 

components to the microstructure leads to a steep decrease of the Rwp value and finally to a broad 

minimum at limrc = 0.425(25) (Figure S13, a). This indicates that the layers are highly  
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Figure S13 Final, one dimensional grids of the optimization of (a) the random component of the stacking vectors, (b) the 
stacking fault probability for transitions from the CdCl2-type stacking order to the CdI2-type stacking order that is 
associated with Li-vacancies, (c) the z-component of the stacking vector of the CdCl2-type stacking order, and (d) the z-
component of the stacking vector of the CdCl2-type stacking order. 

turbostratically disordered but not completely random. Introducing stacking faults leads to further 

improvement of the Rwp value from 5.3 % (at Px = 0.0) to 3.4 % at the global minimum of Px = 

0.40(5). This corresponds to a lithium deficiency of 40 % and therefor to a phase composition of 

Li0.5Sn0.8S2, which is in agreement with the chemical analyses of sample 11 in Table S1 that was 

used for the measurements. The interlayer distances, i.e. the z-components of the stacking vectors 

were optimized to 6.137(50) Å for the C19-type stacking and to 5.90(10) Å for the C6-type stacking 

respectively, which is close to the interlayer distances of LiSnS2 (6.1319 ̊ A) and SnS2 (5.88 ̊ A) given 

in the literature.6  

Examples of the graphical results of the final Rietveld19 refinements are presented in Figure S14. 

Any attempt to refine the pattern without turbostratic disorder leads a severe misfit of the 

diffraction pattern and an unacceptable Rwp-value of 12.21 % (Figure S14, a). Using only 

turbostratic disorder and no stacking faults (Px = 0) for describing the microstructure of Li-TS leads 

to a better fit (Figure S14, b) and a considerably lower Rwp value of 5.11 %. As the splitting of the 

basal reflection cannot be modelled this way, the fit in the low 2Θ part of the diffraction pattern 

is not acceptable. When both stacking faults and the turbostratic disorder is used (Figure S14, c) 

both the shape of the basal reflection and the vastly broadened non 00l reflection can be 
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described sufficiently with a Rwp value of 3.41 %. This proves that both kinds of disorder are present 

in the microstructure of the Li-TS material. 

In summary, it can be concluded that the C19-type stacking of Li0.8Sn0.8S2 is heavily faulted by C6-

type stacked layers. The stacking faults are associated with lithium-vacancies in the interlayer 

space. The layer orientations are also significantly modulated by turbostratic-like disorder. 

However, the compound is not fully turbostratically disorder, such that the C19- and C6-type 

stacking ordering still act as centres of gravity in the microstructure of this compound. 

 

Figure S14 Graphical result of the final Rietveld refinement of dry Li-TS using an averaged model of 100 supercells each 
containing 500 layers including (a) only faults between a regular CdCl2-type and CdI2-type stacking with a fault 
probability of 40 %, (b) only random variations of the stacking vector of the CdCl2-type stacking of ±0.425 (fractional 
coordinates) (c) both effects. 

5.3 Refinement of the Microstructure of hydrated Li-TS from XRPD data 

Dry Li-TS is produced by dehydration of the hydrated phase. The XRPD pattern of the dried sample 

(Figure S15, a), however, indicates that the drying procedure is sometime not fully completed. In 

the XRPD pattern, the main reflections (003, 100, and 110) can be indexed by the trigonal cell of 

Li0.8Sn0.8S2. A few additional reflections cannot be indexed. A sharp reflection corresponding to a 

lattice plane distance of 9.3 Å (Figure S15, a, inset) indicates that the by-product has a similar unit 

cell structure but a larger interlayer distance, which is caused by the presence of intercalated 

water. The diffraction patterns of the hydrated samples (Figure S15, b, c) exhibit similarities to the 

pattern of the dried sample: strong peaks are located at the positions of the 100 and 110 

reflections (Figure S15, red dashed lines). However, the position of the basal reflection is severely 
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shifted towards lower diffraction angles for the hydrated samples. Interestingly the shifting of the 

basal reflection depends of the sample history and always corresponds to considerably larger 

lattice plane distances (11.9 Å and 12.8 Å) than the basal reflection of the hydrated by-product of 

the dried (9.3 Å) sample. Moreover for Li-TS (100 % RH, 2 weeks), the positions of the intense 

reflection in the range of (6-7)° 2θ does not fully correspond to the second order reflection of the 

basal peak, which should refer to a lattice plane distance of 6.4 Å. These observations lead to the 

following conclusions: 

 the setup and the dimensions of the SnS6/3 octahedra layers is identical for the dry and 

the hydrated samples as the 100 and 110 reflections are located at identical positions 

 due to the characteristic trigonal Warren-type peak shape, the dry and the hydrated 

samples both contain a high density of stacking faults 

 the number of intercalated water layers can vary as seen from the positions of the basal 

reflections of the by-product of the dried sample and the hydrated samples 

 the setup of the water intercalation layers can vary as the position of the basal reflection 

of the hydrated samples exhibits slight shifting 

 the interlayer distance of the hydrated sample is modulated by random variation of the 

setup of the water intercalation layers and by variation of the number of water 

intercalation layers, as the basal reflections (003) are more broadened than the 100 

reflection18 

 within the structure of the hydrated samples, there are domains which do not show any 

water intercalation as this leads to a seeming shift of the second order basal reflection 

(006) towards a higher diffraction angle 

 



4.7.1 Supporting Information: Fast Water-Assisted Lithium Ion Conduction in Restacked 

Lithium Tin Sulfide Nanosheets 

317 

 

 

 

Figure S15. Measured XRPD patterns of (a) dry Li-TS nanosheets, (b) dry Li-TS after rehydrated at 100 % RH in capillary 
for two weeks (c) Li-TS hydrated at 100 % RH in capillary for two weeks. 

Due to the disordered character of the hydrated samples, the constitution of the water layers 

cannot be determined ab initio. The position of the basal reflection (Figure S15, a, inset) of the by-

product of the dried sample corresponds to a lattice plane distance of approx. 9.3 Å. With respect 

to the packing of the atoms in the Li0.8Sn0.8S2 model and to the broadening of the interlayer 

distance of ≈ 3 Å (Figure S16, a, b), it can be assumed that two layers of water are intercalated in 

a way that a close-packing of the atoms is still maintained. They can only be located in the 

proximity of the lithium cations, leading to layers of edge sharing Li(H2O)6/3 octahedra (Figure 

S16,b yellow octahedra) and to a phase composition of Li0.8Sn0.8S2·2H2O. An octahedral 

coordination of lithium by water is not unusual as this has already been observed in highly 

hydrated lithium salts like LiClO4∙3H2O20 or LiNO3∙3H2O21. Further intercalation of water leads to 

an increase of the interlayer distance. By intercalating three layers of water an interlayer distance 

of approx. 11.9 Å can be achieved (Figure S16, c), as observed for dry Li-TS after rehydrated at 

100 % RH in a capillary for two weeks (Figure S15, b). This leads to a phase composition of 

Li0.8Sn0.8S2·3H2O with lithium occupying half of the octahedral voids of the inter layer water 
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framework, which is possible considering the amount of water found by TGA (Figure S6b, c). As 

lithium also tends to a tetrahedral coordination, the formation of tetrahedral voids by interlayer 

water could be possible. Due to minimal Li-O distances of approx. 2 Å, this second hypothetical 

polymorph of Li0.8Sn0.8S2·3H2O would exhibit a larger interlayer distance of approx. 12.8 Å (Figure 

S16, d), as observed for Li-TS (hydrated at 100 % RH in a capillary for two weeks in Figure S15, c). 

 

Figure S16. Packing diagrams of (a) Li0.8Sn0.8S2 modelled as LiSnS2, (b) hypothetical Li0.8Sn0.8S2·2H2O, (c) 
hypothetical α-Li0.8Sn0.8S2·3H2O with octahedrally coordinated, half-occupied lithium positions, and (d) 
β-Li0.8Sn0.8S2·3H2O with tetrahedrally coordinated, half-occupied lithium positions. SnS6/3 octahedra are presented in 
blue, and LiO6/3 octahedra and LiO1/1O3/3 tetrahedra are presented in yellow. The interlayer distances, corresponding 
to the lattice plane distances of the most intense 003 basal reflections are also given. 

Many different kinds of stacking fault could appear in the hypothetical lithium tin sulfide phases. 

We present this in detail for the Li0.5Sn0.8S2∙2H2O and Li0.5Sn0.8S2∙3H2O structure models. Two 

stacking orders in the SnS6/3- and Li(H2O)6/3-octahedra layers arranged in an alternating fashion 

can be derived from the layer constitution: 1. a staggered C19-type stacking with a 

(BαC)[AβC](AγB)[CαB](CβA)[BγA] stacking order in which tin layers are indicated by round and 

lithium layers by square brackets; 2. An eclipsed C6-type stacking with a (BαC)[BαC](BαC)[BαC] 

stacking order (Figure S17). As tin and sulfur are by far the strongest scatters in the crystal structure, 

shift between staggered and eclipsed stacking of the SnS6/3 octahedra layers have the strongest 

impact on the diffraction pattern. The intercalation of three layers of water can also lead to a C19-

type (Figure S18, a) or C6-type-like stacking (Figure S18, b) of the SnS6/3 octahedra layers. In Figure 

S18 small Latin letters indicate the position of entire SnS6/3 octahedra layers. As the orientation of 

the SnS6/3 octahedra is inverted for neighboring layers, the stacking sequence can be denoted as 

aa̅aa̅-type stacking. For the structural models containing more water layers, a larger number of 

stacking faults needs to be considered. In addition to the pure shifting of layers, water could also 

occupy empty lithium positions, which causes further distortion of the interlayer water frame. 
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Figure S17. Illustration of the most likely stacking orders in hydrated Li0.8Sn0.8S2·2H2O. The positions of cation layers are 

indicated by small Greek letters and the positions of anion sublayers by capital Latin letters. The stacking vectors, 

describing the transition from one layer to the next is represented by magenta and green arrows. SnS6/3 octahedra are 

presented in blue and LiO6/3 octahedra in yellow.  
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Figure S18 Illustration of two possible stacking orders in hydrated Li0.8Sn0.8S2·3H2O. The positions of cation layers are 
indicated by small Greek letters and the positions of anion sublayers by capital Latin letters. The position of entire SnS6/3 
octahedra layers are indicated by small Latin letters, a bar on top of the letter indicates that the layer position is identical 
but the setup of the sulphide layers is inverted. SnS6/3 octahedra are presented in blue and LiO6/3 octahedra in yellow.  

In order to support our structural considerations on the water intercalation, we refined the 

powder pattern of dry Li-TS after rehydration at 100 % RH in capillary for two weeks (Figure S15, 

b). Due to the high number of possible structural defects, we cannot use the approach for fitting 

the XRPD pattern that was applied for the dry samples. Instead, we used a multiphase approach, 

similar to one applied for SnTiO3
22, in which every phase used represents certain features of the 

microstructure of the sample. In order to account for the anisotropic peak broadening caused by 

structural disorder, symmetry adapted spherical harmonics of 4th order were applied to the peak 

profiles. In a first attempt, two phases of α-Li0.8Sn0.8S2·3H2O with octahedrally coordinated lithium 

ions as described in Figure S18 were used. Identical setups of the SnS6/3 octahedra layers were 

used and the lattice parameters constrained. By applying this approach, the most intense 003 

reflection and the high 2θ-range of the diffraction pattern could be suitably fitted (Figure S19, a). 

The 006 reflection, however, exhibits a considerable misfit in the peak intensity. This is not an 

effect of the stacking faults within the structure of Li0.8Sn0.8S2·3H2O, as these defects only lead to 

peak broadening. Therefore, reflections that are affected by stacking faults are usually 

overestimated in intensity. The comparatively high intensity of the 006 reflection in conjunction 

with the peak position referring to a lattice plane distance of approx. 6 Å suggests that there are 

non-hydrated domains of Li0.8Sn0.8S2 or SnS2 within the crystals. Hence, the inclusion of these 
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phases into the refinement led to a good fit of the diffraction pattern (Figure S19, b). The resulting 

phase content (Figure S19) should not be over interpreted due to parameter correlations. When 

we carried out the refinements multiple times, while applying different sequences of parameter 

refinements, we obtained equivalent fits but varying phase contents. In all attempts the phases 

representing hydrated Li0.8Sn0.8S2·3H2O (abc-stacked α-Li0.8Sn0.8S2·3H2O + a �̅� a b̅ -stacked 

α-Li0.8Sn0.8S2·3H2O) were estimated with a summed content of more than 66 wt %. Thus, the 

majority of the layers in the hydrated samples exhibits an intercalation of multiple layers of water.  

These findings could explain the NMR data (Figure S4, a and Figure S7) that suggested the presence 

of two lithium species in the hydrated samples: a mobile and a fairly immobile species. When 

there are three or more layers of intercalated water present, the lithium cations are distributed 

over a large number of voids that are only half or less occupied. Consequently, the lithium ions 

can easily move from one void to the adjacent place. When there are also non-hydrated layers 

present in the sample, the lithium ions will show a lower mobility and therefore give an NMR signal 

similar to the dry sample. The movement of the lithium ions within the water layers creates 

distortions in the framework of intercalated water that results in shifts of adjacent SnS2 layers. 

Accordingly, these layers are more or less floating on the intercalated water and are therefore 

severely disordered. This explains the severe stacking fault disorder that we found in dry Li-TS as 

it is produced by dehydration of the hydrated samples. 
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Figure S19. Graphical results of the final Rietveld refinements of b) dry Li-TS after rehydrated at 100 % RH in capillary for 
two weeks (a) using 2 phases of hypothetical α-Li0.8Sn0.8S2·3H2O representing different local stacking order and (b) 
also including dry Li0.8Sn0.8S2 and dry SnS2 into the refinement. 
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6. PDF Analysis of the Local Structures in Dry and Hydrated LiSnS2  

Total scattering measurements were carried out using the high energy Powder Diffraction and 

Total Scattering Beamline P02.1 of PETRA III at the Deutsches Elektronen-Synchrotron (DESY). X-

ray total scattering data were collected in rapid acquisition mode (RAPDF).31 A large-area 2D 

PERKIN ELMER XRD1621 detector (2048x2048 pixels, 200x200 µm2 each) was used at a sample-

to-detector distance of approximately 304 mm. Samples were loaded into 1.8 mm ID/1.9 mm OD 

polyimide capillaries (Cole-Parmer) and measured at room temperature. For relative humidity 

dependent measurements capillaries were stored under the respective humidity for one day 

before sealing. The incident energy of the X-rays was 59.858 keV (λ=0.20713 Å). A measurement 

of Si was collected at room temperature as a standard for calibration of the setup. Calibration was 

performed, and the raw 2D intensity was corrected for polarization and azimuthally integrated 

and converted to 1D intensity versus Q ( Q = 4π sin θ/λ is the magnitude of the scattering 

momentum transfer, with 2θ scattering angle) using the software Fit2D.23 

Further correction and normalization of the integrated 1D diffraction intensities were carried out 

to obtain the total scattering structure function, F(Q), which was Fourier transformed to obtain 

the pair distribution function (PDF), G(r) using PDFgetX324 within xPDFsuite25. The maximum value 

used in the Fourier transform of the total scattering data (Qmax) was 24.0 Å−1. Real-space structure 

model refinements to the PDF data were carried out using PDFgui26. The resolution parameter due 

to Q-space resolution, Qdamp = 0.0346 Å−1 was determined from Si and used for further fitting. 

Real-space structure refinement: 

Analysis of the PDF provides a useful method for interpreting structure information from total 

scattering data. It provides a sensitive probe of the local structure in amorphous and 

nanostructured materials, because it does not require symmetry, and treats both Bragg and 

diffuse scattering equally.27 A diffraction measurement over a wide range of momentum transfer 

and with good statistics is required to obtain suitable PDFs for structure analysis. Starting with a 

2D data collection of diffracted intensities, azimuthal integration results in the 1D, isotropic 

powder pattern, which contains the coherent scattering intensities 𝐼(𝑄) from the atoms in the 

sample, defined by the Debye equation27, as 

𝐼(𝑄) = ∑ ∑ 𝑓(𝑄)𝑖𝑓(𝑄)𝑗

𝑠𝑖𝑛(𝑄𝑟𝑖𝑗)

𝑄𝑟𝑖𝑗
𝑗≠𝑖𝑖

. 
(1) 

 

 

In order to obtain the pair distribution function, by the formalism of Egami and Billinge26, the 

measured powder diffraction intensities are first normalized by the average form factor squared 

to obtain the total scattering structure function 𝑆(𝑄), defined as 

𝑆(𝑄) =
𝐼(𝑄) − ⟨𝑓(𝑄)2⟩ + ⟨𝑓(𝑄)⟩2

⟨𝑓(𝑄)⟩2
 

(2) 

The experimental PDF, denoted 𝐺(𝑟), is the truncated Fourier transform of the reduced, total 

scattering structure function, 𝐹(𝑄) = 𝑄[𝑆(𝑄) − 1], as 
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𝐺(𝑟) =
2

𝜋
∫ 𝐹(𝑄)𝑠𝑖𝑛(𝑄𝑟)𝑑𝑄

𝑄𝑚𝑎𝑥

𝑄𝑚𝑖𝑛

, 
(3) 

where 𝐺(𝑟) is the magnitude of the scattering momentum transfer. For elastic scattering,  

𝑄 = 4𝜋𝑠𝑖𝑛𝜃 𝜆⁄ , (4) 

where 𝜆 is the probe wavelength and 2𝜃 is the scattering angle. In practice, values of 𝑄𝑚𝑖𝑛 and 

𝑄𝑚𝑎𝑥  are determined by the experimental setup, and 𝑄𝑚𝑎𝑥  is often reduced below the 

experimental maximum to reduce the effects of low signal-to-noise in the high-𝑄 region on the 

Fourier transformation.  

The PDF gives the scaled probability of finding two atoms in a material a distance r apart and is 

relative to the density of atom pairs in the material. For a macroscopic scatterer, 𝐺(𝑟) is calculated 

from a known structure model according to 

𝐺(𝑟) = 4𝜋𝑟[𝜌(𝑟) − 𝜌0], (5) 

𝜌(𝑟) =
1

4𝜋𝑟2𝑁
∑ ∑

𝑓𝑖𝑓𝑗

⟨𝑓⟩2
𝛿(𝑟 − 𝑟𝑖𝑗).

𝑗≠𝑖𝑖

 
(6) 

Here, 𝜌0 is the average number density of the material and ρ(r) is the local atomic pair density, 

which is the mean weighted density of neighbor atoms at distance r from an atom at the origin. 

The sums in 𝜌(𝑟) run over all atoms in the sample, 𝑓𝑖 is the scattering factor of atom 𝑖, ⟨𝑓⟩ is the 

average scattering factor and 𝑟𝑖𝑗  is the distance between atoms 𝑖 and 𝑗. In this study, Eqs. 5 and 6 

were used to fit the PDF generated from a structure model to the experimental PDFs in using the 

programs PDFgui25 and by Eqs. 1, 2, and 3 in DIFFPY-CMI28. The delta functions in Eq. 5 were 

Gaussian-broadened and the equation was modified to account for signal damping and 

broadening due to experimental effects. PDF modeling was performed by adjusting the lattice 

parameters, atomic displacement parameters (ADPs), correlated motion of neighboring atoms δ2, 

domain size (spdiameter), and the scale factor. The refinements were run by minimizing 𝑅𝑤 , 

calculated as 

𝑅𝑤 = √
∑ [𝐺𝑜𝑏𝑠(𝑟𝑖) − 𝐺𝑐𝑎𝑙𝑐(𝑟𝑖 , 𝑃)]2𝑛

𝑖=1

∑ 𝐺𝑜𝑏𝑠(𝑟𝑖)2𝑛
𝑖=1

, 

(7) 

which was used to quantify the goodness-of-fit for the model. 
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To develop further insights into the local atomic structuring of the layers, pair distribution function 

(PDF) analysis was performed on synchrotron x-ray total scattering measurements of the dry 

(same sample as in Figure S15, a) and hydrated samples (at 100 % RH for 24 h).29 The data are 

shown at various stages of data reduction in Figure S20 using xPDFsuite.30-32 Other than additional 

scattering intensities present at very low momentum transfer Q, the diffraction patterns and 

resulting structure functions and PDFs are highly similar, indicative of the similar layer structures 

and predominantly turbostratically disordered stacking relationships. 

 

In order to confirm the local validity of the models developed to describe the x-ray diffraction 

patterns, we investigated the short-range structure of the dried sample via real-space model 

refinements using either PDFgui33 and Diffpy-CMI.34 Due to the small effect of Li atoms on the 

simulated PDFs (due to low-Z) and apparent disagreement with the ordered model Li sites, we 

neglected the interlayer content. The results of different model refinements are shown in Figure 

S21 

Figure S9 Different stages of total scattering data reduction: (a) background subtracted diffraction patterns, (b) reduced total 
scattering structure functions, and (c) the resulting PDFs (truncated with 𝑄𝑚𝑎𝑥 = 24 Å-1). 
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We first compared the ideal CdI2- and CdCl2-type stacking orders to the PDF data. The vertical 

stacking vector (z-component only) of the CdI2-type stacking leads to a high multiplicity of specific 

interlayer Sn distances that are not strongly observed in the experimental data, e.g. ~7.1 Å 

between Sn and the nearest Sn neighbour of the same atom in the adjacent layer. Therefore, 

reasonable refinement of this structure was not possible, suggesting that the presence of perfectly 

eclipsed layers is unlikely. However, the ideal CdCl2-type stacking order gave reasonable 

agreement to the observed data, allowing refinement of lattice parameters a and c, an 

antisymmetric z-component shift of opposing S atoms, atomic displacement parameters (ADPs) 

for Sn and S, and a real-space damping factor for limited domain coherence. This suggests that 

neighboring layers prefer relatively shifted orientations. Despite the significant improvement in 

agreement to experimental data, the agreement is still poor with large discrepancies remaining in 

the residual. Two-phase refinement of both structures did not substantially improve the residual 

features, suggesting that the remaining misfit does not simply come from CdI2-type faults.  

To investigate the limits of turbostratic ordering, we performed a refinement of a single layer (with 

periodic boundary conditions in the a and b directions, i.e. a 2D model, using the same structure 

parameters as for the CdCl2-type structure refinement) as previously performed for 

turbostratically disordered, layered Zr-phenyl-phosphonate-phosphate ion exchange materials35. 

Here, the single layer is placed in a unit cell with a very large c unit cell parameter such that there 

Figure S10 Results of real-space structure refinement to the dry Li-TS sample PDF: from top to bottom are the resulting simulated 
PDFs from refinement of a CdI2-type structure, CdCl2-type structure, single layer, and a turbostratic CdCl2-type structure allowing 
rigid body translations of the three layers. 
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are no neighboring layers within the distances analysed in real space. The scattering is then 

simulated using the Debye equation, and the small-angle scattering (SAXS) intensities are 

truncated prior to Fourier transformation. For comparison, the experimental data was also 

reprocessed with a minimum scattering momentum transfer Q𝑚𝑖𝑛 = 1.1 Å−1, which removes low 

frequency, interlayer density modulations in the real-space PDF from the stacking peak (003 for 

CdCl2-type stacking). The resulting fit is very good, indicating that a single layer structure can 

describe nearly all the fine features of the PDF. This indicates that the atomic-level ordering of the 

material comes predominantly from the structure of the intralayer motifs, and that turbostratic 

disorder from layer to layer leads to very weak, or absent, positional correlations between the Sn 

and S atoms in opposing layers averaged over all interlayer pairs, in good agreement with the high 

degree of turbostratic disorder found in the Rietveld refinements. 

We further tested turbostratic disordering of the CdCl2-type cell, with three layers, to develop a 

potential 3D model for the local structure. The resulting refinement is also compared in Figure 

S21. Here, the 3 layers of the unit cell were each allowed to freely translate as rigid bodies in the 

a, b, and c directions. This led to a very similar goodness-of-fit to the single layer model. The 

refined model suggests on-average interlayer distances of 6.2(2) Å, and in-plane interlayer offsets 

of 1.4(8) Å (for comparison the CdI2-type and CdCl2-type offsets are 0 and 1.205 Å respectively), 

which is in good agreement with Rietveld refinement (i.e. random shifts of ±0.425 in fractional 

coordinates = 1.537 Å for the refined cell). That a similar goodness-of-fit to the single layer model 

could be achieved with only three layers further supports the Rietveld result: the structure is not 

completely turbostratically disordered and preferred, relative orientations may exist depending 

on the amount and distribution of intercalated Li. 

We also tested the data for signals corresponding to distortions of the in-plane distances, as may 

be suggested by the presence of Sn vacancies, as well as for ordered and disordered vacancy 

models, shown in Figure S21. Single-layer models representing distorted layer structures with in-

plane modulations of the Sn sublattice due to Sn vacancies or Li substitutions were taken from the 

structures published for Li2SnS3 (Li4xSn1-xS2 (x=0.33)) 8 and Li0.8Sn0.8S2(Li4xSn1-xS2 (x=0.2)) 4 with 

monoclinic symmetries. An additional distorted layer was generated by allowing a ≠ b for the 

CdCl2-type single layer. All three distorted layer models perform slightly better than the non-

distorted layer model suggesting differing in-plane Sn-Sn distances. However, the Sn-Sn distance 

is still underestimated by the model with a homogeneous shift to higher distances, suggesting that 

there must also be out-of-plane distortions of the Sn positions. 
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Single-layer models with ordered Sn vacancies/substitutions included the Li2SnS3 model with 1/3 

Li substitutions obtained from the Materials Project database (code 1190364).36 The other 

ordered vacancy models were built from the CdCl2-type single layer after refinement to the dry 

sample PDF and included the 1/4, 1/6, and 1/7 ordered vacancy models presented in Figure S21. 

The 1/3 and 1/4 models performed particularly worse, while slightly better fits to the 1/6 and 1/7 

models suggest that localized vacancy ordering cannot yet be ruled out. The effects of random, 

discrete Sn vacancies were tested using 10x10 expanded cell layers with Sn vacancies randomly 

generated and averaged over three separate iterations, Figure S23. Random Sn vacancies show 

Figure S11 Results of real-space structure refinement to the dry LiSnS2 sample PDF allowing for refinement of the z-
component of the atoms off of their symmetry allowed positions. This improved the fit of the second nearest neighbour 
peak at 3.6 Å, corresponding to both S-S and primarily Sn-Sn pairs, in both single layer and turbostratic CdCl2-type 
structure models. 
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systematic reductions in relative peak intensities, which we do not observe. This is strong evidence 

in the measured data; however, correlating effects of the Li sites required may have an effect on 

the relative intensities in particular of the first two peaks. 

 

As mentioned, all refinements of both the single layer and turbostratic 3D models led to a misfit 

of the second peak at 3.6 Å. These models slightly under-predict the distance of this peak, which 

has contributions from both S-S and Sn-Sn pair distances, but predominantly from Sn-Sn pairs due 

to its significantly larger scattering power. The misfit could not be described by intralayer 

expansion in the ab-plane, or even by allowing distortion through separately refined a and b 

parameters. Thus, it is suggested that a slightly higher observed Sn-Sn (or S-S) pair distance could 

be accounted for by out-of-plane distortions. This was tested using supercells of both single layer 

(2 × 2) and 3D (2 × 1 × 1) models by allowing each Sn and S atom to distort slightly off of its 

symmetrically allowed position in only the z-direction. The resulting refinements, shown in Figure 

S24, show improved goodness-of-fit and suitably describe the second neighbor peak. This suggests 

that locally, the Sn sites can distort slightly out-of-plane, likely correlated with the presence or 

absence of vacancies or Li substitutions, as well as intercalating content. Therefore, localized 

distortions at various sites along a given layer pair may impact the distribution of interlayer 

distances apparent by stacking-peak shape as discussed in the Rietveld section. 

We have shown that the peaks in the PDF of the dry sample are predominantly accounted for by 

the SnS2 intralayer structuring. This is primarily due to the turbostratic randomization of relative 

interlayer orientations, which reduces the on-average positional correlations between interlayer 

atom-pairs. As shown in Figure S20 (c), the hydrated sample shows a highly similar PDF signal, 

bolstering the maintenance of the intralayer structure in the hydrated state, despite significant 

changes in interlayer spacing and water content. Thus, the primary changes in structure between 

Figure S12 Results of real-space structure refinement to the dry LiSnS2 sample PDF allowing for refinement of the z-
component of the atoms off of their symmetry allowed positions. This improved the fit of the second nearest neighbour 
peak at 3.6 Å, corresponding to both S-S and primarily Sn-Sn pairs, in both single layer and turbostratic CdCl2-type 
structure models. 
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the dry and hydrated sample appear to be only in the distribution of interlayer density (including 

the hydration state of some intercalated Li ions), as evidenced by the changes in low angle 

diffraction intensities. 

The hydrated sample measured by total scattering showed a slightly different diffraction pattern 

from the hydrated samples measured with the lab diffractometer. While the dry sample shows 

only a stacking peak associated with the ~6 Å interlayer distance, this hydrated sample showed 

peaks at ~6 and 9 Å, but no peak associated with the ~12 Å stacking distance. There is however a 

significant amount of SAXS signal. This may suggest smaller domains sizes in the hydrated samples 

or possibly effects due to diffraction from separate, delaminated domains. 

To extract and demonstrate the interlayer density signals in the two samples, we have processed 

the PDFs with high (= 0.4 Å-1) and low (= 1.1 Å-1) 𝑄𝑚𝑖𝑛 values, which include and exclude the low 

angle Bragg components respectively.35 Then the high 𝑄𝑚𝑖𝑛 PDF is subtracted from the low 𝑄𝑚𝑖𝑛 

signal. Thus, only termination ripples associated with the 𝑄𝑚𝑖𝑛 value are present. This process is 

demonstrated in Figure S25 for both dried and hydrated samples. Figure S25 (c,d) show that the 

signal from the interlayer density modulations is very small in the atomic PDFs, primarily due to 

the weighting of high-Q information during the data reduction. Turbostratic density modulations 

were generated from the structure models developed during the Rietveld analysis for comparison. 

This was performed by giving the atoms in the structure very large ADPs in the ab-plane and a 

separate but also very large ADP in the c direction. Thus, all atomic-pair correlations are damped 

out (without termination effects), leaving only signal coming from the contrast in modulation 

between layer and interlayer content densities. Figure S25 (e) shows that the interlayer 

modulation for the dried sample agrees very well with a single stacking frequency. Figure S25 (f) 

show that the modulation for the hydrated sample is much more complicated. It also contains the 

non-hydrated stacking frequency as indicated by the 6 Å Bragg peak in the diffraction patterns, 

and should contain the 9 Å frequency component as well, which would correspond roughly to two 

Figure S13 Results of real-space structure refinement to the dry LiSnS2 sample PDF allowing for refinement of the z-
component of the atoms off of their symmetry allowed positions. This improved the fit of the second nearest neighbour 
peak at 3.6 Å, corresponding to both S-S and primarily Sn-Sn pairs, in both single layer and turbostratic CdCl2-type 
structure models. 
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layers of water in the void. The other frequencies, we cannot determine exactly, due to the cutoff 

of the low angle feature and associated truncation effects. 

 

 

 

  

Figure S14 Demonstration of steps for extracting and comparing the turbostratic interlayer density modulations for 
dried and hydrated samples: (a,b) application of different 𝑄𝑚𝑖𝑛 values, (c,d) transformation and subtraction of PDFs 
with and without low-Q information, and (e,f) comparison of simulated turbostratic density modulations for dry layers, 
or different levels of hydration. 



4.7.1 Supporting Information: Fast Water-Assisted Lithium Ion Conduction in Restacked 

Lithium Tin Sulfide Nanosheets 

332 

 

 

7. Analysis of electronic properties 
 

7.1 Pellet EIS measurements as function of temperature and humidity 

To assess the ion conduction properties of dry Li-TS, EIS measurements were conducted on a pellet 

pressed (~15  kN) from fine ground powder that was dried at 120 °C under vacuum for ~16 h. The 

pellet was sputtered with Ru (99.95 %, LESKER, DC sputtering with EMITECH K575X, 100 mA current, 

4 min sputter time under Ar) on both sides and contacted with Pt electrodes in a quartz sample 

holder. EIS was measured under constant argon flow (100 sccm) with a NOVOCONTROL Alpha-A 

analyzer (2-wire measurement, 106 to 10-1 Hz, 0.1 V amplitude). The temperature was ramped 

between 25-100 °C (EUROTHERM temperature controller) in 10 K steps with 3600 s equilibration 

time. After another 3600 s a measurement at the same temperature was conducted. The sample 

temperature at each step was measured with a dedicated thermocouple next to the pellet.  

The same sample was used for EIS measurements at 30, 60 and 100 °C while varying the humidity 

in the measurement cell. The humidity or partial pressure of water was set with a single-walled 

glass container (humidifier) which was immersed in a thermostat (F 25, JULABO) to regulate its 

temperature. The humidifier contained water through which dry argon was flushed connected 

with the measurement cell. The humidified argon was mixed with dry argon close to the 

measurement cell to reach lower partial pressures of water. Both dry and wet Ar gas were set in 

the range 0-50 sccm and the thermostat temperature was varied between 5 and 20 °C (0-23.3 

mbar). The exhaust gas humidity after the sample was checked with a humidity (ROTOTRONIC 

MESSGERÄTE GMBH) and dew point (EE355-PA1, E+E ELEKTRONIK GMBH) sensor. Gas flows were 

adjusted with flow controllers (FC-7700C, Aera) and the complete set-up as well as measurement 

cell were leaked checked (helium leak detector, UL 200 dry, OERLIKON LEYBOLD VACUUM). 

EIS measurement of pellet of dry Li-TS 

The severely depressed arc in the impedance spectrum in Figure S26a is fitted by two elements of 

a resistance (R) in parallel to a constant phase element (CPE) in series. The CPE element in series 

accounts for the polarization of lithium ions at the blocking electrode. The resulting conductivities 

and dielectric constants are shown in Figure S26b and c. The dielectric constant calculated via 

εr=Cd/A𝛆0  of the high frequency signal (ε1) is about 50-70 and of the low frequency signal (ε2) 

between 150-200. Both of these ranges are too high for conventional bulk responses, but are in 

line with the dielectric behaviour in the parental compound Li0.8Sn0.8S2.37  

The total ionic conductivity σ(RTot), calculated from the sum of R1+R2=RTot, is 3.4±0.5x10-8 Scm-1 

with an activation energy of 0.55±0.2 eV.  
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Figure S26 Results of EIS measurement of dry Li-TS pellet under argon flow. a) representative impedance spectrum with 
the equivalent model used for fitting given as inset b) σT as function of 1000/T with the determined activation energies 
for the total and the deconvoluted ionic conductivity of both processes. c) dielectric constant of the both processes fitted 
in a. 

Ionic conductivity of Li-TS pellet samples as a function of water vapor pressure 

The dependence of the ionic conductivity as a function of water vapor pressure at varying 

temperatures ranging from 30-100 °C was probed as shown in Figure S27. Representative 

impedance spectra are given as inset.  

At high temperatures and low humidities the same (R)(CPE)-(R)(CPE)-CPE model as for the dry Li-

TS can be applied. However, upon a certain degree of hydration of the pellet (cf. Figure S27b, 

starting from a p(H2O) of 13 mbar at 60 °C) the semicircle is fitted only by one R-CPE element with 

a dielectric constant of 50. The change in fitting could simply be due to the shift in relaxation time 

with decreasing resistance, or a change in charge carrier.  

In principle, we can think of two basic mechanisms how the incorporation of H2O could influence 

the ion transport: (1) the dominant charge carrier is directly affected and its mobility is enhanced 

with the uptake of H2O (change in kinetic properties), (2) a new mobile carrier with superior 

mobility is created, which takes over as the new dominant carrier species (change in 

concentration/thermodynamic property). In either case – (1) or (2) – the conductivity is directly 

affected by the amount of H2O incorporated. Since the interaction of lithium ions with the anionic 

layers is screened by the coordination with water, we assume an increase in mobility of the lithium 

ions. However, the entire mechanism is probably a mixture of the two above and could be even 

more complicated. 
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Figure S27 Plots of ionic conductivity as a function of water vapor pressure with representative impedance spectra and 
equivalent circuit models at a) 30 °C b) 60 °C and c) 100 °C.  

 

 

Figure S28 Ionic conductivity as a function of the orientation of electrodes on free standing films and powder pellets 
probing the in-plane and out-of-plane conductivity, respectively. The in-plane conductivity is magnitudes higher for Li-
TS, indicating facile movement of cations between restacked nanosheets at high humidity. 
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Figure S29 Ionic conductivity as a function of temperature between -25 and 25 ◦C at 76 %RH of a free-standing film of 
restacked Li-TS NSs measured in the out-of-plane direction shows a lower conductivity compared to in plane 
measurements. The spectra are modelled by an equivalent circuit with a resistance (R) and a constant phase element 
(CPE1) in parallel and a CPE2 in series to take the polarization of ions at the blocking electrode into account. The image 
of the free-standing thin film was taken with a 10x magnification with an optical microscope and show the thickness of 
about 20 µm. 

 

 

 

Figure S30 From measurements of the Li-TS thin film on a Al2O3 substrate at constant relative humidity of 76 % between 
40 °C and 70 °C, the activation energies of the high-frequency semicircle (bulk properties, blue) and low-frequency 
semicircle (electrode contributions, red) in Figure S6c were extracted to be 0.29 and 0.39 eV, respectively. 
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8. PFG NMR population analysis 

 

Figure S31 Population analysis of hydrated (100 % RH; 1 week) L-TS PFG NMR measurements showing a fraction of 20 % 
immobile and 80 % fast species resembling the presence of a majority and minority species in the 6Li MAS spectrum in 
Figure S4 main text. The difference in absolute values of the fractions of species, are probably due to broadening of the 
7Li spectra that are the basis for diffusion analysis with respect to the 6Li MAS spectra. 

 

Figure S32 PFG NMR and population analysis of hydrated sample at 100 % RH for 24 h. In this slightly drier sample, the 
diffusion coefficient of 7Li and 1H match very well with 9.5×10−11 m2s−1. The fractions analysis shows a fraction of 20 % 
immobile and 80 % mobile lithium ions. The diffusion behaviour of 1H close to room temperature matches the behaviour 
of lithium very well, but deviates at higher temperatures, probably due to water leaving the sample. This is possible 
because the dead volume of the NMR spinner despite all efforts is not zero. 
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Calculation of charger carrier concentration in hydrated Li-TS 
To convert the measured diffusivities from PFG NMR into conductivity, the Nernst-Einstein 

equation (see main text) was applied. The charge carrier concentration (lithium ions) nLi was 

estimated with: 

𝑛𝐿𝑖 =
𝑍𝐿𝑖

𝑉𝑐𝑟𝑦𝑠𝑡
∙ 0.4 ∙

𝑑𝑑𝑟𝑦−𝐿𝑖−𝑇𝑆

𝑑ℎ𝑦𝑑𝑟𝑎𝑡𝑒𝑑−𝐿𝑖−𝑇𝑆
 

where ZLi and Vcryst are the number of Li atoms (5.01) and volume (438.8 Å3) per unit cell of the 

parental Li0.8Sn0.8S2
4 and ddry-Li-TS and dhydrated-Li-TS are the interlayer spacing of dry Li-TS (6.1 Å) and 

hydrated Li-TS (11.9 Å).  
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5 Summary, Conclusion and Outlook 
This work gave an overview of the 
contemporary battery research tackling 
the question of raising performance, but 
also becoming safer, cheaper and more 
sustainable. It introduced the basic 
concepts of ionic diffusion and 
conduction in ionic crystals and 
identified strategies to tune the 
performance. Then, electrochemical 
impedance spectroscopy was presented 
as method of choice to measure the 
ionic conductivity, which is the key 
performance indicator of solid 
electrolytes. 

The development of solid electrolytes 
for lithium, but also sodium and 
potassium ion based technologies is key 
to progress, since SSBs are one of the 
most promising concepts currently 
under investigation. Therefore, we 
developed several solid electrolytes in a 
variety of projects in this thesis (cf. 
Figure 23).  

In the emerging field of phosphidosilicate based solid electrolytes, we introduced several new 
systems and/or report on their ionic conductivity and elucidate their structure–property–
relationship. The ionic conductivity and diffusivity of lithium ions in known Li2SiP2 and LiSi2P3 
(chapter 4.2) is reported. The bulk conductivity of polycrystalline LiSi2P3 of 2.5x10–4 S cm–1 is 
estimated from PFG NMR measurements and is comparable to the conductivity of its sodium and 
potassium containing cousins presented later in this work. However, our comparison of 
conductivity from EIS and PFG NMR diffusivities exposes grain boundaries as limiting factor of 
performance (to 3.1x10–5 S cm–1). These findings complement the available data on ionic motion 
in lithium phosphidosilicates.  

For a series of supertetrahedral sodium phosphidosilicates (chapter 4.3) an increase in ionic 
conductivity with increasing supertetrahedra size is found.14 In total, the structures and sodium 
ion conductivities of six new compounds (Na19Si13P25, Na23Si19P33, Na23Si28P45, Na23Si37P57, LT–
NaSi2P3 and HT–NaSi2P3) were presented. The new compounds consist of SiP4 tetrahedra 
assembled into interpenetrating networks of T3 to T5 supertetrahedral clusters. The ionic 
conductivity in the series increases dramatically by going from Na23Si19P33 (T3T3), only possessing 
fully occupied sodium positions and relatively small channels between the rigid phosphidosilicate 
anionic supertetrahedra, to HT-NaSi2P3 (Na23Si46P69, T5T5) by formally adding charge neutral 
“Si3P4”. This leads to a dilution of sodium ions as the charge density of the anionic supertetrahedral 
networks decreases. This change boosted the ionic conductivity from initially 2x10–9 to 4x10–

4 S cm–1 at 25 °C and lowered the activation energy from 0.47 eV to 0.25 eV in HT–NaSi2P3. That 
trend is in accordance with the general prerequisites for fast ion conduction in crystalline solids 
such as a highly ordered, immobile sublattice providing continuous open channels for ion 
transport and minimizing the activation (migration) energy while providing high charge carrier 
concentrations. 

Figure 23 Graphical summary of all projects presented in this work. 
Starting from the top middle going clockwise: chapter 4.7, chapter 
4.2, chapter 4.3, chapter 4.4, chapter 4.5, chapter 4.6, chapter 4.1. 
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We applied the obtained insights to develop the first non–oxide based fast potassium ion 
conductor KSi2P3 (chapter 4.4) exhibiting a low Ea of 0.20 eV and an ionic conductivity of 3x10–

4 S cm–1 at 25 °C.15 We showed that the known T3 KSi2P3 polymorph passes through a 
reconstructive phase transition to the tetragonal T5 polymorph at 1020 °C that is isostructural to 
its sodium cousin. It is also composed of SiP4 tetrahedra forming interpenetrating networks of 
large T5 supertetrahedra. Additionally, upon cooling down to about 155 °C and 80 °C T5 KSi2P3 
shows enantiotropic displacive phase transitions. T5 KSi2P3 is the fastest potassium ion conductor 
not containing any redox active transition metals (vs. K2Fe4O7) known to–date and allows the 
exploration of new K-SSB systems.  

Moreover, in this work light was shed on the trend in ionic conductivity in the Na5AlS4–Na4SiS4 

series (chapter 4.5).16 Here, the interplay of charge carrier concentration and low site symmetry 
of sodium ions lead to orders of magnitude increased conductivity. In this series containing three 
new structures, we rationalized the superior properties of Na8.5(AlS4)0.5(SiS4)1.5 by a flattening of 
the energy landscape by the presence of highly distorted sodium coordination polyhedra. The 
origin of the increase in conductivity in this structure in respect to the border phases Na5AlS4 and 
Na4SiS4, is a lowering of the energy barrier while the pre-exponential factor increases. This 
contradicts the Meyer–Neldel–rule, as introduced earlier by Di Stefano et al.136 and this concept 
of flattening of the energy landscape by the presence of highly distorted coordination polyhedra 
is highly promising to find new fast ion conductors. The complex interplay between structural 
factors and the energetics of ion transport in these systems needs to be studied further.  

Despite showing promising high ionic conductivities, the introduced new solids electrolytes are 
still far away from an application in real SSBs. The next step is the investigation of their 
thermodynamic and kinetic stability in contact to the electrodes and the formation of possible 
SEIs. By the introduction of more ionic defects by systematic substitution studies, the conductivity 
should be pushed to the desired > 10 mS cm–1 for an application of a solid electrolyte as catholyte. 
Besides, the development of new ways of processing to optimize the microstructure and limit the 
negative influence of grain boundaries is key. On the long run, the development of an upscaling 
route is inevitable enabling the synthesis of these new materials in large quantities. Since the 
introduction of new elements and material classes produces new safety problems, possible health 
hazards arising from the potential development of phosphane from the family of 
phosphidosilicates and hydrogen sulfide from the thio–tetrelates and –trielates during processing 
and application have to be considered early on.23  

More in general, the development of solely inorganic ceramic solid electrolytes can be put into 
question. The concept of hybrid-electrolytes74 combining for example traditional polymer or liquid 
and inorganic solid electrolytes or ionic conductive and/or structural components could enable a 
better contact between electrolyte and electrodes by retaining high ionic conductivity and 
mechanical stability. However, at the moment the search for hybrid systems just started and a lot 
of tasks have to be tackled until superiority or failure is demonstrated. Probably, the race for the 
best electrolyte will be won system by system, depending on the exact cell chemistry. Therefore, 
the aforementioned introduction of ways to enhance the interface stability towards the 
electrodes, to improve mechanical properties, microstructure and percolation paths, and to find 
low cost processing routes for upscaling, will be crucial research questions for the future. 

To look beyond the discovery of entirely new materials already in this work, the solution based 
processing and the influence of nano-sizing and humidity on already known solid electrolytes was 
investigated. The fast solid electrolyte Li7SiPS8 (chapter 4.6) was treated with a variety of solvents 
and we found that LiSiPS is stable in aprotic solvents, but decomposes in protic solvents. For 
industrial slurry fabrication, we demonstrated the suitability of aprotic solvents with a donor 
number smaller < 15 kcalmol–1 and using anisole as a case study, we showed that a residual water 
content up to 800 ppm does not lead to a significant deterioration in the ionic conductivity when 
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compared to dry solvents. Additionally, a decomposition mechanism for ortho–thiophosphates in 
alcohols into oxygen–substituted thioethers was proposed. These insights open up the path to 
develop slurry based cathode fabrication and potentially a solvent based synthesis route not 
based on trial and error but on fundamental understanding of the underlying processes.  

In chapter 4.7, restacked Li–TS after being exfoliated in water and shaped into thin films, 
possessing a structure dominated by severe disorder and locally varying lithium content, was 
demonstrated to be capable of fast water–assisted lithium ion conduction exceeding that of 
parental Li0.8Sn0.8S2. This highlights the possibility of nano–structuring solid electrolytes without 
losing the good conduction properties and gives an example of a lithium ion conducting material 
for which the presence of environmental humidity is not destructive but beneficial. The 
development of a detailed structural model, as well as the proof of lithium ions being the main 
charge carries in Li–TS rather than protons by the combination of PFG NMR and impedance 
spectroscopy hopefully contributes to a deeper understanding of other restacked nanosheet 
materials by making their structure–property relationship better accessible. Nevertheless, at this 
stage the influence of the effects of water in the electrolyte on the behavior of an entire battery 
is unclear. Possibly, the high voltage of a regular LIB leads to electrolysis of water into hydrogen 
and oxygen gas, possibly destructing the cell pack. Therefore, alternative low potential or water 
based battery systems should be considered to be combined with materials such as restacked Li–
TS.  

Since for a low cost and sustainable battery, the elimination of Co and potentially also Ni is 
advantageous, a closer look was taken on two new lithium metal sulfide based cathode materials 
(chapter 4.1). In that project, the poor battery performance of the ordered, rock–salt–type 
cathode materials Li3NbS4 and Li3TaS4 was rationalized by their inherently poor electronic 
properties demonstrated by electronic measurements and theoretical calculations. The 
evaluation of the local microstructure and short–range order by HRTEM highlighted the 
importance of short–range order inhibiting lithium diffusion, worsening the overall battery 
performance, and the need to look out for amorphous side phases severely altering the electronic 
and ionic properties of a material. This work thus highlights the importance of microstructural and 
local structure analysis of emerging classes of highly reversible, high capacity lithium metal 
sulphide cathodes and beyond. 
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