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”Pour ce qui est de l’avenir, il ne s’agit pas de le prévoir, mais de le rendre possible.“  

(“As for the future, it is not about predicting it, but making it possible.”) 
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Zusammenfassung 

Die sich schnell entwickelnden technologischen Möglichkeiten von heute und der zunehmende 

Einsatz mobiler Geräte führen zu einer steigenden Nachfrage nach leistungsstarken 

Energiespeichermaterialien. In Zukunft wird erwartet, dass Li+-Batterien, insbesondere durch die 

Elektrifizierung von Autos und anderen Transportfahrzeugen, eine Gesellschaft ohne fossile 

Brennstoffe ermöglichen werden. Heutige Li+-Batterien unter einer begrenzten Energiedichte 

sowie Sicherheitsproblemen leiden, konzentrieren sich Materialwissenschaftler auf die 

Entwicklung von Festkörperbatterien, welche einen Festkörperelektrolyten anstelle einer 

brennbaren Flüssigkeit enthalten. 

In diesem Zusammenhang wurden mehrere Familien von Li+-leitenden Materialien, einschließlich 

Oxide und Sulfid-basierende Materialien, untersucht und verschiedene vielversprechende 

Verbindungen identifiziert, welche die geforderte Ionenleitfähigkeit von 1 mS cm−1 erfüllen. 

Darüber hinaus haben vor kurzem auch Lithiumphosphidotetrelate und -trielate Aufmerksamkeit 

erregt, da sie eine weitere Klasse vielversprechender Ionenleiter auf Phosphid-Basis darstellen. 

In dieser Arbeit werden die ternären Phasensysteme Li/Si/P, Li/Ge/P und Li/Sn/P systematisch im 

Hinblick auf die Synthese und Charakterisierung schneller Li +-Leiter untersucht. Darüber hinaus 

werden Struktur-Eigenschafts-Beziehungen durch den Vergleich von strukturellen 

Gemeinsamkeiten bzw. Unterschieden zusammen mit deren resultierenden Materialeigenschaften 

erarbeitet. Die Anwendung eines innovativen Synthesewegs ermöglicht die (erneute) 

Untersuchung zuvor entdeckter, aber unzureichend charakterisierter Phosphidotetrelate. 

Phasenreine Proben der Verbindungen Li14SiP6, Li14GeP6, Li14SnP6, (α-) Li8SiP4, α- und β-

Li8GeP4, α- und β-Li8SnP4 und Li5SnP3 werden durch mechanisches Vermahlen und 

anschließendes Tempern der entsprechenden Elemente in stöchiometrischen Mengen erhalten. 

Dieses Verfahren ermöglicht die Synthese der Materialien im Gramm-Maßstab und erleichtert 

somit die Charakterisierung der Verbindungen anhand verschiedener Methoden. Die strukturelle 

Aufklärung erfolgt mit Hilfe von Einkristall- und Pulverröntgen- sowie 

Pulverneutronenbeugungsexperimenten. Zusätzlich werden thermische Stabilitäten und 

auftretende Phasenübergänge zwischen den entsprechenden Polymorphen, unter Anwendung von 

temperaturabhängigen Pulverneutronenbeugungsexperimenten und dynamischer 

Differenzkalorimetrie untersucht. Da alle vorkommenden Strukturen vom Antifluorit-Strukturtyp 

abgeleitet werden können, werden Gruppe-Untergruppe-Beziehungen der eng verwandten 

Phosphidotetrelate sowie strukturelle Variationen anhand der Strukturdaten sowie „Magic-Angle-

Spinning“ Kernspinresonanzspektroskopie analysiert. Die elektrischen Eigenschaften der oben 

genannten Verbindungen, einschließlich der ionischen und elektronischen Leitfähigkeit sowie der 
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Aktivierungsenergie für die Bewegung der Li+, werden mittels elektrochemischer Impedanz- und 

temperaturabhängiger statischer NMR-Spektroskopie bestimmt. In diesem Zusammenhang 

werden insbesondere die durch die Substitution des Tetrel-Elements verursachten Veränderungen 

der elektrischen Eigenschaften untersucht. Zusätzlich werden negative Kerndichtekarten, welche 

aus experimentellen Strukturfaktoren rekonstruiert wurden, die durch temperaturabhängige 

Pulverneutronenbeugung erhalten wurden, unter Anwendung der Maximum-Entropie-Methode 

und des „One-Particle-Potential“-Formalismus analysiert. Hierbei werden dreidimensionale Li+-

Diffusionspfade beobachtet, welche die Ursache für die unterschiedlichen ionischen 

Leitfähigkeiten von 3,2 × 10−7 bis 1,7 × 10−3 S cm−1 der untersuchten Materialien aufdecken. 

Diese Ergebnisse erweitern nicht nur die Anzahl an potenziellen oder vielversprechenden Li+-

Leitern, sondern erweitern darüber hinaus das fundamentale Wissen über Bewegungsprozesse von 

Li+ in Festkörper-Ionenleitern. Dieses ist erforderlich um die Anpassungstechniken für das 

Designen der nächsten Generation von Festkörperelektrolyten und deren Anwendung in 

Festkörperbatterien, zu verbessern und zu erleichtern. 
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Abstract 

Today’s fast developing technological possibilities and the growing use of mobile devices leads 

to an increasing demand for high performing energy storage materials. Hereafter, Li+ batteries are 

proposed to enable a fossil fuel-free society, particularly by electrification of cars and other 

transport vehicles. Since state-of-the-art Li+ batteries suffer from limited energy density and safety 

issues, materials scientists focus on the development of all solid state batteries, which contain solid 

state electrolytes instead of a flammable liquid. 

In this context several families of Li+ conducting materials, including oxides and sulfide-based 

materials, are investigated and various promising compounds that meet the required ionic 

conductivity of 1 mS cm−1 have been identified. In Addition, lithium phosphidotetrelates and -

trielates have recently aroused attention as they represent another class of promising, phosphide-

based, ionic conductors. 

Within this work, the ternary Phase systems Li/Si/P, Li/Ge/P and Li/Sn/P are systematically 

investigated with respect to the synthesis and the characterization of fast Li+ conductors. 

Furthermore, structure-property relationships are elaborated by comparison of structural 

similarities and dissimilarities, respectively, as well as in combination with the resulting materials 

properties. Applying an innovative synthesis route enables the (re-)investigation of previously 

discovered but deficiently characterized phosphidotetrelates. Phase pure samples of the 

compounds Li14SiP6, Li14GeP6, Li14SnP6, (α-)Li8SiP4, α- and β-Li8GeP4, α- and β-Li8SnP4 and 

Li5SnP3 are obtained by mechanical alloying and subsequent annealing of the corresponding 

elements in stoichiometric amounts. This process allows for a synthesis of the materials in gram 

scale, and thus, facilitates the characterization of the compounds by various methods. For the 

structural elucidation single crystal and powder X-ray as well as powder neutron diffraction 

experiments are carried out. In addition, thermal stabilities and occurring phase transitions between 

the corresponding polymorphs are evaluated applying temperature-dependent powder neutron 

diffraction and differential scanning calorimetry experiments. Since all occurring structures can 

be derived from the antifluorite type of structure, group-subgroup relationships of the closely 

related phosphidotetrelates as well as structural variations are analyzed by combination of the 

structural data and magic angle spinning nuclear magnetic resonance spectroscopy. The electric 

properties of the aforementioned compounds, including the ionic and electronic conductivity as 

well as the activation energy for Li+ motion, are determined via electrochemical impedance and 

temperature-dependent static NMR spectroscopy. In this context, the changes of the electric 

properties caused by substitution of the tetrel element is evaluated in particular. In addition, 

negative nuclear density maps reconstructed from experimental structure factors obtained by 
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temperature-dependent powder neutron diffraction are analyzed applying the maximum entropy 

method and the one-particle-potential formalism. As a result, three-dimensional Li+ diffusion 

pathways are observed, revealing the origin of the different ionic conductivities of the investigated 

materials ranging from 3.2 × 10−7 to 1.7 × 10−3 S cm−1. These findings not only expand the number 

of potential or promising Li+ conductors, but also augment the fundamental knowledge of Li+ 

motion processes in solid state ionic conductors, which is required for improving and facilitating 

of tailoring techniques in order to design next-generation solid state electrolytes for an application 

in all solid state batteries. 
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1 

1 Introduction 

1.1 Energy Storage and Mobility 

When The Royal Swedish Academy of Sciences decided to awarded the 2019 Nobel Prize in 

Chemistry to John B. Goodenough, M. Stanley Whittingham, and Akira Yoshino for the 

development of lithium-ion (Li+) batteries, the committee acknowledged the success of the 

laureates to create a rechargeable world.[1] 

In times of emission scandals and other environmentally harmful practices that contribute to the 

acceleration of climate change, the academy not only honored the scientifically outstanding 

achievements of the award winners, but also highlighted the Li+ battery as one of the most 

promising technological concepts for curbing climate change and enabling the creation of a fossil 

fuel-free society. And with this contribution, enabling the 1.5-degree target of the member 

countries of the United Nations (UN) to be met.[1, 2] 

Recent reports published by the UN and partner organizations showed that the worlds emissions 

are not on track to meet the Paris Agreement target. Additionally, the number of climate-related 

disasters like floods and storms almost doubled over the last two decades (2000-2019), compared 

to the period from 1980 to 1999. This highlights the urgent need to expand the share of renewable 

energies — such as hydro- and ocean power, geothermal power and heat, or solar systems — to 

reduce emissions. And with the increase of renewable energy production, the necessity of 

advanced and highly efficient energy storage technologies to increase the amount of stored energy 

to buffer the varying energy output of weather-dependent systems, such as solar and wind plants 

is essential.[2-7] 

The rising share of renewable energy continues to transform energy systems around the world, 

including a significant growth in the capacity and generation from sources of variable renewable 

energy. This has helped to unlock new sources of flexibility using innovative technologies, such 

as chemical, mechanical, and thermal energy storage. In 2018 the global energy storage stock 

resulted in a capacity of 160 GW including a share of 3 GW stored in batteries.[5, 8] Driven by these 

new technologies and the associated changes in consumer behavior within society, has led to a 

growing demand for transportable energy storage media. This demand is the result of the increased 

use of mobile devices including laptops, tablets, smartphones and smartwatches.[9, 10] Additionally, 

growing efforts to reduce air pollution from combustion engines are leading to the electrification 

of vehicles, such as cars, busses, and trains. As a result, more than 5.1 million electric vehicles 

(EVs) were already on the road as of 2018.[5, 10] Li+ batteries are almost exclusively used as the 
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energy storage system of choice for mobile devices and EVs, due to their high specific energy 

density.[11, 12] 

1.2 Batteries — On the Road to All Solid State Batteries 

A battery consists of two electron conducting electrodes separated by an ion conducting 

electrolyte. It operates as an electrochemical energy storage device that converts chemical energy 

— which is stored within its electrodes — into electrical energy by means of an electrochemical 

redox reaction. This energy can then be released as needed by the transfer of electrons through an 

electric circuit, this release produces an electric current at a constant voltage.[13, 14] 

Starting with the first stable and functioning battery, built and documented by Alessandro Volta 

in 1800, various types of batteries were invented and developed over the last 200 years.[15] While 

primary batteries are non-rechargeable and need to be disposed after discharge, secondary batteries 

or accumulators, can be recharged as they are based on a reversible electrochemical reaction 

restoring the energy within the electrodes.[14]  

One of the first commercialized rechargeable battery technologies was the lead acid (Pb acid) 

battery invented in 1859. In its charged state, the battery consists of lead metal (Pb anode, negative 

electrode) and lead dioxide (Pb(IV)O2 cathode, positive electrode) in an electrolyte of 

approximately 37% (5.99 M) sulfuric acid. During discharge both electrodes react with the sulfate 

ions (SO4
2-

) dissolved in the aqueous electrolyte and precipitate in the form of lead sulfate 

(Pb(II)SO4). The Pb acid battery is cost effective and can produce large currents on demand, as 

discharge can occur rapidly due to the high exchange-current densities. However, they suffer from 

low reliability and safety issues, as well as a short life cycle and low energy density — from 30 to 

50 Wh kg−1 due to the inherent high density of lead.[8, 9, 14, 16] 

The effective utilization of energy storage technologies, such as batteries results in cost-efficient 

systems. Thus, the performance of a battery is primarily measured by a high specific energy, high 

power density, long cycle life, safety and low cost.[8, 13] Many advances have been made resulting 

in a continuous improvement of specific electrochemical systems and the development of new 

battery chemistry.[11] Nickel−cadmium (Ni–Cd) batteries containing a nickel hydroxide positive 

electrode plate, a cadmium hydroxide negative electrode plate, a separator, and an alkaline 

electrolyte. This battery technology offers a robust reliability in combination with very low 

maintenance requirements and exhibit a higher energy density than previous lead acid batteries 

(50 to 75 Wh kg−1). But Ni–Cd batteries suffer from relatively low cycle life (due to memory 

effect), high cost and also contain toxic heavy metals, causing issues associated with disposal of 

the exhausted cells. Despite these disadvantages, Ni–Cd batteries were the favored technology for 
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power tools, emergency lightning, and portable devices, before being replaced by other 

electrochemistry.[8, 9, 14] Additionally, the European Parliament banned batteries containing 

cadmium from portable electronic devices, such as drills, screwdrivers and saws since 2017.[17] 

Aiming for advanced and less-toxic electrochemical cells lead to further development of battery 

systems, and thus, resulted in the commercialization of nickel–metal hydride batteries (Ni–MH) 

in 1989. This type of cell represents a cadmium-free derivative of the aforementioned Ni−Cd 

battery, they both use the same cathode materials and electrolyte, but the Cd-anode is replaced by 

a hydrogen absorbing alloy. Ni−MH batteries feature several key advantages, such as minimal 

memory effect, superior cycle life, and a relatively high energy density of 60 to 120 Wh kg−1 when 

compared to Ni–Cd batteries. Due to this, and in combination with its fast charging ability (within 

1 h), Ni–MH batteries replaced Ni–Cd cells in portable electronic devices in the early 1990s.[9] 

In 1991, Sony brought a new alternative to the market, which was established within a few years 

and became the current global market leader in the area of energy storage systems, this alternative 

was the Li+ battery.[14, 18, 19] The essential advances for the development of today's society, resulted 

from the development of Li+ batteries. And as such, convinced The Royal Swedish Academy of 

Sciences to award the Nobel Prize in Chemistry 2019 to its aforementioned inventors.[1, 12, 13] The 

invention of the Li+ battery started with the investigation of intercalation compounds by 

Whittingham. He reported on a new technique that allows for reversible electrochemical 

intercalation of metals, such as Ag, Li and other electron donors into layered transition metal 

disulphides (e.g., TaS2, MoS2, ZrS2, and TiS2), forming AgxTaS2, LixMoS2, LixZrS2 and LixTiS2 at 

room temperature (RT). Further investigation of the lithium containing intercalation compounds 

revealed, a fast Li+ diffusion process within these structures involving both, tetrahedral and 

octahedral sites.[20, 21] Due to this, Whittingham announced lithium intercalation compounds to be 

a new generation of solid cathode materials and patented a new battery system based on the 

electrochemical reaction of layered titanium disulfide with a lithium metal anode using LiPF6 

dissolved in propylene carbonate as an electrolyte. The LixTiS2/Li couple contains lightweight and 

low-cost materials and features a high energy density of 480 Wh kg−1. These properties, in 

combination with a high cell potential of 2.5 V, fast reaction and a highly reversible manner, the 

Whittingham-Cell was regarded as a potential candidate for EV propulsion in the 1970s.[22, 23] But 

difficulties regarding the reversible deposition of metal lithium at the negative electrode using an 

organic electrolyte (dendrite growth and following cell shortening[18, 24]) have restricted 

commercial LixTiS2/Li batteries to coin cell units. However, batteries based on Li+ intercalation 

have attracted large interest, because of their superior performance characteristics, such as long 

cycle life, high energy and power densities, and no memory effect.[13] Following Whittingham’s 
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discovery, Goodenough reported on an advanced cathode material with a theoretical energy 

density of 1.11 kWh kg−1. The LixCoO2 cathode represents an intercalation compound formed by 

electrochemical extraction of lithium from LiCoO2 (LCO) and, thus, is related to LixTiS2. This 

material exhibits very high open-circuit voltages of 4 to 5 V. This allowed for the consideration of 

alternative negative electrodes, such as the use of an insertion compound as the anode in 

combination with a liquid electrolyte. Or the use of a SE featuring a large breakdown voltage that 

enables the utilization of a greater percent of the potential energy density.[25, 26] 

Yoshino built on the idea suggested by Goodenough, and built the first successful Li+ battery by 

using an intercalation compound as the negative electrode by combining the LCO cathode with a 

carbon anode. The cell is built in the discharged state (C/LCO) and forms LiC6 on reaction with 

lithium. The loss of approximately 100 to 300 mV in cell potential when compared to the use of 

lithium metal is deemed acceptable when connected to a high potential cathode like LCO. 

Additionally, applying the concept of intercalation on both electrode sites results in enhanced 

safety. Since a thin film is formed on the carbon surface (solid electrolyte interface, SEI[27, 28]) or 

on the positive electrode (cathode electrolyte interface, CEI[29]) upon charge and discharge, the 

system is stabilized, with only 10 to 20% capacity fading after a few hundred cycles. The 

configuration of the Li+ battery published by SONY is shown in Figure 1.1.[18, 19, 30] 

In the following decades tremendous efforts were made to develop better performing Li+ batteries 

containing mainly low-cost materials. As a result, alternative intercalation compounds, such as 

LiNiO2, LiMnO2, LiNi0.8Co0.15Al0.05O2, and LiNixCoyMnzO2 that are closely related to LCO have 

been reported. But also non-layered structures including spinels (e.g., LiMn2O4 and LiCo2O4) and 

olivines (e.g., LiFePO4, LiMnPO4, and LiCoPO4) have been successfully implemented as the 

positive electrode.[18] In addition, lithium titanium oxide (Li4Ti5O12), and alloy compounds 

including Si, Ge, Sn or binary phosphides, such as Sn4P3, are commonly studied anode materials 

and possess theoretical capacities that are 2-10 times higher than graphite. Although each of these 

materials has its advantages, each have certain disadvantages forcing scientists to further develop 

battery materials.[31-35] 

Another promising approach is the use of an inorganic solid state electrolyte (SE) to reduce the 

percentage of inactive materials. Such as, the casing to prevent leakage, or the separator, as 

Goodenough suggested in the 1980s.[26] The all solid state batteries (ASSBs) are predicted to be 

the next technology of choice, in EVs and future Li+ batteries. This is due to the substitution of the 

flammable (organic) liquid electrolyte with a crystalline, glassy inorganic material or an organic 

polymer. This allows for the circumventing of some fundamental challenges of present Li+ 

batteries. The use of a lithium metal anode could be possible again, if the corresponding SE 
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exhibits high chemical stability against elemental lithium. This would result in a new generation 

of high-power applications as demanded by companies from the automotive sector.[36-38] An 

overview of promising candidates of SEs as well as the required properties for an application in 

ASSBs are given in the next chapter. 

Further competitors in the diverse field of energy storage technology including batteries based on 

chemical bonds (e.g., Li–O2, Li–S and Li–Se batteries), sodium-ion batteries (e.g., sodium sulphur 

or sodium nickel chloride batteries), metal−air batteries, flow batteries (e.g., vanadium redox 

batteries) or fuel cells are subjects of current research.[8, 13, 14, 39] However, these systems will not 

be further discussed, since this work is based on the investigation of Li+ conducting materials. 

 

 

Figure 1.1. Schematic representation of the Li+ battery developed by SONY based on a graphite anode 

(C/LiC6 on a copper current collector) and a LCO cathode (LiCoO2/CoO2 on an aluminum current collector) 

in a liquid nonaqueous electrolyte. The battery is shown in the state of discharge (top) and charge (bottom). 
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1.3 Solid State Electrolytes — Requirements and Candidates for ASSBs 

The requirements for SEs that are suitable for application in ASSBs differ depending on the cell 

component in which they are intended to be placed. A SE replacing the conventional liquid 

electrolyte as well as the required separator demands, as well as a high ionic conductivity, a 

negligible electronic conductivity so that it can also function as a solid separator.[36, 40] In addition, 

SEs featuring mixed ionic and electronic conductivity can be used to enhance the performance of 

the electrodes. Combining the corresponding electrode material with a mixed conductivity SE 

results in composite electrodes. The SE ensures sufficient electronic and ionic percolation between 

the current collector and the active material and between the active material and the SE 

separator.[36, 38, 41] But, the SE must exhibit very high chemical stability against metal lithium, if 

the latter represents the anode material of choice. The general cell setup of ASSBs containing a 

composite or a lithium metal anode is shown in Figure 1.2. 

 

 

Figure 1.2. Schematic representation of an ASSB with a composite anode consisting of an active material 

and a mixed ionic and electronic conducting SE (top) and with pure lithium metal as an anode (bottom). 
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In addition to the formation of SEIs and CEIs in conventional Li+, the formation of a compatible 

interface featuring mixed electronic and ionic conductivity from reaction of the SE with a lithium 

metal anode has been reported recently. The corresponding influences — meaning advantages as 

well as disadvantages — resulting from the formation of interfaces like these are still under 

investigation. But analogously to the previously mentioned cell components, a high ionic 

conductivity is also important for all occurring electrode–electrolyte interfaces.[36, 40-43] Primary 

investigations facing issues concerning solid–solid interfaces in ASSBs recommends the 

application of compatible coatings or the use of organic ion conducting polymers to enhance the 

stability as well as the contact between the solid materials.[36, 40, 41, 44-46] Additionally, instead of 

SEs, also pure polymer electrolytes have been shown as suitable replacements for the liquid 

electrolyte as they overcome several limitations of common liquid organic electrolytes used in 

state-of-the-art Li+ batteries. However, polymer electrolytes mainly suffer from low ionic 

conductivities and other challenges, and thus, ASSBs based on pure polymer electrolytes will not 

compete with ASSBs based on SEs.[36, 45] 

A prerequisite for the successful assembly of a SE-based ASSB is however, that the corresponding 

SE offers a high ionic conductivity as solid materials are known to suffer from slow kinetics due 

to the rigidity of the crystalline structure. Due to this, the search for SEs featuring high ionic 

conductivities of at least 1 × 10−3 mS cm−1 is still one of the most important tasks for solid state 

chemists and material scientists. According to the formulas 1 and 2, the ionic conductivity of solid 

state materials σ increases primarily with the number of its charge carriers n (herein Li+) as well 

as with their mobility μ, which in turn depends on the activation energy for ionic motion of the 

charge carriers.[47, 48] 

 

 𝜎 =  ∑ 𝜇𝑖 ∙ 𝑛𝑖 ∙ 𝑍𝑖 ∙ 𝑒𝑖

𝑖

 (1) 

 𝜇 ∝ e−
𝐸A
𝑘∙𝑇 (2) 

In case of Li+ conductivity at a certain temperature the charge of the mobile ions Z is equal to one, 

whereas the unit charge of electrons e, the Boltzmann constant k and the temperature T remain 

constant. Consequently, the Li+ conductivity in solids can be described by the activated hopping 

of Li+ from one occupied site to an adjacent empty site within the rigid anion framework. Thereby, 

the activation energy corresponds to the energy difference between the stable sites (original and 

destination site) and the less favorable transitional state (higher energy environment), this mainly 

results from the changes of the coordination number (CN) of the cation during diffusion.[36, 48-50] 

In addition, a concerted mechanism including several Li+ at the same time have also been reported 
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for materials featuring high ionic conductivities.[51, 52] A more detailed discussion on Li+ diffusion 

in solid state materials follows below with respect to specific materials and their crystal structures. 

In addition to the fundamental description of ion transport on the atomic, micro-, meso-, macro- 

and the device scale has to meet certain requirements.[53] But the first step towards a working 

ASSB is still the investigation of suitable SEs. 

In the search for innovative materials than can accommodate large amounts of Li+ and 

simultaneously feature low ionic transport energy barriers, a great variety of potential crystalline 

SE from different classes of materials have been discovered and investigated over the last few 

decades.[36, 54] One of the first promising classes of solid Li+ conductors are materials which can 

by derived from oxides, phosphates or silicates.[55-58] Lithium-containing garnets (e.g., 

Li5La3Nb2O12 or Li5La3Ta2O12),
[55, 59] perovskite-type materials, such as lithium lanthanum 

titanate[60, 61] as well as LISICON- and NASICON-related materials[62-64] have especially shown 

good ionic conductivities ranging from 1 × 10−6 to 1 × 10−3 S cm−1 at RT. Comparable values also 

have been reported for the closely related thio-LISICONS.[65-68] The combination of these 

compounds with Li3PS4
[69] gives access to further sulfide-based SE with increased ionic 

conductivity compared to oxide-based materials.[70-77] So-far, the highest Li+ conductivity — for 

an undoped material — has been reported for Li10GeP2S12 (LGPS) with an conductivity of 

1.2 × 10−2 S cm−1 at RT.[78] Further promising SEs have also been found within the family of Li-

argyrodites Li6PS5X (X = Cl, Br, I).[79] Other halide-based materials have also shown ionic 

conductivities of up to 1 × 10−3 S cm−1 at RT.[80-84] Regarding the enormous variety of potential 

SEs demands a detailed investigation of their properties, and thus, resulting advantages or 

disadvantages concerning further research efforts. Unfortunately, all of these candidates exhibit 

both, advantages and disadvantages in the respect of conductivity, stability or processing. Garnets 

for example, are unstable when in contact with water or aprotic liquid electrolytes, whereas 

LISICONs and NASICONs have shown to exhibit better environmental stability, including oxygen 

and water. Conversely, the latter are brittle which leads to significant challenges regarding material 

processing. In comparison, sulfides are much softer or ductile, facilitating further processing, but 

counter to garnet-type materials, they are less stable interacting with oxygen and humidity.[36] 

Fundamental research regarding the correlation of structural principles and corresponding 

properties of the materials offers encouraging knowledge about general structure-property 

relationships of SE. This knowledge can then be used for precise tailoring of materials properties 

as required for an explicit application. Evaluation of the most promising SEs (e.g., Li10GeP2S12
[78] 

or Li7P3S11
[76]) indicates that high ionic conductivities resulting from low activation barriers are 

often found for structures that are based on a body-centered-cubic (bcc) framework. Within these 
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structures the Li+ are preferentially located in (distorted) tetrahedral voids since the occurring 

(distorted) octahedral voids are assumed to be unfavorably large (Figure 1.3a). This allows for the 

direct migration of Li+ between adjacent tetrahedral sites via their common triangular face 

(Figure 1.3b). Along this diffusion pathway the CN changes from four (tetrahedrally coordinated 

ground state) to three (intermediate position within the common triangular face) to four 

(destination site corresponds to tetrahedrally coordinated ground state). 

 

 

Figure 1.3. Overview of possible diffusion pathways in selected crystal structures based on a cubic 

framework with (partially) occupied interstitial sites. a) Unit cell of a crystal structure based on a bcc 

arrangement of atoms E (pink) with all tetrahedral voids (Wyckoff position 12d) filled with Li atoms (grey). 

All tetrahedral voids are connected via common faces. Selected distorted E4 tetrahedra are depicted in 

yellow with their common face highlighted in red and the corresponding Li atoms are indicated in black. 

b) Face-sharing tetrahedral voids extracted from a). The Li+ diffusion pathway between the two adjacent 

tetrahedral voids via their common triangular face (red) is indicated by a black dashed line. c) Unit cell of 

a crystal structure based on a ccp of atoms E (pink) with all tetrahedral and octahedral voids filled with Li 

atoms (grey). Selected E4 tetrahedra are shown in yellow and E6 octahedra are depicted in blue with their 

common faces highlighted in red and the corresponding Li atoms are indicated in black. d) Face-sharing 

tetrahedra and octahedra voids extracted from c). Both, the Li+ diffusion pathway between the tetrahedral 

voids and the adjacent octahedral void via their common triangular faces (red) as well as the Li+ diffusion 

pathway between the two adjacent tetrahedral voids via their common edge are indicated by black dashed 

lines. 
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In contrast, higher activation barriers have to be overcome if the materials structure is based on a 

cubic close packed (ccp) framework of anions, such as S2− in Li2S
[85] (Figure 1.3c). Here, two 

distinct diffusion pathways have to be taken into account. On the one hand, an alternating Li+ 

migration via the three-dimensional (3D) network of face-sharing tetrahedral and octahedral voids 

is possible. In this case a higher amount of energy is required for ion motion since the CN changes 

from four to three to six (or vice versa). Circumvention of the unfavorable octahedral voids, on 

the other hand forces the ions to migrate between adjacent tetrahedral sites via their common 

edges. However, since a CN of two is the least favored intermediate state in crystalline compounds 

the alternating diffusion along both, tetrahedral and octahedral voids is anticipated for ccp-based 

ion conductors (Figure 1.3d).[48, 50, 86-89] In the specific case of Li2S the first scenario was proven 

by neutron diffraction experiments. Li2S crystallizes in the cubic space group Fm3̅m (no. 225) 

with a lattice parameter of a = 5.722 Å (at 295 K). The structure corresponds to the antifluorite 

type of structure as all occurring tetrahedral voids within the ccp framework of S atoms (Wyckoff 

position 4a) are occupied by Li (Wyckoff position 8c site) whereas the octahedral voids (Wyckoff 

position 4a) remain vacant.[90-92] At ambient temperatures Li2S shows a very low ionic 

conductivity of σ = 10−13 S cm−1.[93] Consequently, a relatively high activation energy of 

EA = 1.52 eV (~147 kJ mol−1) was observed applying temperature-dependent conductivity 

measurements in the temperature range between 600 and 800 K. However, at temperatures above 

800 K a decreased activation barrier of EA = 0.70 eV (~68 kJ mol−1) is found; caused by the 

creation of defects. With increasing temperature, the percentage of Li+ that are occupying the 

tetrahedral sites decreases and the corresponding amount of charge carriers is located within the 

octahedral voids. At 1320 K, for example, approximately 85% of all Li+ are occupying the 

tetrahedral 8c position and 15% are located within the octahedral 4b site. The contribution of the 

octahedral voids, serving as an interstitial position, is essential for fast Li+ motion in Li2S and 

demonstrates the preferred diffusion pathway through the common triangular face of adjacent 

tetrahedral and octahedral voids.[90-92] 

Analogously, detailed investigations of local dynamics and site preferences allows for the 

determination of 3D diffusion pathways in structures, that are distantly related to the above-

mentioned examples.[88] But in more complex structures, that feature lower site symmetries, an 

increased distortion or multiple partially occupied sites, the determination of ionic motion via 

distinct interstitial positions is also more complex since several new effects have to be taken into 

account.[88, 94] However, certain trends concerning the preferred occupation of individual sites and 

corresponding activation barriers between them are reported and can be used for further tailoring 

of the materials properties. In argyrodites, for example, the Li+ are tetrahedrally coordinated by 
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three S and one Cl atom. The tetrahedra are connected via common faces and edges resulting in 

edge-sharing pairs of face-sharing tetrahedra. Due to the fact, that the site occupancy factor of the 

Li position is about 50%, each of the tetrahedra pairs comprises in total one Li+ and a preferred 

ionic motion via the common faces of neighbored tetrahedra is indicated. Furthermore, three 

different types of jumps have been identified by molecular dynamics simulations. The data confirm 

the preferred Li+ motion between the paired tetrahedral sites. In addition, so-called intra- and 

intercage jumps between the edge-sharing pairs occur, which enable the 3D diffusion throughout 

the crystal structure.[89, 94] Another powerful tool for the investigation of Li+ diffusion is 

represented by the combination of powder neutron diffraction data with a detailed analysis of 

(negative) nuclear density maps applying the maximum-entropy method (MEM). This approach 

allows for the construction of well-resolved maps of Li+ distribution within the structures, and 

thus, for the determination of diffusion saddle points and interstitial positions, representing the rate 

limiting steps for diffusion.[95, 96] Furthermore, the required activation energy for these distinct 

pathways can be evaluated using the one-particle-potential (OPP) approximation.[97] Using this 

method, for example, the diffusion pathways in LGPS and other LISICONs were determined.[98-

100] In addition, anion rotational dynamics have been revealed by combination of MEM and 

molecular dynamics studies of Li3PS4 and related compounds. This mechanism is assumed to 

cause an energy landscape flattening for cation diffusion, which could be the reason for the fast 

ionic motion in Li3.25[Si0.25P0.75]S4.
[101] However, further studies are required, particularly with 

regard to the influence of substitution, which could be used for a targeted improvement of materials 

properties. 

The tailoring of properties, like the ionic conductivity, can be realized by substitution or mixing 

of certain atoms since differences in the atomic size, electronegativity or polarizability leads to 

varying volumes of the corresponding unit cell and its coordination polyhedra. By practical means, 

the introduction of alternative but related elements results in modified activation barriers 

depending on the intrinsic properties of the atoms. An increased ionic conductivity is assumed if 

the substitution leads to a flattening of the energy landscape along distinct diffusion pathways. 

Applying the concept of aliovalent substitution can be used as a compositional modification tool 

to further increase the amount of charge carriers within a certain structure.[40, 48, 53, 55, 102-106] 

Since the resulting properties are often influenced by several co-occurring effects, an appropriate 

prediction of the resulting materials properties is nearly impossible. Hence, strenuous efforts are 

made applying the concept of iso- or aliovalent substitution on various systems (e.g., 

LISICONs,[51, 57, 58, 62, 65, 66, 68] garnets,[55, 59, 87, 103, 107-110] and halides[111-116]) to get more detailed 

information about designing materials properties, and thus, to find SEs that offer an extremely 
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high ionic conductivity. In this context, for example, it is possible to investigate the mixed 

polyanion effect by reference to the substitution of Si by P, Al and Ge in Li4±xSi1−xExO4 (E = P, 

Al, Ge).[51] On the other hand, the dependence of the Li+ conductivity and the activation energies 

on the crystal structure and the ionic radii of various cations in Li6ELa2Ta2O12 (E = Ca, Sr, Ba) is 

reported.[87] 

Li-argyrodites[88, 89, 102, 104, 117-120] and the LGPS-like materials[70, 71, 78, 121] are one of the most 

promising families of SEs suitable for a thorough investigation of structure-property relationships 

caused by substitution. Variation of the halide anions in argyrodites, for example, allows for a 

detailed study of the influence of the lattice polarizability on the ionic conductivity in Li6PS5E 

(E = Cl, Br, I).[102] Furthermore, the effect of energy landscape flattening by the introduction of 

additional tetrel elements corresponding to the formular Li6+xP1−xTtxS5I (Tt = Si, Ge, Sn) was 

shown recently.[104] Corresponding finding are also interesting with respect to other promising 

ionic conductors like LGPS as the substitution of relatively rare and expensive elements like Ge 

by more abundant elements such as Sn results in decreased production costs, this is key for mass 

production and large-scale application.[8, 36, 70] 

Despite extensive progress, the development of ASSBs still remains below expectations, this is in 

part due to the lack of high performing SEs suitable for practical applications.[77] Further effort is 

required searching for innovative compounds, especially some neglected materials classes. 

Analogously to the aforementioned sulfide-based materials like Li2S and related compounds, also 

phosphide-based materials, which can be derived from the binary lithium phosphide Li3P, could 

be considered. The compound is isotypic to the Na3As-type of structure and crystallizes in the 

hexagonal space group P63/mmc (no. 194) with lattice parameters a = 4.2286(3) Å and 

c = 7.557(1) Å.[122-125] The structure is based on a hexagonal close packing (hcp) of P atoms with 

all tetrahedral voids occupied by Li. The remaining Li atoms are located within the P layer, 

forming a Li−P graphite-like layer. Consequently, all P atoms are coordinated by five Li in a 

trigonal bipyramidal arrangement. Although Li3P was reported earlier to have a high ionic 

conductivity (10−4 S cm−1 at ambient temperature),[126] recent studies show that the material 

features a poor ionic conductivity and is regarded as insulating and electrochemically inactive 

material.[127] In addition, a high-pressure polymorph of Li3P was found recently. This modification 

is isotypic to the Li3Bi-type of structure[128] and crystalizes in the cubic space group Fm3̅m 

(no. 225) with a lattice parameter of a = 5.565(4) Å (at 13 GPa) and can be described as a ccp of 

P atoms with all tetrahedral and all octahedral voids occupied by Li.[125, 127] Further results 

concerning the materials properties, such as the ionic or electronic conductivity, are not yet 

reported. However, these findings may close the gap between the hexagonal modification of Li3P 
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and the closely related ternary members of the class of phosphide-based materials. The families of 

lithium phosphidotetrelates and the closely related lithium phosphidotrielates also have received 

little attention since their discovery in the 1950s. The ternary phase systems Li/Tt/P (Tt = Si, Ge, 

Sn) and Li/Tr/P (Tr = Al, Ga, In) offer a great variety of lithium-containing compounds featuring 

an enormous range of valuable properties. 

1.4 Lithium Phosphidotetrelates and -trielates — Versatile Families of 

Phosphide-Based Solid State Lithium-Ion Conductors 

With respect to the most important findings concerning previously investigated solid state Li+ 

conducting materials and their structure-property relationships, a strong increase of the ionic 

conductivity can be expected by the discovery of innovative SEs with a higher charge carrier 

concentration. Since the formation of tetrahedral building blocks is favored in solid state materials, 

a formal increase of charge can be realized when replacing the threefold negatively charged [PS4]
3− 

tetrahedra, which occur in sulfide-based SEs (e.g., Li3PS4
[69]), by the eightfold negatively charged 

[TtP4]
8− tetrahedra (Tt = Si, Ge, Sn). For a lithium phosphidosilicate with the formal composition 

“Li8SiP4” or a corresponding lithium phosphidotetrelate (e.g., “Li8GeP4” and “Li8SnP4”) a much 

higher Li+ conductivity is expected compared to the rather low value of σLi = 3 × 10−7 S cm−1 

reported for Li3PS4 (at RT),[69] due to the material containing eight Li+ per formular unit instead 

of three. 

The first reported lithium phosphidotetrelates in the 1950s were the compounds Li5SiP3 and 

Li5GeP3. According to the authors, both respective crystal structures are isotypic and crystallize in 

the cubic space group Fm3̅m (no. 225) with a lattice parameter of a = 5.852 Å and a = 5.892 Å. 

The structures are closely related to the antifluorite type of structure and can be described by a ccp 

of P atoms in which all tetrahedral voids are filled by the cations Li+ and Tt4+ in the ratio 5:1 and 

in respect to a statistical distribution (Figure 1.4a, top). Here, the occurrence of [TtP4] units were 

already postulated. However, due to incipient technical possibilities, no clear evidence for the 

present of such building blocks could be provided. Furthermore, additional reflections in the 

powder X-ray diffractogram indicating side phases or impurities could not be identified.[129] 

In the 1970s the compound Li5SnP3 was reported as the first lithium phosphidostannate. The 

material is isotypic to the aforementioned lithium phosphidotetrelates Li5TtP3 (Tt = Si and Ge) and 

crystallizes in the cubic space group Fm3̅m (no. 225) with a lattice parameter of a = 5.97 Å. In 

addition to the structural relation to the antifluorite structure, the compound can also be described 

as closely related to the Li3Bi type of structure[128] excluding the occupation of the octahedral 

voids.[130] The same group reported on the reaction of Li5SnP3 with Li3P, applying a high-
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temperature (HT) reaction resulting in the lithium-rich phosphidostannate Li8SnP4. The authors 

found that the compound crystallizes in the cubic space group P4̅3n (no. 218) with a cell parameter 

of a = 11.95 Å. The structure is also based on a slightly distorted ccp of P atoms with the cations 

occupying both tetrahedral and octahedral voids. The insertion of additional Li atoms occupying 

the octahedral voids leads to an ordering of the Sn atoms occupying 1/8 of all occurring tetrahedral 

voids, and thus, results in a 2×2×2 superstructure with reduced symmetry when compared to 

Li5SnP3, this represents the aristotype. Since the detection of Li atoms was not feasible 50 years 

ago — and the determination still harbors certain uncertainties — the authors hypothesized that Li 

preferably occupies the tetrahedral voids. In consequence, the remaining 7/8 of the tetrahedral 

voids are assumed to be fully occupied. The residual Li+ occupy 25% of the octahedral voids 

(Figure 1.4a, right). Additional investigations of the materials properties, for example, the 

determination of the ionic conductivity, were not carried out.[131-133] 

No further research on lithium phosphidotetrelates was undergone until approximately 40 years 

later. Fässler et al. published their findings on the lithium phosphidosilicate Li8SiP4, which is 

homotypic to Li8SnP4. The compound crystallizes in the cubic space group Pa3̅ (no. 205) with a 

cell parameter of a = 11.7035(2) Å at RT. Analogously to Li8SnP4 the structure is also based on a 

slightly distorted ccp of P atoms with Si and Li occupying tetrahedral and octahedral voids in an 

ordered arrangement. In analogy, 1/8 of all occurring tetrahedral voids are occupied by Si and the 

remaining 7/8 of the tetrahedral voids are filled with Li. The residual Li atoms are located in 25% 

of the octahedral voids but the resulting 2×2×2 superstructure involves a different symmetry. Both 

structures are based on isolated, covalently bound [TtP4]
8− tetrahedra which are comprised of eight 

Li+ resulting in an electron precise structure (Figure 1.4a, left).[134] 

Previous theses[135, 136] demonstrated, that the structure of Li8SiP4
[134] represents the α-modification 

whereas the structure of Li8SnP4 described by Motte et al.[131] corresponds to the β-type of 

structure. In addition, both polymorphs have been found for the lithium phosphidogermanate 

Li8GeP4. In this context, preliminary (re-)investigations of lithium phosphidostannates also 

indicated the existence of the α-modification for Li8SnP4. The compounds α-Li8GeP4 and α-

Li8SnP4 are isotype to (α-)Li8SiP4 and crystallize in the cubic space group Pa3̅ (no. 205) with a 

cell parameter of a = 11.80146(4) and 12.0031(1) Å, respectively, at RT. Due to the close 

relationship of the powder diffraction patterns, the crystal structure of Li8SiP4 was used as a 

structural model for the Rietveld refinement of α-Li8GeP4 and α-Li8SnP4. However, several 

restraints including site occupancy factors and displacement parameters, had to be applied during 

the refinement since the quality of the obtained data were not satisfactory. Thus, further 

investigations of the corresponding phases are required in order to optimize the crystal structures. 
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More reasonable data have been obtained for the compounds β-Li8GeP4 and β-Li8SnP4 by applying 

both, single crystal and powder X-ray diffraction experiments. According to the corresponding 

single crystal data, the latter materials are isotypic and crystallize in the cubic space group P4̅3n 

(no. 218) with a cell parameter of a = 11.7831(1) and 11.9794(1) Å, respectively, at RT. As 

described by Motte et al. 1/8 of all occurring tetrahedral voids are occupied by Ge or Sn resulting 

in the aforementioned 2×2×2 superstructure. In contrast to the α-phases some of the remaining 

tetrahedral voids are partially occupied by Li, and thus, only up to 95% of all tetrahedral voids are 

filled. Consequently, more than 25% of all octahedral voids are occupied with Li to ensure 

electronic preciseness of the structures. However, also the structures of the β-modifications still 

harbors certain uncertainties.[135, 136] Following this, a thorough investigation of α- and β-Li8GeP4 

as well as α- and β-Li8SnP4, including a detailed structure elucidation and the evaluation of group-

subgroup relationships of the corresponding polymorphs is part of this work and is discussed in 

Chapter 3. 

In the aforementioned theses, also the structural characterization of the lithium-rich compounds 

Li14TtP6 (with number of chemical formula units per unit cell Z = 0.67, or Li9.33Tt0.67P4 with Z = 1; 

Tt = Si, Ge) based on powder X-ray diffraction data is described. The compounds are isotypic and 

crystallize in the cubic space group Fm3̅m (no. 225) with a lattice parameter of a = 5.9422(1) and 

5.9589(1) Å (at RT) for Li14SiP6 and Li14GeP6, respectively. The structure can be derived from the 

Li3Bi type of structure as it is based on a ccp of P atoms with all tetrahedral voids filled by Tt and 

Li in a mixed occupancy ratio of 1:11. In addition, all octahedral voids are occupied by Li with a 

probability of 50%. Consequently, the structure contains two anionic building blocks, [TtP4]
8− 

tetrahedra and P3−, which cannot be resolved crystallographically by using X-ray data. 31P NMR 

spectroscopy on the other hand, indicates the presence of two P atoms with different chemical 

environments.[135, 136] Further investigations of the materials Li14SiP6 and Li14GeP6 are addressed 

in Chapter 3 of this work. 

As mentioned above, an increased ionic conductivity can be expected for the lithium 

phosphidotetrelates Li8TtP4 (Tt = Si, Ge, Sn), when compared to Li3PS4. In fact, the Li+ 

conductivity reported for Li8SiP4 is with σLi = 6 × 10−6 S cm−1 at RT more than one order of 

magnitude higher than the corresponding value determined for Li3PS4 (σLi = 3 × 10−7 S cm−1 at 

RT).[69, 134] 
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Figure 1.4. Structural overview of selected lithium phosphidotetrelates. a) Unit cell of Li5TtP3 (Tt = Si,[129] 

Ge,[129] Sn,[130] top), α-Li8TtP4 (Tt = Si,[134] left) and β-Li8TtP4 (Tt = Sn,[131] right) based on isolated [TtP4]8− 

tetrahedra. b) Unit cell of Li10Tt2P6 (Tt = Si[137]) based on isolated [Tt2P6]10− dimers. c) Unit cell of Li2TtP2 

(Tt = Si,[134] Ge,[138] left) based on two interpenetrating networks of corner-sharing T2 supertetrahedra and 

LiTt2P3 (Tt = Si,[139] right) based on two interpenetration networks of corner-sharing T4 and T5 

supertetrahedra. P, Tt (or mixed Tt/Li), and Li sites are depicted as pink, teal, and gray spheres, respectively. 

[TtP4]8− tetrahedra are highlighted in teal and olive, respectively. 
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Further investigation of the ternary phase system Li/Si/P revealed an extensive variety of structural 

motifs that are mainly based on [SiP4] building blocks comprising different degrees of 

condensation. Regarding the ternary composition diagram (Gibbs diagram, Figure 1.5a) of the 

phase system Li/Si/P, the majority of the known lithium phosphidosilicates are located on the 

pseudo binary line between lithium phosphide Li3P and the hypothetical silicon phosphide “Si3P4”. 

The distance — along this line — between two adjacent materials is equal to x equivalents of Li3P 

with x = 1, 2 (Figure 1.5b). 

 

 

Figure 1.5. a) Gibbs diagram of the ternary phase system Li/Si/P with most of the so far known compounds 

located on the pseudo binary line between Li3P and the hypothetic “Si3P4”. Compounds located on this line 

are indicated as black diamonds, phases that are located off-line are shown in grey and binary compounds 

are shown as black dots. b) Correlation of the chemical formulas of lithium phosphidosilicates located on 

the pseudo binary line between Li3P and the hypothetic “Si3P4”. The corresponding phases are derived by 

adding or subtracting of x equivalents of Li3P (x = 1, 2). 
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By formally reducing one equivalent of Li3P starting from the aforementioned compound Li8SiP4 

we obtain the composition Li5SiP3. Although the compound was reported by Juza et al.[129] all 

efforts to reproduce the results have to date failed. However, applying an innovative synthesis 

route including ball milling and subsequent annealing of the obtained product at elevated 

temperatures revealed the existence of a second phase with the same composition that crystallizes 

in another space group. The compound is based on pairs of edge-sharing tetrahedra (dimers), to 

avoid confusion, the sum formular of this phase is also doubled giving a composition of Li10Si2P6 

which corresponds to the occurring [Si2P6]
10− units. The material Li10Si2P6 crystallizes in the 

monoclinic space group P21/n (no. 14) with lattice parameters a = 7.2293(3), b = 6.6055(3), 

c = 11.7018(5) Å, and β = 90.485(3) ° at RT. The dimers only contain heteroatomic covalent 

bonds between Si and P. Due to the edge-sharing of the tetrahedra each [Si2P6]
10− unit contains 

two two-bonded P atoms with a formal charge of −1 and four single-bonded P atoms with a formal 

charge of −2. This becomes a formal charge of −10 which is balanced by the same amount of Li+ 

resulting in an electron precise compound (Figure 1.4b). Electrochemical impedance spectroscopy 

(EIS) measurements to determine the ionic conductivity of this phase are still pending.[137] 

Subtraction of another equivalent of Li3P results in the composition Li2SiP2 which also represents 

a lithium phosphidosilicate that was reported recently. The compound crystallizes in the tetragonal 

space group I41/acd (no. 142) with lattice parameters a = 12.1529(2) and c = 18.6383(4) Å at RT. 

In accordance with Li8SiP4 and Li10Si2P6, Li2SiP2 is also exclusively constructed from [SiP4] 

tetrahedra which contain only heteroatomic covalent Si–P bonds. But as indicated in the case of 

Li10Si2P6, the extraction of Li (on the form of Li3P) results in a higher condensation of the [SiP4] 

building blocks in order to retain electron precise. Thus, the structure of Li2SiP2 can be described 

by two interpenetrating diamond-like tetrahedral networks consisting of corner-sharing T2 

supertetrahedra (Figure 1.4c, left).[134, 139] With the decreasing concentration of Li+ the ionic 

conductivity of Li2SiP2 is with σLi = 4 × 10−7 S cm−1 at RT about one order of magnitude lower 

than the reported value for Li8SiP4.
[134] 

The last lithium phosphidosilicate within this row is the compound LiSi2P3 resulting from the 

formal removal of one equivalent of Li3P from Li4Si2P4 (2×Li2SiP2). The compound crystallizes 

in the tetragonal space group I41/a (no. 88) with lattice parameters a = 18.4757(3) and 

c = 35.0982(6) Å at RT. The subsequent framework of the [SiP4] tetrahedra condensation becomes 

an even more complex structure of two interpenetrating networks formed by uniquely bridged T4 

and T5 supertetrahedra (Figure 1.4c, right).[139] 

Regarding the formula Li2TtP2, isovalent substitution of all Si atoms by Ge, results in the 

corresponding lithium phosphidotetrelate Li2GeP2 which is isotypic to Li2SiP2 but is measured 
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with σLi = 1.5 × 10−7 S cm−1 at RT, a slightly lower ionic conductivity. The material crystallizes in 

the tetragonal space group I41/acd with a = 12.3482(1) and c = 19.0319(1) Å at RT.[138] 

Lithium phosphidosilicates and -germanates that are located off the pseudo binary line between 

Li3P and “Tt3P4” (Tt = Si, Ge) have also recently been discovered (e.g., Li3Si3P7,
[137] LiGe3P3

[138]). 

But since these materials imply different structural motifs and properties — such as two-

dimensional (2D) layered structures or electronic conduction — which are extraneous for this work 

they will not be further discussed. 

The highest Li+ conductivity of phosphide-based materials was recently reported for the lithium 

phosphidoaluminate Li9AlP4. This compound exhibits σLi = 3 × 10−3 S cm−1 at RT, an ionic 

conductivity that is approximately three orders of magnitude higher than the pristine material 

Li8SiP4. As mentioned above, aliovalent substitution of Si4+ by Al3+ requires an additional Li+ to 

preserve electronic preciseness of the structure.[140] The compound Li9AlP4 is isotypic to Li8SnP4, 

and thus, homotypic to Li8SiP4, but due to the higher amount of Li+ the occupation factors of the 

partially occupied Li sites are increased.[131, 134] The material crystallizes in the cubic space group 

P4̅3n (no. 218) with a cell parameter of a = 11.87419(5) Å at RT. Similar to Li8SnP4, the structure 

represents a 2×2×2 superstructure when compared to the aristotype Li5SnP3 and is based on a 

slightly distorted ccp of P atoms with Li+ and Al+ occupying both, tetrahedral and octahedral voids 

in an ordered manner. The Al atoms are located in 1/8 of the occurring tetrahedral voids. No Al3+ 

was detected within the octahedral voids. In addition, Li occupies all of the remaining tetrahedral 

voids, but due to partial occupied sites, the total occupancy of the tetrahedral voids is 

approximately only 90%. The residual Li+ are distributed over all occurring octahedral voids, 

summing up to a total occupancy of about 58%. Additionally, one of the two occurring octahedral 

voids contains a split position. Hence, the Li+ are located in two off centered sites shifted towards 

the triangular faces next to the partially occupied tetrahedral voids.[140] 

An overview of the aforementioned lithium phosphidotetrelates located on the pseudo binary line 

between Li3P and the (hypothetic) Tt3P4 (Tt = Si, Ge, Sn) as well as the closely related 

phosphidotrielate Li9AlP4 including the corresponding space group, cell parameter and volume at 

RT and the anionic structure motive is given in Table 1.1. 

However, further research towards a thorough understanding of the origin of differences regarding 

the ionic conductivity or the corresponding conduction mechanisms within solid state materials is 

still one of the major challenges of materials scientist. 
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Table 1.1. Crystallographic data (at RT) of known lithium phosphidotetrelates located on the pseudo binary 

line between Li3P and the (hypothetic) Tt3P4 (Tt = Si, Ge, Sn) as well as the closely related phosphidotrielate 

Li9AlP4. Cell parameters that are reinvestigated within this work are marked by (*). 

compound 
crystal 

system 

cell parameter / Å 

angle / ° 
volume / Å3 structure motive 

Li14SiP6
[135] 

Li14GeP6
[135] 

cubic, Fm3̅m 
a = 5.9422(1) (*) 

a = 5.9589(1) (*) 

209.814(5) 

211.586(6) 

[TtP4]
8− tetrahedra 

and P3− 

(mixed cations) 

(α-)Li8SiP4
[134] 

α-Li8GeP4
[135] 

α-Li8SnP4
[135] 

cubic, Pa3̅ 

a = 11.7035(2) (*) 

a = 11.80146(4) (*) 

a = 12.0031(1) (*) 

1603.06(2) 

1643.64(1) 

1729.34(1) 

isolated [TtP4]
8− 

tetrahedra 

β-Li8GeP4
[135] 

β-Li8SnP4
[135] 

cubic, P4̅3n 
a = 11.7831(1) (*) 

a = 11.9794(1) (*) 

1635.98(4) 

1719.12(4) 

isolated [TtP4]
8− 

tetrahedra 

Li9AlP4
[140] cubic, P4̅3n a = 11.8742(1) 1674.22(2) 

isolated [AlP4]
9− 

tetrahedra 

Li5SiP3
[129] 

Li5GeP3
[129] 

Li5SnP3
[130] 

cubic, Fm3̅m 

a = 5.852 

a = 5.892 

a = 5.97 (*) 

200.4(1) 

204.5(1) 

212.8(1) 

mixed cations 

Li10Si2P6
[137] 

monoclinic, 

P21/n 

a = 7.2293(3) 

b = 6.6055(3) 

c = 11.7018(5) 

β = 90.485(3) 

558.8(4) 
isolated [Si2P6]

10− 

dimers 

Li2SiP2
[134] 

Li2GeP2
[138] 

tetragonal, 

I41/acd 

a = 12.1529(2), 

c = 18.6383(4) 

a = 12.3482(1) 

c = 19.0319(1) 

2752.74(1) 

2901.97(3) 

3D connected T2 

supertetrahedra 

of TtP4 units 

LiSi2P3
[139] 

tetragonal, 

I41/a 

a = 18.4757(3) 

c = 35.0982(6) 
11980.8(1) 

3D connected T4 & 

T5 

supertetrahedra of 

SiP4 units 

 

  



Scope and Outline 

21 

1.5 Scope and Outline 

Since the state-of-the-art SEs do not yet fulfill the requirements for application in ASSBs the 

search for suitable candidate materials is still ongoing. To address this, the synthesis and 

characterization of innovative lithium-rich phosphide-based ionic conductors is one of the main 

goals of the present work. Lithium phosphidotetrelates feature low densities and are mainly 

composed of relatively abundant elements which allows for the synthesis of lightweight and low-

cost materials. Li-rich materials are in general expected to exhibit high ionic conductivities 

because of the number of mobile charge carriers having a large bearing on the resulting 

conductivity. In accordance to the related anionic tetrahedral building blocks of the (pristine) 

lithium phosphidosilicate Li8SiP4 and the sulfide-based Li3PS4, the difference in ionic 

conductivities can be directly related to the different number of Li+ per tetrahedral unit 

(Chapter 1.4). 

In this context the most lithium-rich phosphidosilicate Li14SiP6 is thoroughly characterized in 

Chapter 5.1. The compound is also located on the pseudo binary line within the ternary 

composition diagram and contains a much higher Li+ concentration which makes it a promising 

ionic conductor. The structure is characterized via powder neutron diffraction (PND), powder X-

ray diffraction (PXRD), single crystal X-ray diffraction (SC-XRD), and magic angle spinning 

nuclear magnetic resonance (MAS NMR) spectroscopy. In addition to the structural elucidation, 

the focus is primarily on the investigation of Li+ diffusion pathways within the material. Therefore, 

the electronic properties, the ionic mobility and conduction mechanism are analyzed via 

electrochemical impedance spectroscopy (EIS), temperature-dependent static NMR spectroscopy, 

maximum entropy method (MEM) and one-particle-potential (OPP) approximation based on 

experimental structure factors obtained from PND as well as DFT calculations. 

Experiments aiming for the detailed investigation of the corresponding lithium 

phosphidogermanate and-stannate Li14TtP6 with Tt = Ge and Sn allow for a direct comparison of 

the materials properties within the family of lithium phosphidotetrelates. The impact of the 

different atomic properties on the resulting materials properties are evaluated in Chapter 5.2. The 

structures are characterized using PXRD and MAS NMR spectroscopy. In addition, the ionic 

mobilities are investigated by electrochemical impedance and temperature-dependent static NMR 

spectroscopy. 

Studies focusing on the influence of isovalent substitution of the tetrel elements with respect to the 

composition Li8TtP4 are addressed in Chapters 5.3 and 5.4. With the thorough characterization of 

α- and β-Li8GeP4 as well as α- and β-Li8SnP4 the family of lithium phosphidotetrelates Li8TtP4 is 

completed. Similar to the elaboration of structure-property relationships within the compounds 
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Li14TtP6 (Tt = Si, Ge, Sn), the same correlations are investigated. Due to the complex structures, 

the different materials properties are discussed in further detail. Structural characterization is 

carried out applying PND, PXRD, SC-XRD, and MAS NMR spectroscopy. Additionally, the 

investigation of the electronic properties, the ionic mobility and different conduction mechanisms 

are analyzed via EIS, temperature-dependent static NMR spectroscopy as well as MEM and OPP 

approximation based on experimental structure factors obtained from PND. 

Finally, in Chapter 5.5 the resulting structure-property relationships within the family of lithium 

phosphidostannates are evaluated by reinvestigation of the compound Li5SnP3 and the comparison 

of the obtained results with corresponding findings concerning the aforementioned phases α- and 

β-Li8SnP4 as well as Li14SnP6. The structure of Li5SnP3 is characterized via PXRD and MAS NMR 

spectroscopy and the ionic mobilities are determined by EIS as well as temperature-dependent 

static NMR spectroscopy. 
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2 Experimental Section 

2.1 Synthesis 

Lithium phosphidotetrelates and their starting materials are sensitive to oxygen and moisture. To 

avoid contaminations and side reactions all syntheses and characterizations were carried out under 

inert gas atmosphere in glove boxes (MBraun) with moisture and oxygen levels below 0.1 ppm or 

in sealed vessels. Argon (Westfalen, purity grade 4.8) is used as inert gas and dried over P2O5 and 

molecular sieve prior to usage. 

Disposal must be addressed in small amounts at a time and under proper ventilation since in 

particular, contact of lithium phosphidotetrelates with water results in a vigorous reaction 

including the formation of flammable and toxic gases (e.g., phosphine). 

2.1.1 Starting Materials 

All materials are prepared starting from pure elements (Table 2.1). For some elements further 

preparation is mandatory prior to usage: 

The passivation layer of lithium oxide and lithium nitride is removed from the purchased lithium 

using a knife before the rods are cut into small pieces. 

Chunks of silicon and germanium are ground to powders using a planetary ball mill (Retsch 

PM100). Per batch 25-30 g tetrel element are processed with 250 rpm for 2-3 h in an 80 mL WC 

milling jar with 25×10 mm balls. 

 

Table 2.1. List of elements used for synthesis. 

element shape supplier purity / % 

Li rods Rockwood Lithium 99 

Si granules Wacker 99.9 

Pred powder Sigma-Aldrich 97 

Pred pieces Chempur 99.999 

Ge pieces Evochem 99.999 

Sn powder Merck 99.9 

Sn granules Chempur 99.999 
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2.1.2 Mechanical Alloying 

All ternary compounds mentioned in this work are accessible via a two-step synthesis route starting 

with ball milling of the corresponding elements in stoichiometric amounts. This allows for the use 

of carbon-coated silica glass ampules during the annealing step since there is no elemental Li left 

after milling. The starting materials Pred and the corresponding tetrel element (Tt = Si, Ge, Sn) are 

filled in as powders, whereas Li is cut into small pieces (< 3 mm). The reactive mixtures are 

preprocessed in batches of 1.5 to 5.0 g by mechanical alloying in a planetary ball mill (Retsch, 

PM100) using a 50 mL milling jar and 3×15 mm balls made from WC. Well homogenized samples 

containing marginal amounts of abrasion are obtained after applying a milling program with a 

revolution rate of 350 rpm for 18 to 36 h milling time based on a 10 min interval and 3 min break 

followed by rotation reversal. 

2.1.3 High-Temperature Treatment 

In the second step the reactive mixtures obtained via mechanical alloying of the elements are 

processed at elevated temperatures to initiate the formation of crystalline ternary phases by 

inducing an ordering on the atomic scale. The powdered precursors are pelletized (0.3 to 1.0 g) 

prior to annealing to enhance the sintering process and reduce contact to the reaction vessel. The 

samples are sealed in carbon-coated silica glass ampules (0.3 to 5.0 g). Therefore, tubes (ilmasil 

PN, Qsil) with outer diameters of 10 mm, 15 mm and 18 mm (1 mm to 2.5 mm wall thickness) are 

cut and welded with a H2/O2 torch into 30 cm long, semi-closed raw ampules. Coating of these 

ampules is realized by pyrolysis of acetone. For this purpose, a few drops of acetone are filled into 

the raw ampules and heated with the torch until evaporation. Further heating of the semi-closed 

raw ampule leads to decomposition and formation of the black carbon layer on the inner glass wall. 

The reaction is continued until about 5 cm of the ampule are covered with a dense film. After 

cooling, the ampule is carefully cleaned with isopropanol and dried for > 12 h at 120 °C. 

Before the ampule is transferred outside of the glove box a cap with an integrated valve is attached 

ensuring airtightness. The silica glass ampule is then evacuated using a Schlenk line and sealed by 

welding with a H2/O2 torch. 

All reactions are performed in muffle furnaces, which allow temperature programs with set heating 

and cooling rates. Fast cooling is performed by quenching the hot ampule in water. 
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2.1.4 Experimental Contribution of Coauthors 

 

Table 2.2. List of coauthors with experimental contributions to the publications. 

author affiliation publication (Chapter no.) contribution 

Volodymyr Baran 
Li14SiP6 (5.1) 

α- & β-Li8SnP4 (5.4) 
powder neutron diffraction 

Volker L. Deringer Li14SiP6 (5.1) DFT calculations 

Christian Dietrich α- & β-Li8GeP4 (5.3) impedance spectroscopy 

Henrik Eickhoff 

Li14SiP6 (5.1) 

Li14GeP6 & Li14SnP6 (5.2) 

α- & β-Li8GeP4 (5.3) 

α- & β-Li8SnP4 (5.4) 

synthesis and structural 

elucidation 

Holger Kirchhain 

Li14SiP6 (5.1) 

Li14GeP6 & Li14SnP6 (5.2) 

α- & β-Li8GeP4 (5.3) 

α- & β-Li8SnP4 (5.4) 

Li5SnP3 (5.5) 

static temperature-dependent 

NMR spectroscopy 

Tobias Kutsch α- & β-Li8SnP4 (5.4) impedance spectroscopy 

David Müller 
Li14SiP6 (5.1) 

Li5SnP3 (5.5) 
impedance spectroscopy 

Gabriele Raudaschl-Sieber 

Li14SiP6 (5.1) 

Li14GeP6 & Li14SnP6 (5.2) 

α- & β-Li8SnP4 (5.4) 

Li5SnP3 (5.5) 

MAS NMR spectroscopy 

Christian Sedlmeier 
Li14SiP6 (5.1) 

Li14GeP6 & Li14SnP6 (5.2) 
impedance spectroscopy 

Anatoliy Senyshyn 
Li14SiP6 (5.1) 

α- & β-Li8SnP4 (5.4) 
powder neutron diffraction 
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2.2 Characterization 

2.2.1 Single Crystal X-Ray Diffraction 

Single crystal X-ray diffraction (SC-XRD) is a widely used methode to determine the crystal 

structure of crystalline solid materials. It provides information about composition and atomic 

environment. Suitable crystals are selected and separated from the sample under a microscope in 

a glove box. The crystals are cleaned with perfluorinated ether and transferred into a glass capillary 

with a glass needle. The capillary is sealed with a hot tungsten wire and mounted on a single crystal 

X-ray diffractometer. 

The diffractometers, a D8 Kappa Apex II (Bruker AXS) and a StadiVari (STOE & Cie) device, 

use Mo K radiation ( = 0.71073 Å) and allow active sample cooling with an N2 gas jet. 

Data collection on the D8 Kappa Apex II (Bruker AXS), equipped with a FR591 rotating anode 

and an Apex II detector, is executed applying the Bruker Apex software package,[2] containing the 

program Saint[3] for data integration and reduction as well as Sadabs[4] for absorption corrections. 

The StadiVari (STOE & Cie) is equipped with a fine focused radiation source and a Dectris Pilatus 

300 K detector.  

Structures were solved with direct methods with the ShelXS software and refined with full-matrix 

least squares on F2 with the program ShelXL.[5] The shown crystal structures are graphically 

illustrated implementing the Diamond 3[6] or Vesta[7] software packages. 

2.2.2 Powder X-Ray Diffraction 

All products as well as the reactive mixtures are analyzed via powder X-ray diffraction (PXRD) 

to determine their purity and the crystallinity. All samples are ground and sealed in capillaries with 

a diameter of 0.3 mm. The measurements are executed in transmission or Debye–Scherrer 

geometry using two diffractometers with Cu K1 ( = 1.54056 Å) and Mo K1 radiation 

( = 0.71073 Å), respectively, each equipped with a Ge(111) monochromator and a Dectris 

Mythen 1K detector. The samples are mounted on the diffractometer and measured for 15 minutes 

for qualitative and > 12 h for quantitative analysis. Data are calibrated with an internal or external 

Si standard and processed with the WinXPow[8] software package. 
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2.2.3 Powder Neutron Diffraction 

Powder neutron diffraction (PND) is a powerful tool for the investigation of Li+ conducting 

materials. Analogously to PXRD, elastic coherent neutron scattering experiments on crystalline 

materials can be used for phase analysis. Moreover, within the family of lithium 

phosphidotetrelates only lithium (in its natural isotope composition) possesses a negative 

scattering length (bLi = −1.9 fm). Hence, this allows for further analysis of the distribution of 

negative components in nuclear density maps, and thus, for the study of experimental lithium 

diffusion pathways. 

The PND experiments are performed by Anatoliy Senyshyn and Volodymyr Baran on the high-

resolution powder diffractometer SPODI at the research reactor FRM-II (Garching, Germany).[1] 

Monochromatic neutrons with a wavelength of  = 1.5482 Å are obtained using the (551) 

reflection of a Ge monochromator. A multidetector consisting of 80 3He tubes of 1 inch in diameter 

covering an angular range of 160° is used for data collection. Measurements are carried out in 

Debye–Scherrer geometry. Prior to the experiment the powder sample is (ca. 2 cm3 in volume) is 

filled into a Nb tube container (outer diameter 10 mm, 0.5 mm wall thickness) and sealed under 

argon using an arc-melting apparatus. The welded container is mounted on the sample holder. For 

cooling and heating a refrigerator and a vacuum furnace using 4He as heat transmitter, respectively 

is implemented. 

2.2.4 Rietveld Refinement 

Rietveld refinement is a powerful tool for structural elucidation of polycrystalline solid materials. 

The data analysis is performed using the full profile Rietveld method implemented into the 

FullProf program package.[2] To model the peak profile shape, the pseudo-Voigt function is 

chosen. Background contribution is determined using a linear interpolation between selected data 

points in non-overlapping regions. The scale factor, zero angular shift, profile shape parameters, 

resolution (Caglioti) parameters, asymmetry and lattice parameters as well as fractional 

coordinates of atoms and their displacement parameters are varied during the fitting. Constraints 

are occasionally applied to get reasonable results. 

During analysis of the NPD data the occurring Nb reflections (ampule) are omitted in the 

refinement, i.e., were defined as excluded regions.  

Joint Rietveld refinement of PND data and of Mo PXRD data (collected at the same temperature) 

with a single structural model is carried out, proving the accuracy of the two methods. 

The shown crystal structures are graphically illustrated implementing the Diamond 3[3] or Vesta[4] 

software packages. 
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2.2.5 Analysis of Lithium-Ion Diffusion Pathways from Negative Nuclear Density Maps 

Analysis of negative nuclear density maps allows for a detailed investigation of Li+ diffusion 

pathways based on experimental PND data. The negative nuclear density maps are reconstructed 

from experimental structure factors and are analyzed applying the maximum entropy method 

(MEM) as implemented in the program Dysnomia.[5] Employing data from Rietveld refinement 

this method is based on the estimation of 3D scattering densities from a limited amount of 

information by maximizing information entropy under restraints. 3D distribution of nuclear 

scattering densities is generated on a grid sampling the cell volume. Activation energies EA are 

determined using the connectivity of nuclear densities and their analyses in one-particle-potential 

(OPP) approximation.[6] Evaluation and visualization of the OPP data are carried out using 

VESTA.[4] 

2.2.6 Elemental Analysis 

The exact composition of samples is determined by the microanalytical laboratory at the 

department of chemistry of the Technical University of Munich via elemental analysis. The 

amount of Li is analyzed by atomic absorption spectroscopy using a 280FS AA spectrometer 

(Agilent Technologies). The present amounts of Si and P are ascertained photometrically via 

molybdate and vanadate methods using a Cary UV–Vis spectrometer (Agilent Technologies). 

2.2.7 Infrared Spectroscopy 

Infrared (IR) spectra are recorded on a Spectrum Two ATR–FTIR device (Perkin–Elmer) 

including a diamond ATR crystal and resolution of 4 cm−1. 

2.2.8 Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) allows for determination of thermal behavior, such as 

phase transitions or melting points. The thermograms are recorded by Maria Müller and Tassilo 

Restle on a DSC 404 Pegasus (Netzsch) in the temperature range between 423 to 1023 K. Samples 

of about 50 to 100 mg are loaded into a custom built Nb ampule and sealed via arc welding. The 

measurements are performed applying heating and cooling rates of 10 K min−1 and an Ar flow of 

75 mL min−1. 
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2.2.9 Nuclear Magnetic Resonance Spectroscopy 

Nuclear magnetic resonance (NMR) spectroscopy gives information about the chemical 

environment and allows for additional structural investigation of solid materials, such as dynamic 

and static disorder of certain species. 

Magic angle spinning (MAS) NMR spectroscopy experiments on 6Li, 7Li, 29Si, 31P, and 119Sn 

nuclei are carried out by Gabriele Raudaschl-Sieber on an Avance 300 spectrometer (Bruker) 

operating at 7.04 T and by using a 4 mm ZrO2 rotor running at a rotational frequency of 8 to 

15 kHz. All measured nuclei and their resonance frequency (RF) as well as the used reference and 

their chemical shift δ are given in Table 2.3. 

Temperature-dependent static 7Li NMR spectroscopy allows for a rough estimation of the 

activation energy for Li+ diffusion within solid state materials. All experiments are performed by 

Holger Kirchhain and Leo van Wüllen on an Avance III spectrometer (Bruker) operating at 7.04 T 

employing a WVT MAS probe with a diameter of 4 mm accessing temperatures between 150 to 

300 K. The samples are sealed in silica glass ampules with a diameter of 3.7 mm to avoid contact 

with air and moisture. Calibration for measurements at different temperatures is performed using 

the temperature-dependent 207Pb NMR shift of Pb(NO3)2. 

 

Table 2.3. Overview of the measured nuclei including the RF as well as the used reference and the 

corresponding chemical shift δ(ref.). 

nuclei RF reference δ(ref.) /ppm 

6Li 44.2 MHz 
LiCl (1 M, aq) 

LiCl (s) 

0.0 

−1.15 

7Li 116.6 MHz LiCl (9.7 M, aq) 0.0 

29Si 59.6 MHz tetrakis(trimethylsilyl)silane −9.84 

31P 121.5 MHz (NH4)H2PO4 (s) 1.11 

119Sn 111.9 MHz SnO2 (s) −604.3 
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2.2.10 Electric Conduction Measurements 

Electrochemical impedance spectroscopy (EIS) in combination with dc polarization measurements 

are applied to determine both, the ionic and the electronic conductivity of the materials. The 

measurements are executed by Christian Dietrich and Wolfgang Zeier or Christian Sedlmeier, 

Tobias Kutsch and Hubert A. Gasteiger or David Müller, employing different custom build cell 

setups. 

The setup used by C. Dietrich and W. G. Zeier is loaded with 50 to 100 mg of the polycrystalline 

material. The powder is compressed by stainless steel pistons with a diameter of 10 mm at 3 t 

(~370 MPa) for 2 min. EIS measurements are conducted in a temperature range of 298 to 423 K 

and in a frequency range of 7 MHz to 10 Hz with an amplitude of ±20 mV. Polarization 

measurements are carried out applying a voltage of 0.3 to 2.0 V for 10 h each using the same cell 

setup. In Chapter 3 all data that were determined using this cell setup are marked by ‡. 

C. Sedlmeier and H. A. Gasteiger or D. Müller, respectively, utilize a similar cell setup that allows 

for applying higher pressure. For the measurement 100 to 500 mg of the powdered sample is placed 

between two stainless steel dies with a diameter of 8 mm. The cell is closed and compressed by 

fastening 6 screws with a torque of 30 Nm, each (corresponding to a theoretic pressure of 

480 MPa). 

EIS measurements performed by C. Sedlmeier and H. A. Gasteiger are conducted within a glove 

box at 298 K or in the temperature range between 273 to 353 K in a climate cabinet with a 

frequency ranging from 3 MHz to 50 mHz with an excitation of ±50 mV. Polarization 

measurements are recorded applying voltages of 50, 100, and 150 mV for 16 h, each. 

For data collection executed by D. Müller the same setup is employed but the measurements are 

carried out within a glove box and in a frequency range of 7 MHz to 100 mHz with an excitation 

amplitude of ±10 mV. The temperature ranging from 298 to 353 K is controlled using a thermostat 

which is connected to a custom build aluminum heating block. Polarization measurements are 

recorded applying voltages of 50, 100, and 150 mV for 6 h, each. 

For both setups, the pellet height and density is extrapolated at RT after data collection. 

2.2.11 Density Functional Theory Simulations 

Density functional theory (DFT) total energy computations using Castep[13] and DFT-based 

molecular dynamics simulations using cp2k[14] are carried out by Volker L. Deringer. For 

disordered crystal structures an ordered expansion of the conventional unit cell is used. 
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3 Results and Discussion 

3.1 Investigated Phase Systems 

 

See Chapter 5.1 Fast Ionic Conductivity in the Most Lithium-Rich Phosphidosilicate 

Li14SiP6 

 S. Strangmüller, H. Eickhoff, D. Müller, W. Klein, G. Raudaschl-Sieber, 

H. Kirchhain, C. Sedlmeier, V. Baran, A. Senyshyn, V. L. Deringer, L. 

van Wüllen, H. A. Gasteiger, and T. F. Fässler, J. Am. Chem. Soc. 2019, 

141, 14200-14209. 

See Chapter 5.2 

 

Modifying the Properties of Fast Lithium-Ion Conductors — The 

Lithium Phosphidotetrelates Li14SiP6, Li14GeP6, and Li14SnP6 

 S. Strangmüller, H. Eickhoff, G. Raudaschl-Sieber, H. Kirchhain, C. 

Sedlmeier, L. van Wüllen, H. A. Gasteiger, and T. F. Fässler, Chem. 

Mater. 2020, 32, 6925-6934. 

See Chapter 5.3 Lithium Phosphidogermanates - and -Li8GeP4 ‒ A Novel Compound 

Class with Mixed Li+ Ionic and Electronic Conductivity 

 H. Eickhoff, S. Strangmüller, W. Klein, H. Kirchhain, C. Dietrich, W. G. 

Zeier, L. van Wüllen, and T. F. Fässler, Chem. Mater. 2018, 30, 6440-

6448. 

See Chapter 5.4 Synthesis, Structure and Diffusion Pathways in Fast Lithium-Ion 

Conductors α- and β-Li8SnP4 

 S. Strangmüller, H. Eickhoff, W. Klein, G. Raudaschl-Sieber, H. 

Kirchhain, T. Kutsch, V. Baran, A. Senyshyn, L. van Wüllen, H. A. 

Gasteiger, and T. F. Fässler, manuscript for publication. 

See Chapter 5.5 Investigation of Structure-Property-Relationships in the System 

Li8−4xSn1+xP4 (x = −0.33 to +0.33) — Comparing Li5SnP3, (α- & 

β-)Li8SnP4, and Li14SnP6 

 S. Strangmüller, D. Müller, G. Raudaschl-Sieber, H. Kirchhain, L. van 

Wüllen, and T. F. Fässler, manuscript for publication. 
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The ternary phase system Li/Si/P represents an innovative class of materials with useful properties 

which are summarized in the introduction in Chapter 1.4. Especially, the lithium-rich members 

have shown promising ionic conduction properties which could be further increased by enhancing 

the Li+ concentration or by substitution of certain elements as already demonstrated for the 

aliovalent substitution of Si4+ within Li8SiP4 by Al3+ resulting in Li9AlP4.
[1, 2] Within this work, 

the postulated increase of the ionic conductivity resulting from the augmentation of the Li+ 

concentration by formal addition of two equivalents of Li3P to the lithium phosphidosilicate 

Li8SiP4, resulting in the compound Li14SiP6, is validated. The compound is also located on the 

pseudo binary line between Li3P and hypothetical “Si3P4”. Applying the concept of substitution 

also the heavier homologues Li14GeP6 and Li14SnP6 are accessible (Figure 3.1.). The isotypic 

phases exhibit fast ionic conduction. Due to their close structural relation the influence of the tetrel 

element on the materials properties can be evaluated in detail. 

 

 

Figure 3.1. Gibbs diagram of the ternary phase systems Li/Tt/P (Tt = Si, Ge, Sn). Only the so far known 

compounds located on the pseudo binary line between Li3P and the (hypothetic) Tt3P4 (Tt = Si, Ge, Sn) are 

shown (black diamonds). Phases that are (re-)investigated within this work are highlighted in teal. 

 

Analogously, the effects of substitution within the compounds Li8TtP4 with Tt = Si, Ge, and Sn are 

investigated. Since the compound Li8SiP4 solely crystallizes in the α-type,[1] whereas Li8GeP4 and 



Synthesis and Structural Characterization of Lithium Phosphidotetrelates 

39 

Li8SnP4 have been found to crystallize also in the β-type,[3-6] a detailed structural (re-)investigation 

of these compounds is carried out. The occurrence of two structural modifications for the 

compositions Li8TtP4 with Tt = Si, Ge, and Sn allows for further evaluation of the structure-

property relationship within the family of lithium phosphidotetrelates, which then could be 

transferred to other families of SEs. Finally, additional findings regarding the family of lithium 

phosphidostannates according to the formular Li8−4xSn1+xP4 with x = −0.33 to +0.33 are reported 

as the phase system Li/Sn/P is the only one for which the postulated cubic crystal structure could 

have been confirmed regarding the composition Li5SnP3. This allows for a comparison of the 

influence of the Li+ concentration on the ionic conductivity and the diffusion mechanism within 

related structures. 

In Chapter 3.2 the synthesis of the lithium phosphidotetrelates Li14TtP6 (Tt = Si, Ge, Sn), 

(α-/β-)Li8TtP4 (Tt = Si, Ge, Sn) and Li5SnP3 is summarized after the discussion of the 

corresponding structural reinvestigations. In addition, findings concerning the Li+ mobility and the 

corresponding diffusion pathways within the materials are discussed in Chapter 3.3. 

3.2 Synthesis and Structural Characterization of Lithium Phosphidotetrelates 

The crystal structures of the aforementioned phases are discussed in Chapter 3.2.1 with focus on 

the structural relationships between the materials or their similarities and dissimilarities, 

respectively. Due to the close synthetic and structural commonalities, the thermal stability of the 

compounds is presented next to the synthesis in Chapter 3.2.2. Further confirmation of the 

structural results is given with respect to MAS NMR data, which are addressed in Chapter 3.2.3. 

3.2.1 Crystal Structures and Structural Relationships 

The crystal structures of Li14SiP6, Li14GeP6, and Li14SnP6 are isotype and can be derived either 

from to the antifluorite or the Li3Bi type of structure (Figure 3.2, left).[7] The compounds crystallize 

in the highly symmetric cubic space group Fm3̅m (no. 225) with lattice parameters of 

a = 5.93927(1), 5.95667(3), and 6.01751(3) Å at RT (for Li14SiP6, Li14GeP6, and Li14SnP6, based 

on PXRD data). The structure can be described as a ccp of P atoms (Wyckoff position 4a) with 

fully occupied tetrahedral voids by Li and Tt in a mixed occupancy ratio of 11:1 (Wyckoff position 

8c). In addition, the remaining Li atoms are located within the octahedral voids with a probability 

of 50% (Wyckoff position 4b). By combination of Rietveld refinement analysis based on PND 

data and elemental analysis the stoichiometry is confirmed. Hence, the structure contains [TtP4]
8− 

tetrahedra as well as non-bonded P3− anions in a ratio of 1:2, which are compensated by 14 Li+. 

Due to the high cation disorder, it is not possible to differentiate between the single building blocks 
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by executing X-ray or neutron diffraction experiments. For further clarification, MAS NMR 

experiments are applied. The corresponding result are discussed in chapter 3.2.3. The comparison 

of the closely related phases Li14SnP6 and Li5SnP3 is addressed below in combination with the 

discussion of the associated data from the reinvestigation of Li5SnP3. 

 

 

Figure 3.2. Structural overview of the lithium phosphidotetrelates (re-)investigated within this work. Unit 

cell of Li14TtP6 (Tt = Si, Ge, Sn, left), α-Li8TtP4 (Tt = Si, Ge, Sn, top, including all occurring octahedral 

voids independent of their occupation), β-Li8TtP4 (Tt = Ge, Sn, bottom, including all occurring octahedral 

voids independent of their occupation), and Li5TtP3 (Tt = Sn, right). P, Tt (or mixed Tt/Li), and Li sites are 

depicted as pink, gold, and gray spheres, respectively. [TtP4]8− tetrahedra are highlighted in gold. 

 

In addition, the recently discovered phases according to the composition Li8TtP4 (Tt = Si, Ge, Sn)[1, 

6, 8] are further investigated. In this context, the structures of (α-)Li8SiP4, α-Li8GeP4, α-Li8SnP4, β-

Li8GeP4 and β-Li8SnP4 are investigated in more detail. 

Both modifications (α- and β-type) are based on a distorted ccp of P atoms with an ordered 

arrangement of the cations located within the occurring tetrahedral and octahedral voids. This 
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shows a close relationship with respect to the antifluorite or the Li3Bi type,[7] and as a consequence, 

the α-type as well as the β-modification can be derived from the crystal structure of the compounds 

Li14TtP6, which represent the corresponding aristotype (Figure 3.2, center). The α-phases (LT 

phases) crystallize in the cubic space group Pa3̅ (no. 205) with cell parameters of a = 11.70737(7), 

11.80203(7), and 11.97626(6) Å at RT (for (α-)Li8SiP4 and α-Li8GeP4 based on PXRD data and 

for α-Li8SnP4 based on PND data, due to X-ray absorption), whereas the β-modifications (HT 

phases) crystallize in the cubic space group P4̅3n (no. 218) with cell parameters of 

a = 11.77294(6) and 11.99307(6) Å at RT (for β-Li8GeP4 based on PXRD data and for β-Li8SnP4 

based on PND data, due to X-ray absorption). In comparison to the just described phases Li14TtP6, 

the cell parameters of the compounds Li8TtP4 are more or less doubled, indicating the formation 

of a 2×2×2 superstructure due to ordering of the cations within the cubic structure. All five 

structures contain isolated [TtP4]
8− tetrahedra which are compensated by eight Li+ per formula unit. 

The two modifications differ primarily in the physical configuration of the tetrahedral building 

blocks, and thus, in the arrangement of the Tt atoms centered in the tetrahedral voids. The 

rhombohedral configuration of the Tt atoms within the α-type seems to be completely different 

from the arrangement of the [TtP4] tetrahedra in the β-type. The ordering in the latter, corresponds 

to the Cr3Si type of structure, which is also reported for the so-called A15 phases.[9] But the detailed 

evaluation of the two types of ordering reveals that only four of the eight tetrel atoms or [TtP4] 

units have to be shifted by (0.25 | 0 | 0), (0 | 0.25 | 0), (0 | 0 | 0.25) and (0.25 | 0.25 | 0.25), 

respectively, in order to accomplish the phase transition of α-Li8TtP4 into β-Li8TtP4 and vice versa 

(Figure 3.3). 

In this context also a crystallographic group-subgroup analysis is compiled (Chapter 5.3). The 

obtained Bärninghausen tree shows that the two modifications are closely related via the cubic 

space group Fm3̅m (no. 225) and can be derived from the Li3Bi-type or the antifluorite type of 

structure, which differ only in the occupation of the octahedral voids. However, no direct group-

subgroup relationship is found for the two polymorphs. In addition, small differences regarding 

the occupation of tetrahedral and octahedral sites by Li, are observed for the single homologues. 

In (α-)Li8SiP4, α-Li8GeP4, and α-Li8SnP4 all tetrahedral voids are fully occupied in an ordered 

manner by Li and Tt in a ratio of 7:1. The remaining Li atoms occupy 25% of the octahedral voids. 

In (α-)Li8SiP4 the octahedral void 4a is fully occupied, whereas the 24d site is only occupied to a 

sixth and the site 4b remains unoccupied. In the structures of α-Li8GeP4 and α-Li8SnP4, on the 

other hand, both sites 4a and 4b are fully occupied by Li and the site 24d remains empty. Similar 

findings are also detected for β-Li8GeP4 and β-Li8SnP4. In analogy to the α-modifications, all 

tetrahedral voids in β-Li8SnP4 are fully occupied in an ordered manner by Li and Tt in a ratio of 



Results and Discussion 

42 

7:1. In addition, all occurring octahedral voids are partially filled with Li+ resulting in a total 

occupancy of 25%. In contrast, approximately 36% of all octahedral voids in β-Li8GeP4 are 

occupied since two of the tetrahedral voids are partially occupied by Li with a probability of 

approximately 90%. Moreover, the remaining Li+ are solely located within the octahedral site 24i, 

including a site occupancy factor of approximately 50%, whereas the position 8e stays vacant. An 

overview of all occurring tetrahedral and octahedral positions including the corresponding 

occupancies in absolute numbers are depicted in Figure 3.4. The recently reported lithium 

phosphidoaluminate Li9AlP4 is also isotype to β-Li8GeP4 and β-Li8SnP4 but, as already mentioned 

in Chapter 1.4, slightly differences regarding the occupation of tetrahedral and octahedral voids 

are observed.[2] In this context, a corresponding split position within the octahedral site 24i is not 

detected for the two phosphidotetrelates. The discussion of certain structure-property relationships 

resulting from the divergent occupation of vacancies within the herein analyzed compounds is 

addressed in chapter 3.3. 

 

 

Figure 3.3. Overview of the structural similarities and differences of α- and β-Li8TtP4 (Tt = Si, Ge, Sn) with 

respect to the arrangement of the Tt atoms. Atoms that are congruent in both modifications are depicted as 

black solid spheres and atoms that are located at different positions are highlighted in teal, lime, dark, 

yellow and green. a) Tt atoms within the unit cell of α-Li8TtP4 (unit cell shifted by (1/8 | 1/8 | 1/8) to locate 

the Tt atoms at the origin for better comparison). The colored atoms are arranged in a tetrahedral 

coordination indicated by grey dashed lines. b) Tt atoms within a mixed unit cell of α- and β-Li8TtP4. Dashed 

colored lines indicate the movement of the corresponding atoms during phase transition of α- to β-Li8TtP4 

and vice versa. c) Tt atoms within the unit cell of β-Li8TtP4. The colored atoms are located at the cubic faces 

and form one-dimensional chains drawing through the structure indicated by grey dashed lines. 

 

Following the binary line between Li3P and Sn3P4 in the composition triangle towards compounds 

with lower Li+ concentration leads to the phase Li5SnP3. The crystal structure also represents an 

aristotype of the two polymorphs of Li8SnP4 as the material crystallizes in the highly symmetric 

cubic space group Fm3̅m (no. 225) with the lattice parameter of a = 5.98715(5) Å at RT. In 

analogy to the aforementioned compound Li14SnP6 the structure is based on a ccp of P atoms with 

all tetrahedral voids fully occupied by Li and Sn. In contrast, the mixed occupancy ratio is 5:1 and 
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all octahedral sites stay completely empty. According to the sum formular as well as to the crystal 

data, the presence of [Sn2P6]
10− anions — resulting from the occupation of adjacent tetrahedral 

voids by Sn atoms — is assumed. But, the detection of the resulting formal charges of −1 and −2 

at the different P atoms is not possible since the crystallographic data are not able to resolve the 

high cation disorder. Therefore, the next chapter focusses on further elaboration of the structures 

based on MAS NMR data.  

 

 

Figure 3.4. Overview of the site occupancy (in absolute numbers) of all occurring Wyckoff positions (gray) 

in the here investigated lithium phosphidotetrelates (Tt = Si, Ge, Sn). The number of Tt and Li atoms 

occupying tetrahedral voids are indicated in teal and olive, respectively. The percentage of Li atoms 

occupying octahedral voids are highlighted in blue. For better comparison, the number of occurring voids 

within Li5SnP3 and Li14 is expanded according to a 2×2×2 superstructure. 

 

However, applying the formula Li8−4xSn1+xP4 (x = −0.33 to +0.33) allows for a direct comparison 

of the lithium phosphidostannates Li5SnP3 (with number of chemical formula units per unit cell 

Z = 1.33, or Li6.67Sn1.33P4 (Z = 1) with x = +0.33), (α-/β-)Li8SnP4 (Z = 8 with x = 0) and Li14SnP6 

(Z = 0.67, or Li9.33Sn0.67P4 (Z = 1) with x = −0.33). In agreement with the aforementioned formula 

the cell parameters increase with substitution of x equivalents of Sn by 4x equivalents of Li 

proceeding from Li5SnP3 to (α-/β-)Li8SnP4 to Li14SnP6. More specific, the cell parameter of 

Li14SnP6 (a = 6.01751(3) Å at RT) is found to be approximately 0.5% larger than the 

corresponding value for Li5SnP3. Due to the formation of superstructures in (α-/β-)Li8SnP4 the cell 

parameters have to be halved, resulting in a = 5.98813 Å (at RT, +0.02%) for α-Li8SnP4 and 
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a = 5.99654 Å (at RT, +0.16%) for β-Li8SnP4. Consequently, the cell parameters are slightly 

enlarged when compared to Li5SnP3 but smaller than in Li14SnP6. Regarding the two polymorphs 

of Li8SnP4 also a non-stoichiometric dependency of the resulting cell parameters is found, as the 

two phases feature slightly different cell parameters. The correlations and differences between the 

corresponding cell parameters are discussed in more detail in Chapter 3.3.1 with respect to the 

obtained ionic conductivities. 

Finally, the comparison of the cell parameters in correlation with the composition of the herein 

studied lithium phosphidotetrelates reveals that all these compounds can be assigned as lightweight 

materials with low crystallographic densities (Table 3.1). The density increases with the 

substitution of Si by Ge and Sn, respectively. And within each of the ternary systems Li/Tt/P, the 

density decreases with increasing amount of Li or decreasing amount of Tt (Tt = Si, Ge, Sn). 

 

Table 3.1. Overview of the crystallographic densities ρ (from powder data obtained at RT) of the lithium 

phosphidotetrelates investigated within this work. 

ρ / g cm−3 Li5TtP3 α-Li8TtP4 β-Li8TtP4 Li14TtP6 

Si --- 1.718 --- 1.644 

Ge --- 2.036 2.052 1.860 

Sn 2.541 2.306 2.296 2.025 

 

3.2.2 Synthesis and Thermal Stability 

The compounds (re-)investigated within this work can be synthesized in gram scale via a facile 

synthesis route including ball milling of the corresponding elements in stoichiometric amounts and 

subsequent annealing of the obtained reactive mixtures at temperatures between 673 and 973 K. 

PXRD data of the reactive mixtures obtained after the first reaction step reveals the initial 

formation of a cubic phase. Indexing of the lattice parameters indicates that the compounds 

crystallize in the cubic space group Fm3̅m (no. 225) with a lattice parameter of approximately 

a = 6.0 Å (Figure 3.5a). However, the relatively broad and less distinct reflections also designate 

a small crystal size and a large percentage of amorphous or glassy phases. 
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Figure 3.5. a) Powder X-ray diffraction pattern of the reactive mixtures with the nominal composition 

“Li14SnP6”, “Li8SnP4” and “Li5SnP3”. The calculated diffraction pattern of crystalline Li5SnP3 

(a = 5.98715(5) Å) is shown in red, reflections of the side products β-Sn and Li3P are indicated by * and +, 

respectively. b) Powder X-ray diffraction pattern of phase pure samples of Li14SnP6, α- and β-Li8SnP4 and 

Li5SnP3. 

 

After annealing of the reactive mixture at certain temperatures, phase pure samples of the 

corresponding materials are obtained (Figure 3.5b). Evaluation of DSC thermograms of the 

reactive mixtures in combination with PXRD measurements of the samples after data collection 

can help to narrow down the temperature range in which the corresponding phase is formed or 

stable. Regarding the Li-rich phases Li14TtP6 with Tt = Si, Ge and Sn, the DSC experiments show 

that these compounds are metastable and tend to decompose into a mixture of (α-)Li8TtP4 (Tt = Si, 
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Ge and Sn) and two equivalents of Li3P. More specific, the formation of the materials requires 

temperatures of 973 K or higher, and the phases are only stable at ambient temperature after rapid 

cooling (e.g., by quenching of the hot ampule in cold water). PXRD data of the samples after the 

DSC measurements also reveal a higher stability of Li14SnP6 in comparison with the lighter 

homologues Li14SiP6 and Li14GeP6 as the diffraction pattern of the lithium phosphidostannate only 

contains marginally amounts of the decomposition products. The transition of the materials is 

further investigated by temperature-dependent PND experiments. The corresponding data plotted 

in Figure 3.6a show the decomposition of the metastable compound Li14SiP6 in the temperature 

range between 623 and 673 K. The relatively high intensity indicates the formation of large 

crystalline domains of Li8SiP4 and Li3P. Further heating of the sample above 873 K finally results 

in the re-formation of the initial material Li14SiP6. In addition, temperature-dependent Rietveld 

refinements exhibit a quasi-linear trend of the cell parameter before and after the phase transition. 

Thus, the decomposition and re-formation of Li14SiP6 during thermal treatment can be also 

described as an order–disorder transition. 

 

 

Figure 3.6. 2D plot of the data of temperature-dependent PND diffraction measurements from 323 to 

1023 K in a 2θ range from 10° to 100° (samples sealed under Ar). The ampule material Nb is indicated 

with solid circles. a) With increasing temperature Li14SiP6 decomposes into Li8SiP4 and Li3P and is re-

formed again. b) In the temperature range between 673 and 723 K α-Li8SnP4 transforms into β-Li8SnP4. 

The change of the superstructures clearly visible in the range between 12-15° 2θ. 



Synthesis and Structural Characterization of Lithium Phosphidotetrelates 

47 

The lithium phosphidotetrelates (α-/β-)Li8TtP4 (Tt = Si, Ge, Sn) are synthesized by annealing of 

the corresponding reactive mixture at moderate temperatures. The best results are obtained by heat 

treatment of the ball milling products at 973, 773 and 673 K for (α-)Li8SiP4, α-Li8GeP4, and α-

Li8SnP4, respectively. Consequently, the temperature of formation decreases with the declining 

melting point of the tetrel elements (Tm = 1683, 1211, 505 K for Si, Ge, Sn). At higher 

temperatures the structures of α-Li8GeP4 and α-Li8SnP4 undergo a phase transition process 

resulting in the aforementioned β-type. Since β-Li8GeP4 and β-Li8SnP4 represent high temperature 

modifications, which are metastable at room temperature, fast cooling of the samples is required 

to suppress the phase transition into the α-modification. The DSC thermograms of the reactive 

mixtures with the composition of Li8TtP4 (Tt = Si, Ge, Sn) show only very weak, if any, thermal 

effects indicating a decent stability and phase transitions which require only a small amount of 

energy. In the ternary system Li/Si/P only one modification with the composition Li8SiP4 is 

reported, whereas in the systems Li/Ge/P and Li/Sn/P two crystallographic phases are found. In 

both systems the α-type modification, which is isotype to the structure of Li8SiP4, represents the 

low-temperature (LT) phase that is formed at temperatures between 673 and773 K. Annealing of 

these phases at temperatures above 773 K followed by quenching gives access to the HT phases 

or β-modifications of Li8GeP4 and Li8SnP4. Isothermal annealing experiments confirm the 

reversibility of the phase transitions, but the conversion of the β-type into the α-modification is 

relatively slow, when compared to the inverse process. Thus, the transition requires a longer 

annealing period and the temperature must not exceed the formation temperature of the HT phase. 

In analogy to the aforementioned investigation of the order–disorder transition of Li14SiP6 also the 

phase transition of α-Li8SnP4 into β-Li8SnP4 is analyzed by temperature-dependent PND 

experiments (Figure 3.6b). The PND patterns reveal that the transition occurs in the temperature 

range between 673 and 723 K. The transition is already completed at 723 K as the diffraction 

pattern solely contains the β-modification. The occurring reflections are distinct and feature high 

intensities indicating the formation of large crystalline domains of the material. This is consistent 

with the findings concerning Li14SiP6. The cell parameter of both materials increases linearly with 

the rising temperature, but during the phase transition an additional expansion of approximately 

0.0073 Å is observed. 
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3.2.3 MAS NMR Spectroscopy 

MAS NMR spectroscopy is applied to confirm the crystal structures obtained by X-ray and neutron 

diffraction experiments as well as to further determine the different building blocks of the 

structures on the atomic scale. All resonances that are observed in the recorded NMR spectra of 

the here investigated compounds are listed in Table 3.2, including the signals of related lithium 

phosphidotetrelates, which have been reported recently. 

The recorded spectra confirm the aforementioned structural findings. Both, the 29Si as well as the 

119Sn spectrum of Li14SiP6 and Li14SnP6, respectively, show only one resonance with a chemical 

shift that is characteristic for the presence of the corresponding isolated [TtP4]
8− tetrahedra. The 

high cation disorder, and thus, the slightly varying chemical environment of the Tt atoms is 

indicated by the relatively broad appearance of the signals.[10] Similarly, a strong broadening is 

observed for the resonances in the 31P NMR spectra of Li14SiP6, Li14GeP6, and Li14SnP6. 

As already mentioned in chapter 3.2.1, two different chemical environments are predicted 

regarding the structure and the composition of the materials. In contrast to the diffraction data, 

MAS NMR measurements are able to resolve the local differences within the structure. The 

corresponding spectra show two partially superimposed resonances with an intensity ratio of 1:2, 

indicating the presence of both, P atoms that are bound to one Tt atom, possessing a formal charge 

of −2 (downfield resonance), and isolated P atoms with a formal charge of −3 (upfield resonance). 

The chemical shifts of the occurring signals are in good agreement with the values of related 

compounds found in the literature (e.g. Li8SiP4,
[1] ZnSnP2

[11] or Li3P
[12, 13]). The signals are again 

extremely broadened due to the high cation disorder and the resulting diverse chemical 

environments in the vicinity of the P atoms.[10] The plot of the recorded 31P spectra of Li14SiP6, 

Li14GeP6, and Li14SnP6 next to each other (Figure 3.7.a) allows for a detailed evaluation of the 

bonding situation within the structures. The signals in the 31P spectrum of Li14GeP6 exhibit almost 

no superimposition, this indicates a clear separation of the covalent bonding situation within the 

[GeP4]
8− tetrahedra and the isolated P3− anions since Ge possesses the highest electronegativity of 

the three tetrel elements. Accordingly, the resonances in the 31P spectrum of Li14SiP6 are less 

distinct. The corresponding signals in the 31P spectrum of Li14SnP6 are almost completely 

overlapping. Consequently, a more ionic bonding situation — originating from the higher metallic 

character of Sn — is assumed for the [SnP4] units, resulting in less distinct formal charges at the 

different P atoms. 
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Table 3.2. List of 6Li/7Li, 29Si or 119Sn, and 31P MAS NMR shifts (δ / ppm) of compounds in the Li/Tt/P 

phase system (Tt = Si, Ge, Sn). The occurring 31P resonances are categorized depending on the bonding 

situation and the resulting formal charge, respectively. 

compound 

chemical shift δ / ppm 

6Li / 7Li 29Si 119Sn 
P3− 

(isolated) 

P2− 

(TtP4 unit) 

P− 

(TtP2 unit) 

Li14SiP6 5.4 / 4.8 
10.4 

(broad) 
--- 

−316.8 

(broad) 

−226.9 

(broad) 
--- 

Li14GeP6 4.3 / 5.0 --- --- −310.3 −173.9 --- 

Li14SnP6 4.6 / 4.4 --- 
98.1 

(broad) 
−285.5 −244.2 --- 

Li8SiP4
[1] 3.3 (7Li) 11.5 --- --- 

−225.3 

−251.3 
--- 

α-Li8GeP4 4.5 (7Li) --- --- --- --- --- 

α-Li8SnP4 4.0 / 4.1 --- 107.7 (dq) --- 

−252.2 

(s-d-pair) 

−255.1 

(s-d-pair) 

--- 

β-Li8GeP4 3.3 (7Li) --- --- --- --- --- 

β-Li8SnP4 4.0 / 3.7 --- 

103.1 

(quint) 

122.1 

(quint) 

--- 

−248.7 

(s-d-pair) 

−258.8 

(s-d-pair) 

--- 

Li10Si2P6
[14] 2.1 (7Li) --- --- --- 

−188.4 

−199.5 
−124.1 

Li5SnP3 4.2 / 3.9 --- 
124.6 

(broad) 
--- 

−220.3 

(broad) 

Li2SiP2
[1] 2.1 (7Li) −14.8 --- --- --- 

−129.1 

−241.5 

Li2GeP2
[15] 2.4 (6Li) --- --- --- --- 

−59.9 

−164.8 

−178.4 
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Figure 3.7. a) Overview of 31P MAS NMR resonances of Li14SiP6 (violet), Li14GeP6 (green), and Li14SnP6 

(olive). b) Overview of 31P MAS NMR resonances of Li5SnP3 (teal), α-Li8SnP4 (blue), β-Li8SnP4 (red), and 

Li14SnP6 (olive). c) Overview of 119Sn MAS NMR resonances of Li5SnP3 (teal), α-Li8SnP4 (blue), β-Li8SnP4 

(red), and Li14SnP6 (olive). The values of the corresponding chemical shifts are shown in Table 3.2. 

 

The ternary system Li/Sn/P allows for a more detailed MAS NMR study since all occurring 

elements offer NMR active nuclei. For better comparison of the observed resonances and the 
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corresponding chemical shifts as well as present coupling constants with other nuclei, the 31P and 

the 119Sn spectra of the compounds Li14SnP6, α- and β-Li8SnP4 and Li5SnP3 are shown next to each 

other in Figure 3.7.b and c, respectively. Analogously to Li14SnP6, the 31P as well as the 119Sn 

spectrum of the compound Li5SnP3 shows only one extremely broadened signal since the structure 

also contains mixed cations within the tetrahedral sites. The ordered arrangement of the [SnP4]
8− 

tetrahedra within the structures of the two polymorphs of Li8SnP4 induce distinct resonances. In 

addition, Sn–P coupling results in a relatively complex splitting of the occurring signals. A detailed 

evaluation of the observed signals, including their chemical shift and couplings constants, is given 

in Chapter 5.4. The occurring couplings are another reason for the extreme broadening of the 

resonances in the spectra of Li5SnP3 and Li14SnP6. However, the chemical shifts observed for the 

different lithium phosphidostannates reveal a distinct trend. The downfield resonance in the 31P 

spectrum of Li14SnP6, which is assigned to the [SnP4]
8− tetrahedra, shows a chemical shift that is 

within the range of the occurring resonances of α- and β-Li8SnP4. As already mentioned above, 

the upfield shifted signal of Li14SnP6 is dedicated to the P3− anions, whereas the signal observed 

for Li5SnP3 is assigned to the [Sn2P6]
10− units as the signal shows the highest downfield shift. 

Consequently, the 119Sn NMR spectra reveal an increasing shielding effect with increasing formal 

charge per formular unit, regarding the series Li5SnP3, Li8SnP4, Li14SnP6. 

Concerning the executed 6Li (or 7Li) MAS NMR experiments of the herein discussed compounds, 

only one signal is observed in each of the spectra. The corresponding chemical shifts of 

approximately 3 to 6 ppm is characteristic for lithium phosphidotetrelates. Since all of the 

investigated compounds (except for Li5SnP3) contain more than one Wyckoff positions, which are 

occupied by Li, the occurrence of a single resonance indicates for a high Li+ mobility at RT. 

According to this, further investigations addressing the Li+ mobility as well as possible diffusion 

pathways within the materials are discussed in the following chapter. 

3.3 Lithium-Ion Mobility and Diffusion Pathways 

After the structural characterization the electric properties of the materials are investigated. The 

Li+ mobility is in general represented by the ionic conductivity as well as by the activation energy 

required for Li+ motion within a certain material. Corresponding experiments, including 

temperature-dependent 7Li NMR and electrochemical impedance spectroscopy, to determine these 

properties are reported in Chapter 3.3.1. Further investigations aiming for the evaluation of Li+ 

diffusion pathways by MEM and OPP analysis, based on neutron diffraction data, are addressed 

in Chapter 3.3.2. 
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3.3.1 Conductivity and Activation Energy 

The ionic and electronic conductivities σ determined by EIS at 298 K as well as the activation 

energies EA obtained by temperature-dependent EIS and static 7Li NMR experiments of all 

compounds that are investigated within this work, are listed in Table 3.3. The measured 

conductivities of the materials cover the range between 1.7 × 10−3 and 3.2 × 10−7 S cm−1. 

Accordingly, the corresponding EA
EIS ranging from 31.8 to 47.6 kJ mol−1 (0.33 to 0.49 eV) are 

consistent with the estimated values from NMR data (EA
NMR). 

 

Table 3.3. Overview of the ionic and electronic conductivities σ (at 298 K) as well as activation energies 

EA of the compounds investigated within this work, determined by both, electrochemical impedance and 

NMR spectroscopy. Data obtained by using the cell setup of Zeier et al. are marked by ‡. 

compound σLi / S cm−1 σe- / S cm−1 EA
EIS/ kJ mol−1 (eV) EA

NMR/ kJ mol−1 (eV) 

Li14SiP6 1.1 × 10−3 1.6 × 10−7 32.2 (0.33) 30 (0.31) 

Li14GeP6 1.7 × 10−3 1.7 × 10−7 31.8 (0.33) 30 (0.31) 

Li14SnP6 9.3 × 10−4 4.1 × 10−7 33.8 (0.35) 28 (0.29) 

(α-)Li8SiP4 
4.5 × 10−5‡ 

8.4 × 10−5 

6.0 × 10−8‡ 

--- 

39 (0.40)‡ 

--- 

--- 

--- 

α-Li8GeP4 
1.8 × 10−5‡ 

1.1 × 10−4 

7.2 × 10−8‡ 

--- 

42 (0.44)‡ 

--- 

35 (0.36) 

--- 

β-Li8GeP4 
8.6 × 10−5‡ 

2.1 × 10−4 

4.2 × 10−7‡ 

--- 

38 (0.39)‡ 

--- 

34 (0.35) 

--- 

α-Li8SnP4 1.2 × 10−4 1.37 × 10−7 36.0 (0.37) 34 (0.35) 

β-Li8SnP4 6.6 × 10−4 6.1 × 10−7 32.4 (0.34) 28 (0.29) 

Li5SnP3 3.2 × 10−7 2.8 × 10−8 47.6 (0.49) ≥ 47 (0.49) 

 

For the compounds Li8SiP4 and α- and β-Li8GeP4 the ionic conductivity is determined using two 

different cell setups (Chapter 2.2.10). Comparison of the data reveals, that the values from the 

setup used by Gasteiger et al. are approximately two to six times higher than the corresponding 

conductivity obtained by using the setup designed by Zeier and co-workers. The deviations are 

presumably caused by the different contact pressures during the measurements as the samples in 

the latter setup are only compressed before the measurement (~370 MPa), whereas the samples in 

the other cell design are measured while a constant pressure of about 480 MPa is applied. Thus, 
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the lower values obtained from the setup used by Zeier et al. can be explained by the partial loss 

of contact when releasing the pressure. As a consequence, and for better comparison of the 

materials properties only the values determined with the setup used by Gasteiger et al. are 

discussed in the following. An overview of the ionic conductivities of the investigated lithium 

phosphidotetrelates within this work (obtained by using the latter setup) as well as the results of 

previously reported members of this materials family, including the related lithium 

phosphidoaluminate Li9AlP4,
[2] and a comparison with the highest ionic conductivities reported 

for oxides and sulfide-based materials are depicted in Figure 3.8. 

 

 

Figure 3.8. Overview of the Li+ conductivities of lithium phosphidosilicates (blue), -germanates 

(teal), -stannates (olive) and -aluminates (purple). The highest reported Li+ conductivity of sulfide and 

oxide-based materials are indicated by green and red lines, respectively. [1, 2, 15-17] Values determined within 

this work (cell setup used by Gasteiger et al.) are marked by *. 

 

Analyzing the diagram reveals several trends: First, the ionic conductivity increases in every 

ternary phase system (Li/Si/P, Li/Ge/P, Li/Sn/P) with enhanced amount of Li+ per formular unit 

(e.g., from Li2SiP2
[1] to Li8SiP4 to Li14SiP6) as expected. Accordingly, the compounds Li14SiP6, 

Li14GeP6 and Li14SnP6 feature the highest ionic conductivities within the family of lithium 

phosphidotetrelates, and thus, meet the anticipated conductivity of approximately 1 × 10−3 S cm−1 

at RT. The high disorder within the structure of the Li14TtP6 phases is assumed to boost the ionic 

conductivity next to the high percentage of mobile charge carriers. Secondly, the phases Li8TtP4 

(Tt = Si, Ge, Sn), which form two polymorphs based on differently ordered cations, offer ionic 

conductivities of up to 6.6 × 10−4 S cm−1 (for β-Li8SnP4). Furthermore, the corresponding values 

reveal a lower ionic conductivity of the α-polymorphs, when compared to the β-modifications. 

This is particularly evident in the lithium phosphidostannates. The investigation of the origin of 

this difference is addressed in the next chapter, when the different Li+ diffusion pathways are 
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analyzed. Finally, ionic conductivity of Li5SnP3 is with 3.2 × 10−7 S cm−1 approximately three 

orders of magnitude lower than the ionic conductivity of α-Li8SnP4. This is also in accordance 

with the decreasing amount of Li+ per formular unit. 

With respect to the intended elaboration of structure-property relationships the changes of the ionic 

conductivity by substitution of the tetrel elements is investigated in more detail. 

Starting from (α-)Li8SiP4 the ionic conductivity increases in conjunction with the increasing cell 

parameter by introduction of larger and more polarizable cations via substitution of Si4+ by Ge4+ 

and Sn4+ (Table 3.4). In this specific case, the substitution of the relatively small Si4+ by a larger 

cation leads to longer and weakened Tt–P bonds. As a consequence, the P–P distances, which 

represent the edges of the TtP4 units and all adjacent tetrahedral and octahedral voids, increase, 

resulting in widened diffusion pathways (edges and faces of the occurring vacancies, chapter 1.3) 

with lower energy barriers. On the other hand, it is assumed that weaker Tt–P bonds result in a 

higher formal charge on the P atoms, and thus, induce stronger Li–P interactions, which could 

result in lower ionic conductivities.[18] However, regarding the compounds (α-)Li8TtP4 (Tt = Si, 

Ge, Sn) the influence of the latter effect is not dominant as the conductivities increase with 

introduction of larger atoms. Regarding the occurring P–P distances in the three (α-)homologues 

reveals, that the range of the P–P distances Δd(P–P) decreases from (α-)Li8SiP4 to α-Li8GeP4 to α-

Li8SnP4 and consequently, the P–P distances become more equalized. This can be interpreted as a 

flattening of the energy landscape for ionic motion, which leads to an increased ionic conductivity. 

Analogously, the same applies for the substitution of Ge4+ by Sn4+ in case of the β-modifications 

as the ionic conductivity increases in accordance with the cell parameter. In contrast, the 

aforementioned inductive effect is dominantly present regarding the phases Li14TtP6 (Tt = Si, Ge, 

Sn). The cell parameters of the compounds increases analogously to the phases (α-/β-)Li8TtP4 

(Tt = Si, Ge, Sn), but whereas the ionic conductivity increases when substituting Si4+ by Ge4+, it 

decreases by introducing Sn4+. The faster ionic motion in Li14GeP6 in comparison to Li14SiP6 can 

be assigned to the higher electronegativity of Ge (χ(Si) = 1.74, χ(Ge) = 2.02, Allred−Rochow scale 

of electronegativity),[19] which leads to stronger Ge–P and weaker Li–P interactions. On the other 

hand, the relatively low electronegativity of Sn (χ = 1.72, Allred−Rochow scale of 

electronegativity)[19] induces weaker Sn–P and stronger Li–P interactions, which, despite the 

widening of the cell and the diffusion paths, leads to a lower ionic conductivity for Li14SnP6. The 

two different trends regarding the compositions Li8TtP4 and Li14TtP6 shows the complexity of 

various effects influencing the materials properties. 
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Table 3.4. Overview of cell parameters a, volume V, averaged P–P distances dA(P–P), range of P–P 

distances Δd(P–P) and ionic conductivity σLi (at 298 K; cell setup used by Gasteiger et al.) of the 

compounds (α-/β-)Li8TtP4 and Li14TtP6 (Tt = Si, Ge, Sn). 

compound a / Å V / Å3 dA(P–P) / Å Δd(P–P) / Å σLi / mS cm−1 

(α-)Li8SiP4 
11.70737 

(2 × 5.85369) 

1604.64 

(200.58) 
4.149 0.648 0.08 

α-Li8GeP4 
11.80203 

(2 × 5.90102) 

1643.88 

(205.49) 
4.177 0.435 0.11 

α-Li8SnP4 
11.97626 

(2 × 5.98813) 

1717.77 

(214.72) 
4.236 0.342 0.12 

β-Li8GeP4 
11.77294 

(2 × 5.88647) 

1631.75 

(203.97) 
4.174 0.464 0.21 

β-Li8SnP4 
11.99307 

(2 × 5.99654) 

1725.01 

(215.63) 
4.247 0.293 0.66 

Li14SiP6 5.93927 209.507 4.200 0 1.09 

Li14GeP6 5.95667 211.354 4.212 0 1.71 

Li14SnP6 6.01751 217.896 4.255 0 0.93 

 

The elaboration of structure-property relationships with respect to the specific ternary systems 

shows that the ionic conductivity of Li14SiP6 is more than one order of magnitude higher than the 

value determined for Li8SiP4 despite their close structural relationship. The most important 

difference is the high cation disorder in Li14SiP6, which leads to indistinguishable tetrahedral voids 

(and octahedral voids), and thus, to a complete equalization of all P–P distances resulting in one 

distinct energy barrier for all ionic motions between face-sharing tetrahedral and octahedral voids 

or between two adjacent tetrahedral voids (Figure 1.3c and d). In addition, Li14SiP6 contains more 

charge carriers in both types of vacancies as already mentioned above (Figure 3.4). The detailed 

analysis of diffusion pathways in Li14SiP6 is addressed in the next chapter. Analogously the higher 

ionic conductivity of Li14GeP6 in comparison to the two polymorphs of Li8GeP4 can be explained. 

The varying properties of α- and β-Li8GeP4 are investigated in more detail in the next chapter 

together with the heavier homologues α- and β-Li8SnP4. 

The data of the lithium phosphidostannates also confirm the aforementioned correlations. 

Furthermore, regarding the extremely low ionic conductivity of Li5SnP3 indicates that the 

contribution of (partially) occupied octahedral voids is crucial for fast ionic conduction within 

cubic structures, including the here investigated lithium phosphidotetrelates. 
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Despite these findings figure 3.8 exhibits, that lithium phosphidotetrelates comprise a certain 

potential to compete with the related lithium phosphidoaluminate Li9AlP4 and other solid Li+ 

conductors, such as oxides and sulfide-based materials. However, further understanding of the 

correlation between the crystal structures and their resulting materials properties is required. To 

address this, the identification of possible diffusion pathways for Li+ motion through the different 

lithium phosphidotetrelate structures, based on experimental neutron diffraction data is discussed 

in the next chapter. 

3.3.2 Maximum Entropy Method and One-Particle-Potential 

For better understanding of the origin of the materials properties, such as the ionic conductivity 

and the required activation energy, the corresponding structure-property relationships of the 

different structures are analyzed via MEM and OPP approximation based on experimental data 

obtained by temperature-dependent PND measurements. Due to this, the compounds Li14SiP6 and 

α- and β-Li8SnP4 are investigated exemplarily, representing the three occurring structures. In the 

lithium phosphidotetrelates Li is the only element that features a negative scattering length, which 

allows for a direct correlation of the observed negative nuclear density distribution and possible 

Li+ diffusion pathways. 

In accordance with the discussion of possible diffusion pathways in ccp-based structures, such as 

Li2S (chapter 1.3), the very same pathways are imaginable in Li14SiP6 and its homologues as solely 

one type of tetrahedral voids (8c) and one type of octahedral voids (4b) is present. In Figure 3.9a 

and b the resulting negative nuclear density distribution from MEM analysis of Li14SiP6 is shown. 

The isosurfaces reveal distinct connections between adjacent face-sharing tetrahedral and 

octahedral voids, indicating the preferred diffusion trough the shared triangular faces of 

neighbored sites. The corresponding Li+ motion via the common edges of adjacent tetrahedral 

voids is not observed. Further analysis regarding the findings obtained by OPP formalism confirms 

the values of the activation energy determined by EIS and NMR experiments. The corresponding 

intermediate positions at the general position (0.40276 | 0.59724 | 0.305) feature an activation 

barrier of 0.44 eV (42 kJ mol−1). Interestingly, the diffusion saddle points are not centered within 

the plane of the common faces, but they are slightly shifted towards the center of the octahedral 

site, resulting in three positions that are congruent with the P atoms spanning the triangular face 

(Figure 3.9c). Since the Li+ diffusion does not occur along the straight line between the Wyckoff 

positions Li1 and Li2, the distance for diffusion is larger than the interatomic distance of Li1 and 

Li2 (> 2.5718 Å). Regarding the relatively large increase of the cell parameter, and thus, of the 

interatomic distances, when substituting Si by Sn, corroborates the assumption of a higher energy 
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barrier due to the relatively long diffusion distances (> 2.6057 Å) next to the stronger Li–P 

interactions. 

 

 

Figure 3.9. Overview of diffusion pathways in Li14SiP6 evaluated by MEM analysis. a) and b) Selected 

structure section of Li14SiP6 with negative nuclear density distribution (surface threshold −0.01 fm/Å3) 

represented by green isosurfaces. c) Selected structure section of Li14SiP6 with diffusion saddle points 

(green spheres) connected via green lines indicating the diffusion pathways of Li+. (Li/Si)P4 tetrahedra and 

LiP6 octahedra are highlighted in yellow and blue, respectively. 
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The analog evaluation of the negative nuclear density distribution of α- and β-Li8SnP4 by MEM 

and OPP analysis, reveals two deviant Li+ diffusion pathways within the structures, causing the 

considerably large difference of the ionic conductivities. Since the octahedral site 24d in α-Li8SnP4 

stays vacant — even at 673 K — the occupied octahedral voids form a network of corner-sharing 

LiP6-octahedra (Figure 3.10a), whereas the partial occupation of all octahedral sites in β-Li8SnP4 

leads to a network of edge-sharing LiP6-units similar to the connectivity in the structures of 

Li14SiP6 and Li2S (Figure 3.10b). Hence, the resulting diffusion pathway in the latter, can also be 

described via an alternating network of face-sharing tetrahedral and octahedral voids. In contrast, 

a comparable diffusion pathway in the α-type is frequently blocked by the vacant 24d site 

(Figure 3.10c and d). Consequently, the Li+ are forced move through the edge-sharing connection 

of two adjacent tetrahedral voids to get to the next occupied octahedral void. The same path is also 

available in the β-modifications (Figure 3.10e and f), but the results of the OPP analysis show, that 

the Li+ motion via face-sharing tetrahedral and octahedral voids is favored, when compared to the 

diffusion along the shared edge of neighbored tetrahedral voids. The gathered activation energies 

are in good agreement with the corresponding values observed by EIS and NMR data. In addition, 

these findings corroborate the assumption of a concerted diffusion mechanism — at least for α-

Li8SnP4 — as the Li+ motion within this modification do not involve the vacant octahedral site 

24d. 

Finally, the reason for the higher ionic conductivity of β-Li8SnP4 is caused by the higher disorder 

regarding the partial occupation of the octahedral voids. The better distribution of the Li+ over all 

occurring octahedral voids leads to an energy landscape flattening as the alternating Li+ motion 

via face-sharing polyhedra feature relatively low activation barriers and the edge-sharing 

tetrahedra feature higher activation barriers. Consequently, the fast ionic conductivity of Li9AlP4 

can be explained analogously since in the phosphidoaluminate additionally some of the tetrahedral 

voids are partially occupied, which results in an even flatter energy landscape.[2] 

Based on the data concerning α- and β-Li8SnP4 analogously diffusion pathways are assumed for 

(α-)Li8SiP4 and the two polymorphs of Li8GeP4 (chapter 5.3). More precise, ionic motion is 

dependent on (partially) occupied Li sites, that means unoccupied sites stay empty and represent 

blocking positions. Secondly, the diffusion via the triangular face of adjacent tetrahedral and 

octahedral voids is preferred. Consequently, the alternative diffusion pathway through the 

common edge of neighbored tetrahedral sites is only chosen if necessary, since its activation barrier 

is usually higher. However, corresponding experimental data are not yet available, but are 

scheduled. 
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Figure 3.10. Overview of the structural differences in α- and β-Li8SnP4 responsible for the different ionic 

conductivities. a) Network of octahedral sites in α-Li8SnP4. Occupied octahedral voids Li4 (4b) and Li5 

(4a) are highlighted in blue and unoccupied octahedral voids (24d) are shown in white. b) Network of 

octahedral sites in β-Li8SnP4. Partially occupied octahedral voids Li6 (8c) and Li7 (24i) are depicted in 

green and blue, respectively. c) Unoccupied octahedral site (24d), blocking Li+ diffusion via face-sharing 

tetrahedral and octahedral voids in α-Li8SnP4. Occupied tetrahedral voids Li3 (24d) are highlighted in 

yellow, occupied octahedral voids Li5 (4a) are shown in blue and unoccupied octahedral voids (24d) are 

depicted in white. d) Partial occupation of all octahedral sites enables Li+ diffusion via face-sharing 

tetrahedral and octahedral voids in β-Li8SnP4. Occupied tetrahedral voids Li4 (12f) and Li5 (24i) are 

highlighted in yellow and partially occupied octahedral voids Li6 (8e) and Li7 (24i) are shown in green and 

blue, respectively. e) Possible Li+ diffusion via edge-sharing tetrahedral voids in α-Li8SnP4. Occupied 

tetrahedral voids Li1 (8c) and Li3 (24d) are depicted in yellow, occupied octahedral voids Li4 (4b) and Li5 

(4a) are highlighted in blue and unoccupied octahedral voids (24d) are shown in white. f) Li+ diffusion via 

edge-sharing tetrahedral voids in β-Li8SnP4 also possible but less favored. Color code analog to d). P and 

Li atoms are depicted as pink and gray spheres, whereas white spheres indicate vacant sites. 
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4 Conclusion and Outlook 

With the award of the 2019 Nobel Prize in Chemistry to the developers of the Li+ battery and the 

associated recognition for this technology, a new era was heralded at the same time. The state-of-

the-art Li+ battery has changed our daily life by enabling the use of various electronic devices 

wherever and whenever they are helpful. With the tremendous endeavors in further development 

of an advanced battery performance that are still ongoing, scientist on the other hand, already 

started to search for next-generation battery technologies. One of the most promising approaches 

to enable a fossil fuel-free society is the ASSB. This technology is proposed to address most of 

the current challenges concerning Li+ batteries. Primarily, safety and other performance limiting 

circumstances emerge by the utilization of a liquid electrolyte. Consequently, the substitution by 

a SE is predicted to increase both, safety and performance of batteries. 

In this context, an innovative class of Li+ conducting materials has been introduced recently. The 

families of lithium phosphidotetrelates and -trielates offer a broad repertoire of compounds that 

feature a vast diversity of structural motifs in combination with various promising properties. For 

example, the lithium phosphidoaluminate Li9AlP4 exhibits a super ionic conductivity of 3 mS cm−1 

at ambient temperature.[1] After the previously published findings regarding the lithium 

phosphidosilicate (α-)Li8SiP4
[2] as well as the lithium phosphidostannates (β-)Li8SnP4 and 

Li5SnP3,
[3-6] further investigations concerning the substitution of the tetrel atoms by Ge and a 

reinvestigation of the known compounds is anticipated. In addition, the search for new compounds 

with a higher percentage of mobile Li+ is demanded as such materials are expected to feature very 

high ionic conductivities. 

With the systematic study of the ternary phase systems Li/Si/P, Li/Ge/P and Li/Sn/P, six so-far 

unknown materials are discovered and thoroughly investigated. Consequently, the compounds (α-

)Li8SiP4, (β-)Li8SnP4 and Li5SnP3 are reinvestigated and the corresponding results are compared 

with the findings regarding the new phases Li14SiP6, Li14GeP6, Li14SnP6, α-Li8GeP4, α-Li8SnP4, 

and β-Li8GeP4. This approach allows for the elaboration of structure-property relationships in 

accordance with the comparison of similarities and dissimilarities of the compounds, and thus, 

provides the basis for further tailoring of the materials properties as demanded. 

The materials are accessible in gram scale and in high purity via a facile synthesis route combining 

a mechanochemical alloying step with subsequent heat treatment at moderate temperatures. The 

structural elucidations of the individual phases are based on X-ray and neutron diffraction data 

(powder and single crystal) as well as MAS NMR spectroscopy, and clarify group-subgroup 

relationships between the different materials. The determination of the electric properties reveals, 



Conclusion and Outlook 

62 

that the three compounds Li14SiP6, Li14GeP6 and Li14SnP6 meet the requisite ionic conductivity of 

approximately 1 mS cm−1 at RT for a potential application in ASSBs. In addition, the data allow 

for a detailed evaluation of the influence of the tetrel element on the corresponding properties. 

Starting from Li14SiP6 the ionic conductivity can be enhanced by replacing of all Si atoms by Ge, 

on the other hand the Li+ mobility is reduced, when the Si atoms are substituted by Sn. In 

consequence, the ionic conductivity is not only affected by the size of the cell parameters or the 

resulting diffusion saddle points, but there are further effects, such as the electronegativity or other 

cation–anion interactions, that have to be taken into account. This assumption is confirmed by 

analog investigations concerning the substitution of the tetrel element in α- or β-Li8TtP4 (Tt = Si, 

Ge, Sn). Here, a different trend is observed as the ionic conductivity increases with the introduction 

of larger tetrel elements from 8.4 × 10−5 S cm−1 for α-Li8SiP4 to 1.1 × 10−4 S cm−1 for α-Li8GeP4 

to 1.2 × 10−4 S cm−1 for α-Li8SnP4 and from 2.1 × 10−4 S cm−1 for β-Li8GeP4 to 6.6 × 10−4 S cm−1 

for β-Li8SnP4. All observed ionic conductivities are in good agreement with the activation energies 

determined by EIS, NMR and OPP data. 

The origin of the systematically higher Li+ conductivity of the β-modifications is investigated in 

more detail. The corresponding analysis of Li+ diffusion pathways based on experimental data 

obtained by PND, reveals two possible migration processes. In all investigated compounds the 

alternating diffusion via the triangular area of adjacent face-sharing tetrahedral and octahedral 

voids is favored in comparison to the alternative Li+ transport through the common edge of 

neighbored tetrahedral voids. However, regarding the structure of α-Li8SnP4 the Li+ are forced to 

move along the latter since the energetically preferred pathway via face-sharing polyhedra is 

frequently blocked by vacant octahedral voids. Due to the fact, that in α-Li8SnP4 solely fully 

occupied sites contribute to the ionic conductivity, the postulated concerted diffusion mechanism 

is affirmed. It is assumed, that the driving force for the conductivity is generated by the Li+ that 

are located in the less favored octahedral voids, by displacing the adjacent Li+ from the preferred 

tetrahedral voids. In this context, the relatively low ionic conductivity of 3.2 × 10−7 S cm−1 

determined for Li5SnP3, is unsurprisingly since all octahedral voids are vacant. As just discussed, 

the contribution of these sites is crucial for fast Li+ migration in the analyzed cubic structures. In 

addition, the findings confirm the assumption, that cation disordering and partial occupation of 

occurring sites lead to an increased conductivity. This can be referred to a resulting energy 

landscape flattening as the differences of the specific activation barriers between the occupied 

voids vanish with a better distribution of the Li+ over all present interstitial sites within the 

structure. 
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Analogously to the tremendous progress in optimization of the ionic conductivities of oxides and 

sulfide-based materials by various techniques of substitution and ion mixing an advanced 

performance is also expected for the herein reported phosphide-based materials. Targeted tailoring 

of the required properties — based on the obtained fundamental knowledge on structure-property 

relationships in solid state ionic conductors — could be used for the design of next-generation 

SEs. In addition, a detailed evaluation of the electrochemical stability and performance of the 

lithium phosphidotetrelates could be applied to validate the suitability of the compounds for an 

application in ASSBs. 
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Content and Contribution 

The scope of this work was the comprehensive investigation of the previously reported compound 

Li14SiP6. The thorough structural elucidation was carried out applying PXRD and PND 

experiments. The results from the joint Rietveld refinement of the gathered diffraction data as well 

as the recorded MAS NMR spectroscopy data confirmed the suggested crystal structure. Since 

Li14SiP6 is only accessible by quenching at high temperatures the thermal stability of the 

compound was evaluated by DSC measurements in combination with temperature-dependent 

powder neutron diffraction experiments revealing an order−disorder transition process upon 

heating. In addition, the electric properties of Li14SiP6 were determined by static 7Li NMR 

measurements and EIS. Due to the high ionic conductivity and for better understanding of the ionic 

motion process, also the Li+ diffusion pathways within the structure were evaluated by analysis of 

negative nuclear density maps (MEM and OPP) reconstructed from experimental structure factors 

obtained via neutron diffraction. The corresponding results confirm the high ionic conductivity 

originating from the low activation energy for Li+ hopping. Finally, the fast ionic motion was also 

shown by DFT calculations. 

The PND experiments were carried out by Dr. Anatoliy Senyshyn and Dr. Volodymyr Baran at 

the research reactor FRM-II (Garching, Germany). The structural elucidation was carried out in 

collaboration with Dr. Henrik Eickhoff and Dr. Wilhelm Klein. The EIS measurements were done 

by David Müller and Christian Sedlmeier. The MAS NMR experiments were performed by Dr. 

Gabriele Raudaschl-Sieber and the static 7Li NMR spectroscopy was done by Dr. Holger 

Kirchhain. DFT calculations were carried out by Prof. Dr. Volker L. Deringer. The publication 

was written in course of this thesis. 
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5.2 Modifying the Properties of Fast Lithium-Ion Conductors — The Lithium 

Phosphidotetrelates Li14SiP6, Li14GeP6, and Li14SnP6 
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Content and Contribution 

With respect to the thorough evaluation of the structure and properties of Li14SiP6 the isovalent 

substitution of Si by Ge and Sn was the scope of this work. The resulting compounds Li14GeP6 

and Li14SnP6 are isotypic to the corresponding lithium phosphidosilicate. This allows for further 

investigation of the structure-property relationships of the compounds, particularly with respect to 

the electric properties as well as the influences of the substitution on the ionic motion within the 

structure. After the structural characterization of the materials, including PXRD and MAS NMR 

experiments, also the electric properties were determined via static 7Li NMR and EIS 

measurements. The comparison of the data thus obtained with the corresponding results for 

Li14SiP6 revealed a higher conductivity for Li14GeP6 and a lower value for Li14SnP6. According to 

these findings structure-property relationships were elaborated. 

The synthesis and structural elucidation were carried out in collaboration with Dr. Henrik 

Eickhoff. The EIS measurements were performed by Christian Sedlmeier. The MAS NMR 

experiments were done by Dr. Gabriele Raudaschl-Sieber and the static 7Li NMR spectroscopy 

was carried out by Dr. Holger Kirchhain. The publication was written in course of this thesis. 
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5.3 Lithium Phosphidogermanates α- and β-Li8GeP4 — A Novel Compound 

Class with Mixed Li+ Ionic and Electronic Conductivity 
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Content and Contribution 

The aim of this work was the investigation of the structure and properties of the lithium 

phosphidogermanates α- and β-Li8GeP4. The structure of the two polymorphs as well as the 

associated group-subgroup relationships (Bärnighausen tree) of the corresponding space groups 

are analyzed via single crystal and PXRD experiments. In addition, the electric properties of the 

materials, including the activation energy for Li+ motion and the ionic as well as the electronic 

conductivity were determined and compared to revised values for the related compound Li8SiP4. 

The measurements revealed a mixed ionic and electronic conductivity for the 

phosphidogermanates accomplishing moderate values at RT. According to the obtain results 

distinct Li+ diffusion pathways via the occurring tetrahedral and octahedral voids are postulated. 

The synthesis and structural elucidation were executed in collaboration with Dr. Henrik Eickhoff. 

The Bärnighausen trees were created and evaluated by Dr. Wilhelm Klein. The EIS measurements 

were performed by Christian Dietrich. The solid state NMR spectroscopy experiments were 

performed by Dr. Holger Kirchhain. The publication was written in course of this thesis. 

  



Lithium Phosphidogermanates α- and β-Li8GeP4 — A Novel Compound Class with Mixed Li+ 

Ionic and Electronic Conductivity 

133 

  



Publications and Manuscripts 

134 

  



Lithium Phosphidogermanates α- and β-Li8GeP4 — A Novel Compound Class with Mixed Li+ 

Ionic and Electronic Conductivity 

135 

  



Publications and Manuscripts 

136 

  



Lithium Phosphidogermanates α- and β-Li8GeP4 — A Novel Compound Class with Mixed Li+ 

Ionic and Electronic Conductivity 

137 

  



Publications and Manuscripts 

138 

  



Lithium Phosphidogermanates α- and β-Li8GeP4 — A Novel Compound Class with Mixed Li+ 

Ionic and Electronic Conductivity 

139 

  



Publications and Manuscripts 

140 

  



Lithium Phosphidogermanates α- and β-Li8GeP4 — A Novel Compound Class with Mixed Li+ 

Ionic and Electronic Conductivity 

141 

  



Publications and Manuscripts 

142 

  



Lithium Phosphidogermanates α- and β-Li8GeP4 — A Novel Compound Class with Mixed Li+ 

Ionic and Electronic Conductivity 

143 

  



Publications and Manuscripts 

144 

  



Lithium Phosphidogermanates α- and β-Li8GeP4 — A Novel Compound Class with Mixed Li+ 

Ionic and Electronic Conductivity 

145 

  



Publications and Manuscripts 

146 

  



Lithium Phosphidogermanates α- and β-Li8GeP4 — A Novel Compound Class with Mixed Li+ 

Ionic and Electronic Conductivity 

147 

  



Publications and Manuscripts 

148 

  



Lithium Phosphidogermanates α- and β-Li8GeP4 — A Novel Compound Class with Mixed Li+ 

Ionic and Electronic Conductivity 

149 

  



Publications and Manuscripts 

150 

  



Lithium Phosphidogermanates α- and β-Li8GeP4 — A Novel Compound Class with Mixed Li+ 

Ionic and Electronic Conductivity 

151 

  



Publications and Manuscripts 

152 

  



Lithium Phosphidogermanates α- and β-Li8GeP4 — A Novel Compound Class with Mixed Li+ 

Ionic and Electronic Conductivity 

153 

  



Publications and Manuscripts 

154 

  



Lithium Phosphidogermanates α- and β-Li8GeP4 — A Novel Compound Class with Mixed Li+ 

Ionic and Electronic Conductivity 

155 

  



Publications and Manuscripts 

156 

  



Lithium Phosphidogermanates α- and β-Li8GeP4 — A Novel Compound Class with Mixed Li+ 

Ionic and Electronic Conductivity 

157 

 



Publications and Manuscripts 

158 

5.4 Synthesis, Structure and Diffusion Pathways in Fast Lithium-Ion 

Conductors α- and β-Li8SnP4 

 

 

 

S. Strangmüller, H. Eickhoff, W. Klein, G. Raudaschl-Sieber, H. Kirchhain, T. Kutsch, V. Baran, 

A. Senyshyn, L. van Wüllen, H. A. Gasteiger, and T. F. Fässler* 

 

manuscript for publication 

 

  



Synthesis, Structure and Diffusion Pathways in Fast Lithium-Ion Conductors α- and β-Li8SnP4 

159 

Content and Contribution 

The scope of this work was the structural elucidation as well as the investigation of the properties 

of the lithium phosphidostannates α- and β-Li8SnP4. Applying PND experiments the structures, 

including the occupation of tetrahedral and octahedral voids by Li+ were unambiguously 

determined, and temperature-dependent PND measurements allowed for a closer observation of 

the occurring phase transition of the α-type to the β-modification. In addition, the bonding 

situations within the two polymorphs were confirmed by MAS NMR data. The electric properties 

are determined via static 7Li NMR spectroscopy and EIS measurements revealing certain 

differences regarding the materials properties. Due to this, the Li+ diffusion mechanisms of both 

phases were analyzed applying the MEM as well as the OPP approximation based on the negative 

nuclear density maps reconstructed from experimental structure factors obtained via neutron 

diffraction. The corresponding results demonstrate, that the divergent electric properties result 

from differences regarding the occupation of the present tetrahedral and octahedral voids and 

allowed for the elaboration of structure-property relationships. 

The PND experiments were carried out and analyzed in collaboration with Dr. Anatoliy Senyshyn 

and Dr. Volodymyr Baran at the research reactor FRM-II (Garching, Germany). The structure 

refinements based on X-ray data were assisted by Dr. Henrik Eickhoff and Dr. Wilhelm Klein. 

The EIS measurements were performed by Tobias Kutsch. The MAS NMR experiments were done 

by Dr. Gabriele Raudaschl-Sieber and the static 7Li NMR spectroscopy measurements were 

executed by Dr. Holger Kirchhain. This manuscript for publication was written in the course of 

this thesis. 
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Abstract 

The increasing demand for high-performance and low-cost battery technology promotes the search 

for Li+ conducting materials. Recently, phosphidotetrelates and -aluminates were introduced as an 

innovative class of phosphide-based Li+ conducting materials featuring ionic conductivities of up 

to 3 mS cm−1 at ambient temperature. 

Here, we report on the discovery of two polymorphs α- and β-Li8SnP4, which show ionic 

conductivities of up to 0.7 mS cm−1 and low activation energies EA of about 28 kJ mol−1 (0.29 eV) 

at 298 K. The structures of the two phases are unambiguously determined by single crystal X-ray 

and powder neutron diffraction experiments at different temperatures and the significantly 

different ionic conductivities allow for a detailed insight into the structure-property relationships. 

The investigations are completed by 6Li, 31P, and 119Sn solid state magic angle spinning NMR, 

temperature-dependent 7Li NMR experiments, and electrochemical impedance spectroscopy. 

Negative nuclear density maps reconstructed from experimental structure factors were analyzed 

applying the maximum entropy method (MEM) and the one-particle-potential (OPP) formalism. 

Distinct Li+ migration pathways including divergent activation barriers have been identified, 

causing differences regarding the conductivities of the two modifications. The importance of 

partially occupied octahedral sites in the β-phase is ascertained to cause considerably lower energy 

barriers to adjacent tetrahedral voids, which promote the higher conductivity in comparison to the 

α-phase. 

Since the title compounds complete the family of three known phosphidotetrelates (α-)Li8SiP4, α-

Li8GeP4 and β-Li8GeP4, a thorough investigation of the structure-property relationships allows for 

further tailoring of the materials properties. 
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Introduction 

Ongoing research and development in the field of energy storage technology are leading to 

increasingly powerful mobile devices, electric vehicles and stationary storage systems. But further 

progress and innovative battery systems are required to meet customer demands regarding 

performance, safety and cost. In this context all-solid-state batteries (ASSBs) have been introduced 

since the usage of a solid electrolyte is predicted to exhibit promising benefits surpassing the 

current lithium ion (Li+) technology, e.g., in terms of energy density, battery safety, specific power, 

as well as a fast-charging capability.[1, 2] 

Extensive efforts have recently been made exploring solid-state materials which are suitable for 

an application in ASSBs. Here, the main focus is on the search for new lithium superionic 

conductors. Due to this, several families of solid-state materials exhibiting high ionic 

conductivities in combination with an extremely wide structural variety have been investigated 

over the last decades.[3-11] The diversity of potential solid electrolytes (SEs) could be further 

expanded by applying the concept of isovalent and aliovalent substitution of certain elements.[12-

29] 

Nevertheless, the influence of the atomic structure on the ionic conductivity remains a key issue 

to develop parameters that allow for a purposeful design of solid electrolytes with enhanced 

lithium-ion conductivity. Understanding the structure-property relationships in structurally related 

SEs facilitates the identification and optimization of innovative, fast ion-conducting materials.[1, 

24, 30-32] Powder neutron diffraction data in combination with a detailed analysis of the 

corresponding (negative) nuclear density maps applying the maximum-entropy method (MEM) 

have been identified as a powerful tool to enhance the knowledge and the understanding of ionic 

motion along distinct diffusion pathways within Li+ conductors.[33, 34] In this context, for example, 

quasi-isotropic three-dimensional (3D) Li+ diffusion pathways via low activation barriers have 

been revealed for the lithium superionic conductor Li10GeP2S12 (LGPS), illustrating the high ionic 

conductivity of 12 mS cm−1.[6, 35] Consequently, high activation barriers causing poor conductivity 

are found to result from the rather low symmetry and the spatial separation of Li+ in the structure 

of Li2P2S6.
[36] Corresponding finding are also reported for further compounds, such as β-Li3PS4 

and related materials.[12, 37, 38] The knowledge, among others obtained by this approach, enables 

the elaboration of structure-property relationships and allows for tailoring of materials properties 

in order to design them as demanded.[1, 29] 

In order to expand the pool of candidates the novel class of lithium phosphidosilicates 

and -aluminates was recently introduced as fast lithium-ion SEs. After the discovery of Li8SiP4 as 

the first representative of this compound class the family was systematically expanded unveiling 
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a multitude of so far unknown compounds, which offer a great structural variety accompanied by 

clear structural relations as well as diverse chemical and electrochemical properties.[10, 11, 26, 27, 29, 

39] More specific, the lithium phosphidotetrelates (α-)Li8SiP4 and the homologues α- and β-

Li8GeP4 offer moderate ionic and electronic conductivities, whereas the lithium-richest 

compounds among these materials, Li14TtP6 (Tt = Si, Ge, Sn), feature high ionic conductivities of 

approximately 1-2 mS cm−1.[10, 11, 26, 29] Regarding the lithium phosphidosilicate Li14SiP6, the 

aforementioned analysis of Li+ diffusion pathways based on (negative) nuclear density maps 

reconstructed from experimental neutron diffraction data has been reported recently. The results 

demonstrate a direct link between the fast ionic motion and the observed 3D diffusion pathway via 

distinct intermediate positions next to the common triangular face of adjacent tetrahedral and 

octahedral voids.[11] 

In addition, applying the concept of isovalent substitution allows for further elaboration of 

structure-property relationships, and thus, for the modification of the resulting properties of the 

compounds.[10, 11, 26, 29] With respect to previous findings regarding the ternary systems Li/Si/P[10, 

11, 29, 39, 40] and Li/Ge/P[26, 27, 29] as well as the discovery of the compound Li14SnP6,
[29] the ternary 

system Li/Sn/P is assumed to hold more so far unknown materials with promising properties. 

Despite some preliminary reports on compounds with the compositions Li5SnP3 and Li8SnP4, 

neither a clear structure determination nor any properties are given, but the relationships to the 

antifluorite structure and the Li3Bi-type,[41] which are based on a cubic close packing (ccp) of P 

atoms, were pointed out. The determination of the Li positions was not possible.[42-45] 

Here we report on the detailed reinvestigation of the lithium phosphidostannate Li8SnP4. Applying 

a mechanochemical synthesis route we found two polymorphs that are isotypic to α- and β-

Li8GeP4.
[11, 26, 29] Both materials, α- and β-Li8SnP4 are accessible in gram scale and high purity. 

The structural characterization was executed via powder neutron diffraction experiments at low 

temperatures (Rietveld method) and X-ray single crystal diffraction data at RT as well as by 6Li, 

31P, and 119Sn solid-state magic angle spinning (MAS) NMR measurements. Temperature-

dependent powder neutron diffraction data and differential scanning calorimetry (DSC) 

measurements in combination with isothermal phase transition experiments were carried out to 

investigate the phase transition between the two polymorphs. Furthermore, the Li+ mobility, in 

particular activation energy, ionic and electronic conductivity as well as the Li+ diffusion pathways 

of both compounds were determined via temperature-dependent 7Li NMR spectroscopy, 

electrochemical impedance spectroscopy (EIS) and nuclear scattering density analysis based on 

experimental data obtained by powder neutron diffraction experiments at high temperatures. 

Finally, the evaluated properties of α- and β-Li8SnP4 are compared with those of related lithium 
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phosphidotetrelates in order to expand the knowledge on structure-property relationships in solid-

state Li+ conductors. 

 

Experimental Section 

All chemicals were handled under Ar atmosphere in gloveboxes (MBraun, 200B) with moisture 

and oxygen level below 0.1 ppm or in containers, which were sealed under Ar atmosphere and 

vacuum (< 2 × 10−2 mbar), respectively. The lithium phosphidotetrelates are sensitive to oxygen 

and moisture, especially the contact with water results in a vigorous reaction including the 

formation of flammable and toxic gases (e.g. phosphine). Therefore, the disposal must be 

addressed under proper ventilation and in small amounts at a time. 

 

Bulk Synthesis via Ball Milling and Annealing 

The synthesis route of both modifications includes two steps, using stoichiometric amounts of 

lithium (Rockwood Lithium, 99%), tin (Merck, 99.9%) and red phosphorus (ChemPUR, 

99.999%). In the first step a reactive mixture (m = 3.0-5.0 g) is prepared by mechanochemical 

milling (350 rpm, 36 h, 10 min interval, 3 min break) using a Retsch PM100 Planetary Ball Mill 

with a 50 mL tungsten carbide milling jar and three balls with a diameter of 15 mm. 

In the second step, α-Li8SnP4 is obtained by annealing of pellets of the reactive mixture, sealed in 

batches of 0.3 to 5.0 g in carbon coated silica glass ampules in a muffle furnace (Nabertherm, 

L5/11/P330) at 673 K for 72 h (heating rate: 4 K min−1, cooling rate: 1 K min−1). Analogously β-

Li8SnP4 is obtained by annealing of the samples at 773 K for 72 h followed by quenching of the 

hot ampules in water (heating rate: 4 K min−1). 

 

Isothermal Phase Transition Experiments 

For the investigation of the phase transition between the two polymorphs pellets of the crystalline 

phases α- and β-Li8SnP4 were prepared and heated applying the reciprocal temperature program 

for α- and β-Li8SnP4 described above. 

 

Powder X-ray Diffraction 

Data were collected at room temperature on a STOE Stadi P diffractometer (Ge(111) 

monochromator, Cu Kα1 radiation, λ = 1.54056 Å) with a Dectris MYTHEN 1K detector in 

Debye-Scherrer geometry. Samples were sealed in glass capillaries (Ø 0.3 mm) for measurement. 

Raw data were processed with WinXPOW34 software. 
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Synthesis of single crystals of β-Li8SnP4 

Red colored single crystals of β-Li8SnP4 were obtained by a substitution reaction starting from β-

Li8GeP4 by using molten Sn as solvent (Sn-flux). A pellet of β-Li8GeP4 (ca. 250 mg)[26] and Sn 

granules (ca. 2.0 g, ChemPUR, 99.999%) were placed in a Ta crucible, which was placed in the 

bottom part of a steel ampule using the same setup described by Häussermann and co-workers.[46] 

The steel ampule was further fixed in a stainless steel container insulated by silica wool and placed 

in a muffle furnace, heated to 1073 K at 4 K min−1, held at this temperature for 24 h, cooled to 

873 K at 0.033 K min−1, and again held at that temperature for 84 h. Subsequently the molten tin 

matrix was removed by isothermal centrifugation using a Heraeus Megafuge 1.0. 

 

Single Crystal X-ray Data Collection. 

A single crystal of -Li8SnP4 was isolated and sealed in a glass capillary (0.3 mm). Data were 

collected on a Bruker APEX κ-CCD diffractometer equipped with a FR591 rotating anode with 

Mo Kα radiation ( = 0.71073 Å) and a Montel optic (APEX II), by using the APEX 2 software 

package.[47] The crystal structure was solved by direct methods with ShelXS, for the structure 

refinement the program package SHELX-2014[48] was used. 

In the final refinement cycle, all atoms were refined with anisotropic displacement parameters and 

the amount of Li within the structure was set to the stoichiometry of Li8SnP4. Too close interatomic 

distances including Li7 were avoided with anti-bumping restraints. In addition to the measurement 

at 293 K, data collection was also executed at 373, 473, and 573 K using a STOE StadiVari 

diffractometer equipped with a Dectris Pilatus 300K detector and a high temperature gas blower 

"Heatstream" (STOE & Cie, Darmstadt, Germany). Due to the high Li+ mobility as well as the 

poor electron density of the Li sites it was not possible to get reliable structure refinements results. 

Structural data may be obtained from Fachinformationszentrum Karlsruhe, D-73644 Eggenstein-

Leopoldshafen, Germany (Fax: (+49)7247-808-666; E-mail: crysdata@fiz-karlsruhe.de) on 

quoting the depository numbers CSD-XXX (β-Li8SnP4, 293 K). 

 

Powder Neutron Diffraction 

Elastic coherent neutron scattering experiments were performed on the high-resolution powder 

diffractometer SPODI at the research reactor FRM-II (Garching, Germany)[49]. Monochromatic 

neutrons ( = 1.5482 Å) were obtained at a 155° take-off angle using the (551) reflection of a 

vertically-focused composite Ge monochromator. The vertical position-sensitive multidetector 

(300 mm effective height) consisting of 80 3He tubes of 1 inch in diameter and covering an angular 

range of 160° 2 was used for data collection. Measurements were performed in Debye-Scherrer 
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geometry. The powder sample (ca. 2 cm3 in volume) was filled into a Nb tube container (10 mm 

diameter, 0.5 mm wall thickness) under argon and welded using arc-melting apparatus. The Nb 

container with the sample in it was mounted in the top-loading closed-cycle refrigerator. 4He was 

used as a heat transmitter. The instantaneous temperature was measured using two thin film 

resistance cryogenic temperature sensors Cernox and controlled by LakeShore336 temperature 

controller. Two-dimensional powder diffraction data were collected at fixed temperatures in the 

range of 323-573 K using 50 K temperature step upon heating and then corrected for geometrical 

aberrations and curvature of Debye-Scherrer rings. 

For measurements at high temperature the Nb container with the sample was mounted in the 

vacuum furnace equipped by Nb heating elements. Measurements and control of temperature were 

performed using two Type L thermocouples and Eurotherm 2400 controller. The data were 

collected in the temperature range 573-1023 K using a temperature increment of 50 K. 

The data for structural elucidation are collected at 4, 300, and 673 K as well as at 10, 300, and 

1023 K for α- and β-Li8SnP4, respectively. 

 

Rietveld Refinement 

The data analysis was performed using the full profile Rietveld method implemented into the 

FullProf program package.[50] To model the peak profile shape, the pseudo-Voigt function was 

chosen. Background contribution was determined using a linear interpolation between selected 

data points in non-overlapping regions. The scale factor, zero angular shift, profile shape 

parameters, resolution (Caglioti) parameters, asymmetry and lattice parameters as well as 

fractional coordinates of atoms and their displacement parameters were varied during the fitting. 

The occurring Nb reflections (ampule) were omitted in the refinement, i.e. were defined as 

excluded regions. Too close interatomic distances including Li7 were avoided by applying soft 

constraints. 

 

Analysis of Li+ Diffusion Pathways from Negative Nuclear Density Maps 

Negative nuclear density maps reconstructed from experimental structure factors were analyzed 

applying the maximum entropy method (MEM) as implemented in the program Dysnomia.[33] 

Employing data from Rietveld refinement this method is based on the estimation of 3D scattering 

densities from a limited amount of information by maximizing information entropy under 

restraints. Three-dimensional distribution of nuclear scattering densities was generated on a 

128×128×128 grid sampling the cell volume. Activation energies were determined using the 

connectivity of nuclear densities and their analyses in one-particle-potential (OPP) 
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approximation.[51] Evaluation and visualization of the OPP data of α- and β-Li8SnP4 was carried 

out using VESTA.[52] 

 

Differential Scanning Calorimetry (DSC) 

For investigation of the thermal behavior of the compounds a Netzsch DSC 404 Pegasus device 

was used. Niobium crucibles were filled with the samples and sealed by arc-welding. Empty sealed 

crucibles served as reference. Measurements were performed under an Ar flow of 75 ml min−1 and 

a heating/cooling rate of 10 K min−1. Data collection and handling was carried out with the Proteus 

Thermal Analysis program[53] and visualization was realized using OriginPro 2020.[54] 

 

Solid-State NMR Spectroscopy  

Magic angle spinning (MAS) NMR spectroscopy has been applied using a Bruker Avance 300 

NMR device operating at 7.04 T by the use of a 4 mm ZrO2 rotor. The resonance frequencies of 

the measured nuclei are 44.2 MHz, 121.5 MHz and, 111.9 MHz for 6Li, 31P, and 119Sn, 

respectively. The rotational frequency was set to 15 kHz. The MAS spectra have been acquired at 

room temperature with recycle delays of 10 s (6Li and 119Sn) and 30 s (31P), respectively, and 160 

to 13020 scans. All spectra regarding 6Li were referenced to LiCl (1 M, aq) and LiCl (s) offering 

chemical shifts of 0.0 ppm and −1.15 ppm, respectively. The 31P spectra were referred to 

(NH4)H2PO4(s) (ammonium dihydrogen phosphate) with a chemical shift of 1.11 ppm with respect 

to concentrated H3PO4(aq) (phosphoric acid). SnO2(s) (Cassiterite) was used as a secondary 

standard for the 119Sn spectra showing a chemical shift of −604.3 ppm[55, 56] referred to (CH3)4Sn(l) 

(tetramethylstannane). All spectra were recorded using single-pulse excitation. 

 

Low temperature solid-state NMR experiments have been performed using a Bruker Avance III 

spectrometer operating at a magnetic field of 7.04 T employing a 4 mm WVT MAS probe. The 

resonance frequencies of the measured 7Li nucleus is 116.6 MHz. The samples had been sealed in 

a 4 mm glass tube to avoid contact with air and moisture. Temperature calibration for the 7Li 

measurements has been carried out employing the temperature dependent shift of Pb(NO3)2(s) 

(lead nitrate) 207Pb signal as chemical shift thermometer,[57, 58] which has also been measured in a 

sealed glass tube. The static 7Li single pulse excitation spectra were recorded in the temperature 

range from room temperature to 140 K with a recycle delay of 60 s to 10 s and 4 scans. A saturation 

comb had to be used prior to data acquisition due to long relaxation times at low temperatures. The 

spectra were referenced to 9.7 M LiCl(aq) (lithium chloride), for 7Li. 
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Impedance Spectroscopy and DC Conductivity Measurements 

The ionic conductivities of the title compounds α- and β-Li8SnP4 were determined by potentiostatic 

electrochemical impedance spectroscopy (PEIS). The measurements were performed in an in-

house designed cell, described before using two stainless steel current collectors (Ø = 8 mm) in a 

PEEK tube with hardened stainless steel pistons, comprising a gasket for tightening the cell as well 

as a stainless steel casing with six screws for fixing the cell.[11] Approximately 500 mg of the 

powdered sample was placed between the current collectors and the screws were tightened with a 

torque of 30 Nm (corresponding to a theoretical pressure of ~480 MPa) to compress the powdered 

samples to 88-93% of their crystallographic density. To determine the thickness of the pellets, six 

holes were arranged symmetrically around the two current collectors; the distances between them 

were measured with a precision caliper and compared with the unfilled cell without sample. 

Electrochemical impedance analysis was carried out using the SP200 electrochemical workstation 

by BioLogic in a frequency range from 3 MHz to 100 mHz applying a ±10 mV excitation signal 

amplitude. The resulting spectra were fitted using the software EC-Lab® (V 11.34). 

The partial electronic conductivity was determined with the same setup via simple potentiostatic 

polarization method, applying voltages of 50, 100, and 150 mV for 15 h each. PEIS and electronic 

conductivity measurements were performed in an Ar-filled glovebox (O2 < 0.1 ppm, 

H2O < 0.1ppm) at 299 K (±0.5 K). 

To determine the activation energy of the Li+ transport, temperature depended PEIS measurements 

were used. The cell temperature was set to 273, 298, 313, 333, and 353 K using an ESPEC LU-

114 climate chamber. For thermal equilibration, the cell rested 120 min at the set temperature 

before PEIS measurements were performed. The impedance was recorded for both heating and 

cooling cycle. In addition, the pistons were greased to ensure a tight sealing of the cell from the 

ambient environment in the climate chamber. 

For better comparison the ionic conductivities of the previously reported phosphidotetrelates 

(α-)Li8SiP4 and α- and β-Li8GeP4 were re-determined via PEIS measurements (at 299 K) using the 

same cell setup and procedure described above. 
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Results 

Syntheses and Structural Characterization of the two polymorphs α- and β-Li8SnP4 

Applying an alternative synthesis route in order to reproduce the results as reported by Motte et 

al.[42-45] allows for the phase pure synthesis of two polymorphs of Li8SnP4. The two modifications 

α- and β-Li8SnP4 are accessible in gram scale through a ball milling procedure of the elements in 

stoichiometric amounts followed by annealing of the intermediate product from the mechanical 

alloying process for 72 h at 673 and 773 K, respectively. The materials are obtained in high purity 

as indicated by the Rietveld analyses (based on neutron data) shown in Figure 1. The atomic 

coordinates and isotropic displacement parameters of the crystallographic atom positions as well 

as the interatomic distances and angles of α- and β-Li8SnP4 are given in the Supporting 

Information. This allows for a more detailed investigation of the crystal structure of the two phases 

as well as their Li+ mobility within these structures. 

The two polymorphs α- and β-Li8SnP4 are isotypical with α- and β-Li8GeP4, respectively, thus 

both modifications are closely related to the antifluorite type of structure (or Li3Bi-type[41]) and 

feature the same group-subgroup relationships as previously reported for the lithium 

phosphidogermanates.[26] Additionally, α-Li8SnP4 is isotypic to (α-)Li8SiP4.
[10] 

The α-phase crystallizes in the cubic space group Pa3̅ (205) with a lattice parameter of 

a = 11.93268(6) Å at 4 K (and a = 11.97626(6) Å at 300 K, Supporting Info). The structure 

determination was executed by Rietveld refinement based on powder neutron diffraction data 

obtained at 4 K; the corresponding results are shown in Table 1. As indicated by the structural 

relations to (α-)Li8SiP4 and α-Li8GeP4, the structure comprises of isolated, highly charged [SnP4]
8− 

tetrahedra (Figure 2a), which are separated by eight Li+ ions per formula unit. Furthermore, α-

Li8SnP4 contains eight fully occupied and crystallographically independent atom positions (Li1, 

Li2, Li3, Li4, Li5, Sn, P1, and P2). In α-Li8SnP4 the P atoms form a slightly distorted ccp in which 

all tetrahedral voids are completely occupied by Sn (8c) and Li (Li1 8c, Li2 24d, and Li3 24d) in 

an ordered manner and a ratio of 1:7. The residual Li atoms occupy 1/4 of the octahedral voids 

(Li4 4a, and Li5 4b), whereas the remaining 3/4 of all octahedral sites (24d) remain vacant. 

In analogy with the structure of (α-)Li8SiP4 and α-Li8GeP4, the arrangement of the Sn atoms within 

the 2×2×2 superstructure (referred to the anti-fluorite like Li5SnP3
[42]) corresponds to the shape of 

a rhombohedron. Due to the space group symmetry and the distorted ccp of the P atoms, each Sn 

atom is surrounded by one P1 and three P2 in a distorted tetrahedral coordination, resulting in 

slightly varying Sn−P distances of 2.511(8) Å for Sn−P1 and 2.523(7) Å for Sn−P2 as well as 

P−Sn−P bond angles deviating from the tetrahedral bond angle of 109.5 ° (108.1(3) and 

110.8(2) °). Comparable interatomic distances between the central atom and the surrounding P 
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atoms are found for the atoms Li1−Li3 located in tetrahedral voids (2.506-2.663 Å), whereas the 

Li atoms occupying the octahedral voids show interatomic distances of 2.954-3.016 Å to the 

neighboring P atoms. Evaluating the interatomic distances and the resulting coordination 

polyhedra shown in Figure S3 and S4 in the Supporting Information, indicate slightly distorted 

(Sn/Li)P4 tetrahedra and highly symmetric LiP6 octahedra. 

 

 

Figure 1. Results from the Rietveld structure refinements of α- and β-Li8SnP4. a) Rietveld analysis of the 

powder neutron diffraction pattern of α-Li8SnP4 at 4 K. b) Rietveld analysis of the powder X-ray diffraction 

pattern of β-Li8SnP4 at 10 K. In both diffraction patterns red circles indicate observed intensities Yobs, black 

lines show calculated intensities Ycalc, blue lines reveal the difference between observed and calculated 

intensities, and green marks indicate Bragg positions of the corresponding phase α- and β-Li8SnP4. The 

occurring Nb (ampule) reflection positions have been excluded from the refinement. 
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Table 1. Details of the Rietveld structure refinement of α- and β-Li8SnP4 at 4 and 10 K, respectively. 

empirical formula  α-Li8SnP4 β-Li8SnP4 

T / K 4 10 

formula weight / g mol−1 298.1  298.1  

space group (no.)  Pa3̅ (205) P4̅3n (218) 

unit cell parameters / Å  a = 11.93268(6) a = 11.94217(4) 

Z 8 8 

V / Å3 1699.08(2) 1703.14(1) 

ρcalc. / g cm−3 2.331 2.325 

2θ range / deg 10.000-151.000 10.000-151.000 

Rp 4.62% 3.74% 

Rwp 5.64% 4.96% 

Rexp 2.65% 3.01% 

Χ2 4.51% 2.71% 

GOF 2.1 1.6 

RBragg 6.64% 3.09% 

Rf
 7.30% 3.04% 

depository no. CSD-XXX CSD-XXX 

 

 

Figure 2. a) Structure of α-Li8SnP4 at 4 K. b) Structure of β-Li8SnP4 at 10 K. Li, Sn, and P atoms are 

depicted as gray, gold, and pink thermal spheres, respectively, set at 90% probability. SnP4 tetrahedra are 

highlighted in gold. 

 

The high-temperature polymorph (β-Li8SnP4) crystallizes in the cubic space group P4̅3n (218) 

with a lattice parameter of a = 11.94217(4) Å at 10 K (and a = 11.99307(6) Å at 300 K, 

Supporting Info). The structure determination was executed by Rietveld refinement based on 

powder neutron diffraction and confirmed by X-ray single crystal data; the corresponding results 

are shown in Table 1 and 2. Small deviations regarding the occupation of the Li sites result from 

the limited X-ray sensibility to Li atoms. 
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Table 2. Single crystal data and refinement parameters of β-Li8SnP4 at 293 K. 

Empirical formula  β-Li8SnP4 

Formula weight / g mol−1  298.1 

Crystal size / mm3  0.4 × 0.3 × 0.15 

Crystal color  dark red 

T / K  293(2) 

Crystal system  cubic 

Space group (no.)  P4̅3n (218) 

Unit cell parameters / Å  a = 11.9794(1) 

Z  8 

V / Å3  1719.12(4) 

ρcalc. / g cm−3  2.303 

µ / mm−1  3.615 

F(000) / e  1072 

θ range / deg  2.404 – 39.973 

Index range (hkl)  

−21 ≤ h ≤ 21, 

−21 ≤ k ≤ 21, 

−21 ≤ l ≤ 21 

Reflections collected  88100 

Independent reflections  740 

Rint  0.0084 

Reflections with I > 2σ(I)  3224 

Absorption correction  multi-scan 

Data / restraints / parameters  1790 / 10 / 48 

Goodness-of-fit on F2  1.316 

R1, wR2 (all data)  0.0283, 0.0482 

R1, wR2 [I > 2σ(I)]  0.0207, 0.0443 

Largest diff. peak and hole (e Å−3)  3.036 / −0.519 

depository no. CSD-XXX 

 

In accordance with the related lithium phosphidotetrelates (α-/β-)Li8TtP4 (Tt = Si, Ge, Sn), the 

structure of β-Li8SnP4 contains isolated, highly charged [SnP4]
8− building blocks, which are 

compensated by the corresponding number of Li+(Figure 2b). In contrast to the α-modification, all 

occurring Wyckoff positions are — at least partially — occupied. Next to the structure-forming 

sites P1 and P2, all seven atom positions, which represent tetrahedral voids, are fully occupied by 

Sn (Sn1 2a and Sn2 6c) and Li (Li1 6b, Li2 6d, Li3 8e, Li4 12f, and Li5 24i) in a ratio of 1:7. The 

ordered arrangement of the cations within the slightly distorted ccp of P atoms results in a different 
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2×2×2 superstructure (referred to Li5SnP3
[42]), when compared to α-Li8SnP4. Additionally, the two 

remaining crystallographically independent atom positions Li6 and Li7 demonstrate the octahedral 

voids, which are partially occupied by Li with an overall occupation of 25% (Li6 8e, S.O.F. = 0.5 

and Li7 24i, S.O.F. = 0.16). Together with the different relative arrangement of the Sn atoms, the 

varying occupation of the vacancies with Li atoms marks the major differences between the two 

polymorphs. 

In the β-polymorph the arrangement of the tetrel atoms is reminiscent of the Cr3Si structure type[59] 

and, as aforementioned, accounts also for a 2×2×2 superstructure (referred to Li5SnP3
[42]). Due to 

the site symmetry, the atom Sn1 is coordinated by four atoms P1 with an interatomic distance of 

2.515(6) Å spanning a perfect [SnP4]
8− tetrahedra with P−Sn−P bond angles of 109.47 °, whereas 

the atom Sn2 is coordinated by four atoms P2 with a bond length of 2.508(4) Å resulting in a 

slightly distorted tetrahedra with P−Sn−P bond angles of 108.8(2) and 110.9(1) °, respectively 

(Figure S5 in Supporting Information). Also, the LiP4 tetrahedra hosting Li1 or Li2 atoms only 

show a marginal distortion (Figure S6 in Supporting Information). The residual LiP4 and LiP6 

polyhedra reveal a much higher distortion and a wider range regarding the interatomic Li−P 

distances (2.53(1)-2.70(2) Å for Li in tetrahedral voids and 2.7(2)-3.3(2) Å for Li in octahedral 

voids). 

During the Rietveld refinement of the neutron diffraction data at 10 K the interatomic distance 

between the sites Li2 and Li7 had to be restricted by applying “soft constraints” as the distance 

tended to result in an unreasonable value below 2 Å. However, the (partial) occupation of the 

octahedral site Li7 (24d) is also confirmed by nuclear scattering density analysis of the 

experimental neutron diffraction data shown below. 

Comparing the crystal structures of β-Li8SnP4 and the homologue β-Li8GeP4, small variations 

regarding the location of the Li atoms within the structures are revealed by analysis of the neutron 

data. Therefore, corresponding neutron diffraction experiments concerning the occupation of the 

occurring Li sites within β-Li8GeP4 are scheduled. 

 

6Li, 31P, and 119Sn solid-state MAS NMR measurement 

The crystallographic data are confirmed by 6Li, 31P, and 119Sn solid-state MAS NMR 

measurements. All NMR spectra and further details on the deconvolution of superimposed 

resonances are given as Supporting Information. 

The 119Sn NMR spectrum of α-Li8SnP4 shows a doublet of quartets (dq) with a chemical shift of 

107.7 ppm and two slightly different coupling constants (Figure S14 in Supporting Information). 

The observed resonance agrees very well with the crystallographic data as the structure only 
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contains one Sn site surrounded by four P atoms in a tetrahedral coordination. The corresponding 

[SnP4]
8− tetrahedra contain one atom P1 and three atoms P2 with coupling constants 

JSn−P1 = 1234 Hz and JSn−P2 = 1343 Hz causing the aforementioned splitting of the signal 

(Figure S16a in Supporting Information). 

The 119Sn NMR spectrum of β-Li8SnP4 shows two quintets at a chemical shift of 103.1 and 

122.1 ppm and an integrated intensity ratio of 1:3 (Figure S15 in Supporting Information). The 

two resonances are in good agreement with the structure as it contains two crystallographically 

independent Sn sites with a multiplicity ratio of 1:3 (Wyckoff positions 2a and 6c). The splitting 

of the signals into quintets is caused by the tetrahedral coordination of atom Sn1 by four atoms P1 

with coupling constant JSn1−P1 = 1271 Hz and Sn2 by four atoms P2 with JSn2−P2 = 1304 Hz, 

respectively (Figure S16b in Supporting Information). 

The deviations of the coupling constants of 109 and 33 Hz for α- and β-Li8SnP4 is associated with 

the different interatomic distances for Sn−P1 and Sn−P2 (2.511(8) Å and 2.523(7) Å) and Sn1−P1 

and Sn2−P2 (2.515(6) Å and 2.508(4) Å) as well as with disparities regarding the constitution of 

the corresponding coordination polyhedra of Sn and P atoms including different numbers of 

adjacent Li atoms (Figure S3-S6 in Supporting Information). 

Comparable results for the chemical shift of Sn atoms surrounded by four P atoms in a tetrahedral 

coordination and several Li atoms have been reported previously. The closest relative, Li14SnP6, 

shows a resonance with a chemical shift of 98.1 ppm.[29] More distant relatives like ZnSnP2 and 

CdSnP2 also exhibit comparable values of 45 and 125 ppm.[60] Additionally, the here determined 

coupling constants for α- and β-Li8SnP4 ranging from 1234 to 1343 Hz reveal a divergence within 

the standard deviation of the forementioned II-IV-V phases (JSn−P(ZnSnP2) = 1180±50 Hz and 

JSn−P(CdSnP2) = 1075±100 Hz).[60, 61] 

In case of the 31P NMR spectra of α- and β-Li8SnP4 deconvolution of the obtained signals is crucial 

for further data evaluation as the single resonances are strongly overlapping. A thorough 

investigation of each signal including the integrated intensity and possible coupling constants is 

necessary for a correct assignment of the resonances and their origin regarding the crystal structure. 

Both spectra of the α- and β-modification show two singlets (s1 and s2) and two doublets (d1 and 

d2) in the range between −240 and −270 ppm (Figure S12 and Figure S13 in Supporting 

Information). Comparison of the chemical shifts reveals that every singlet corresponds to a doublet 

with the same chemical shift (singlet-doublet-pair). Additionally, the ratio of the integrated 

intensity of a singlet and the conjugated doublet corresponds to the ratio of the natural abundance 

of NMR active and inactive Sn isotopes. From this it follows, that the chemical shift of each 

singlet-doublet-pair originates from a crystallographic P site which is directly coordinated to a Sn 
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site. The separation into one singlet and one doublet results from the fact, that about 16.6% of the 

Sn atoms are NMR active isotopes with almost identical coupling properties (115Sn, 117Sn and 

119Sn).[61] In consequence 16.6% of the resonance intensity occurs as a doublet with a 

corresponding coupling constant JP−Sn. The ratio of the total integrated intensities of the two 

singlet-doublet-pairs is with 1:3 corresponding to the multiplicity of the atoms P1 and P2 (Wyckoff 

positions 8c and 24d for α-Li8SnP4 and 8e and 24i for β-Li8SnP4). In the 31P spectrum of α-Li8SnP4 

the singlet-doublet-pair with a chemical shift of −252.2 ppm is related to the atom P1 (Wyckoff 

position 8c) and a coupling constant JP1−Sn = 1154 Hz causing the splitting of the resonance, 

whereas the singlet-doublet-pair with a chemical shift of −255.1 ppm is related to the atom P2 

(Wyckoff position 24d) and a coupling constant JP2−Sn = 1324 Hz. Analogously, the singlet-

doublet-pairs with a chemical shift of −258.8 and −248.7 ppm occurring in the spectrum of β-

Li8SnP4 can also be assigned to the atoms P1 (Wyckoff position 8e) and P2 (Wyckoff position 24i) 

with coupling constants JP1−Sn = 1215 Hz and JP2−Sn = 1251 Hz causing the splitting of the 

resonances. Small variations of the interatomic distances within the structures of α- and β-Li8SnP4, 

respectively, as well as differences regarding the coordination polyhedra of Sn and P atoms 

(Figure S3-S6 in Supporting Information) cause deviations of the coupling constants of 170 and 

36 Hz, as already mentioned above. 

The relatively strong upfield shift of the resonances determined via 31P NMR experiments ranging 

from −248.7 to −258.8 ppm is in good agreement with the maximum of the broad signal originating 

from the [SnP4]
8− units of Li14SnP6 (−244.2 ppm).[29] Further related lithium phosphidotetrelates 

containing [TtP4]
8− units exhibit corresponding resonances with a downfield shift depending on 

the shielding effect of the tetrel element next to the P atoms (e.g. Li14SiP6,
[11] Li14GeP6,

[29] 

(α-)Li8SiP4,
[10] and (α-/β-)Li8GeP4

[26]). 

The previously published coupling constants of P and Sn determined for the materials ZnSnP2 and 

CdSnP2 ranging from 1130 to 1310 Hz[60, 61] are in good agreement with the here presented values 

for the coupling constants of α- and β-Li8SnP4 (1154 to 1324 Hz). 

Comparing the coupling constants obtained by evaluation of the 119Sn spectra with the 

corresponding values gathered via 31P NMR experiments exhibits small errors of 19 to 80 Hz 

which are presumably resulting from the deconvolution and the corresponding deviations of the 

fits. According to this, the entire data gathered via 31P and 119Sn MAS NMR spectroscopy confirm 

the crystallographic results described above. 

Both 6Li NMR measurements of α- and β-Li8SnP4 show only one resonance observed at a chemical 

shift of 4.0 ppm (Figure S10 and Figure S11 for α- and β-Li8SnP4 in Supporting Information). A 

chemical shift of about 4 ppm as well as the occurrence of only one distinct signal is also reported 
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for most of the so far known lithium phosphidotetrelates and -aluminates featuring high Li+ 

mobility.[10, 11, 26-29, 39, 62] 

 

Thermal Properties of α- and β-Li8SnP4 

Temperature-dependent powder neutron diffraction experiments were carried out to get a detailed 

view on the α- to β-Li8SnP4 phase transition (ΔT = 50 K, Figure 3). α-Li8SnP4 is stable upon 

heating to 673 K and in the temperature range between 673 and 723 K the α-phase entirely 

transforms to β-Li8SnP4 resulting in a phase-pure diffraction pattern. 

 

 

Figure 3. 2D plot of the data of temperature-dependent neutron diffraction measurements from 323 to 1023 

K in a 2θ range from 10° to 100° (sample sealed under Ar). In the temperature range between 673 and 

723 K α-Li8SnP4 transforms into β-Li8SnP4. The change of the superstructures can be clearly seen in the 

range between 12-15° 2θ. The ampule material Nb is indicated with solid circles. 

 

Furthermore, the change of the cell parameter during the temperature-dependent neutron 

diffraction experiments evaluated via Rietveld refinements from every single diffraction pattern 

exhibited a linear increase of the lattice parameter of both phases α- and β-Li8SnP4 as well as a 

Δa = 0.0073 Å (at 698 K) upon the phase transition. Linear regression and extrapolation to higher 

and lower temperatures, respectively, reveals small differences regarding the corresponding 

slopes. The extrapolation of the data indicates for the same cell parameter for both phases at high 

temperatures (~900 to 1100 K) but different cell parameters at lower temperatures (Figure 4). 

Comparable results have been also obtained via DSC measurements of the reactive mixture 

obtained after ball milling, “Li8SnP4” as well as of crystalline samples of α- and β-Li8SnP4 

(Figure S7 in Supporting Information). The observed thermal effects are very weak and shifted of 

about 100 K to higher temperatures, when compared to the aforementioned neutron data, 

indicating a minor change of energy and a delay of the thermal equilibrium within the DSC device 

(ΔT = 10 K min−1). All powder X-ray diffraction pattern recorded at room temperature after the 

DSC measurement of the three samples indicate a strong kinetical hindrance of the phase transition 

during cooling of β-Li8SnP4 (high-temperature phase) since there is no evidence for the presence 
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of α-Li8SnP4 (Figure S8 in Supporting Information). Although the sample was cooled down to 

room temperature with a rate of 10 K min−1 meta-stable β-Li8SnP4 can be handled at room 

temperature. Further details regarding the evaluation of the obtained DSC thermograms are given 

as Supporting Information. 

 

 

Figure 4. Thermal dependence of the lattice parameter a of the α- and β-Li8SnP4 sample upon heating under 

Ar. The extrapolation of both linear functions revealing a shift of the cell parameter and a change of the 

linear slopes during phase transition, respectively, is indicated by blue and red dotted lines. 

 

Due to this, isothermal phase transition experiments have been carried out to prove the reversibility 

of the phase transition. As expected, the powder X-ray diffraction pattern of α-Li8SnP4 after 

annealing at 773 K for 72 h only contains the β-modification. The corresponding diffraction 

pattern of β-Li8SnP4 after annealing at 673 K for 72 h on the other hand, exhibits a mixture of α- 

and β-Li8SnP4 demonstrating a reversibility of the phase transition. However, the phase transition 

from the β-phase to the α-modification proceed much slower than the reverse process (Figure S9 

in Supporting Information). 

 

Li+ Mobility and Diffusion Pathways 

For a more detailed investigation of the structure-property relationships of the title compounds the 

Li+ mobility including the activation energy, the ionic as well as the electronic conductivity and 

Li+ diffusion pathways are analyzed. To get a rough estimation about the activation barrier for Li+ 

mobility in crystalline samples of α- and β-Li8SnP4 the dynamic behavior of the Li+ was 

investigated by the temperature-dependent evolution of the static 7Li NMR line width. Since the 

central transition of the I = 3/2 7Li nucleus is broadened by (7Li−7Li) homonuclear dipolar 

couplings as well as by (7Li−31P) heteronuclear dipolar couplings, and both of which scale with 
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the second Legendrian (3 cos2 β−1), any dynamic process leads to a (partial) averaging of this 

orientational dependence and, thus, to a narrowing of the NMR line. 

The corresponding results of α-Li8SnP4 are depicted in Figure 5a. At room temperature, a single 

Lorentzian line was obtained at 4.1 ppm with a linewidth of 493 Hz. At 155 K the Gaussian line 

shape displayed a linewidth of 9.9 kHz. Figure 5b shows the temperature-dependent evolution of 

the linewidth (FWHH) of the static 7Li measurements. Applying the empirical Waugh-Fedin 

relation, EA
NMR = 0.156 ∙ Tonset

[63] allows for a rough estimation of the activation energy. In case of 

the α-Li8SnP4 sample the onset temperature was determined by halving the distance between the 

motional narrowing plateau line width and the rigid lattice plateau line width yielding Tonset 218 K 

and EA = 34 kJ mol−1, which is almost similar to the 224 K and 35 kJ mol−1 obtained for α-

Li8GeP4.
[26] 

 

 

Figure 5. a) Static 7Li spectra of α-Li8SnP4 at various temperatures b) Evolution of the 7Li line width in the 

measured temperature range from 155 K to room temperature for α-Li8SnP4. The solid line serves only as 

a guide to the eye. c) Static 7Li spectra of β-Li8SnP4. d) Line width of the 7Li-Spectra of β-Li8SnP4 plotted 

as a function of temperature between 140 K and room temperature. The solid line serves only as a guide to 

the eye. 

 

The evolution of the static 7Li signal of β-Li8SnP4 with temperature is depicted in Figure 5c. At 

room temperature, a single Lorentzian line was obtained at 3.7 ppm with a linewidth of 480 Hz. 

At 140 K the Gaussian line shape displayed a linewidth of 9.6 kHz. Figure 5d shows the 

corresponding temperature-dependent evolution of the linewidth (FWHH) of the static 7Li 

measurements. The estimation of the activation energy by the empirical Waugh-Fedin relation 
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yields Tonset = 180 K, which leads to an activation energy of EA = 28 kJ mol−1. These values are 

considerably lower than the onset temperature and activation energy obtained for β-Li8GeP4 

(Tonset = 219 K and EA = 34 kJ mol−1).[26] 

Potentiostatic electrochemical impedance spectroscopy (PEIS) under ion blocking conditions was 

used to determine the Li+ conductivity of α- and β-Li8SnP4. The obtained impedance spectra 

(Figure 6a) featuring one semicircle and a tail of the blocking electrodes were fitted with a series 

connection of a constant phase element (CPE) for the low frequency tail (blocking electrodes) and 

a parallel CPE/resistor component (R/Q) for the high frequency semicircle. The resistor R 

represents both, intragrain and grain boundary contributions to the Li+ transport. Since the 

intragrain Li+ transport could not be deconvoluted from the grain boundary Li+ transport, only the 

total ionic resistance of the sample could be determined using PEIS measurements. 

 

 

Figure 6. a) Nyquist plots of α- and β-Li8SnP4 (blue and red), measured under blocking conditions at 

299 ± 0.5 K and normalized to the pellet thickness. The equivalent circuit which was used for fitting is 

displayed in the inset. (b) Corresponding Arrhenius plots of the product of conductivity and temperature 

(σLi T) obtained in the heating as well as in the cooling branch, with error bars for each measurement based 

on the standard deviation from independent measurements with the three cells; the linear fit shown through 

both branches was used to obtain the activation energy EA
PEIS. 

 

For both phases, α- and β-Li8SnP4, the obtained α values of the fitted CPE for the R/Q element are 

reasonably close to 1 (> 0.93 for α-Li8SnP4, > 0.94 for β-Li8SnP4) so that the constant phase 

elements Q essentially correspond to a capacitance C. The fitted capacitances ranging from 

1.83 ∙ 10−10 nF s(α−1) to 2.66 ∙ 10−10 nF s(α−1) for α-Li8SnP4 and from 1.61 ∙ 10−10 nF s(α−1) to 

4.01 ∙ 10−10 nF s(α−1) for β-Li8SnP4. This is consistent with the assumption, that the fitted resistor 

element R of the high frequency semicircle represents the sum of intragrain and grain boundary 

resistance (typical range for intragrain ∼10−12 F and ∼10−9 F for grain boundary).[64] From the 

determined values for resistance R (obtained from three independently measured cells at 

299 K ± 0.5 K), the ionic conductivity of α- and β-Li8SnP4 was calculated to σLi(α-Li8SnP4) = 

(0.121 ± 0.012) ∙ 10−3 S cm−1 and σLi(β-Li8SnP4) = (0.66 ± 0.08) ∙ 10−3 S cm−1. 
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The partial electronic conductivity of both compounds was estimated from dc polarization 

experiments (at 50, 100, and 150 mV) to σel(α-Li8SnP4) = (1.37 ± 0.09) ∙ 10−7 S cm−1 and 

σel(β-Li8SnP4) = (6.1 ± 0.6) ∙ 10−7 S cm−1, respectively. Due to the fact that the partial electronic 

conductivity is about three orders of magnitude lower than the measured ionic conductivity, both 

materials are mainly ionic conductors. 

The activation energy EA was calculated from corresponding impedance spectra measured at 

several temperatures between 273 and 353 K (with increments at 298, 313, and 333 K). Selected 

spectra are shown in Figure S17 in the Supporting Information. Using the σLi ∙ T values of the first 

heating and cooling cycle of each sample yields in activation energies of EA
PEIS(α-Li8SnP4) = 

36.0 ± 0.3 kJ mol−1 (0.373 ± 0.003 eV) and EA
PEIS(β-Li8SnP4) = 32.4 ± 0.3 kJ mol−1 

(0.336 ± 0.003 eV) based on the standard deviation for three different cells (Figure 6b). 

The observed reproducible hysteresis between heating and cooling branch is lower than 4% for the 

σLi ∙ T product. The determined activation energies by PEIS EA
PEIS are in good agreement with the 

results of the Li+ mobility by 7Li NMR(EA
NMR) since the latter method only allows for a rough 

estimation of the activation barrier. Additionally, small deviations may also result from the grain 

boundary contributions to the impedance data.[26] 

For better comparison, also the ionic conductivities of (α-)Li8SiP4 and α- and β-Li8GeP4 have been 

re-determined using the same cell setup described above (Figure S18 in Supporting Information) 

since the previously reported ionic conductivities were measured at significantly lower pressures, 

resulting in lower geometric densities and consequently lower ionic conductivities for (α-)Li8SiP4 

and α- and β-Li8GeP4.
[10, 26] The corresponding values are summarized in Table 3. 

 

Table 3. Overview of ionic conductivities determined for Li8TtP4 (Tt = Si, Ge, Sn) compounds at RT. 

Compound σLi / S cm−1 

(α-)Li8SiP4 0.8 ∙ 10−4 

α-Li8GeP4 1.1 ∙ 10−4 

β-Li8GeP4 2.1 ∙ 10−4 

α-Li8SnP4 1.2 ∙ 10−4 

β-Li8SnP4 6.6 ∙ 10−4 

 

Analyzing the impact of structural differences on the resulting properties, the 3D negative nuclear 

scattering density distribution of α- and β-Li8SnP4 was reconstructed from experimental structure 

factors obtained by high-temperature neutron diffraction experiments at 673 and 1023 K, 

respectively, applying the maximum entropy method (MEM). 
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The 3D negative nuclear scattering density distribution of α-Li8SnP4 show two distinct cluster-like 

units with high Li+ mobility including either atom Li4 or atom Li5 both occupying octahedral 

voids and all Li atoms located in the surrounding tetrahedral voids. Thus, the ions occupying the 

octahedral void can easily move into the face-sharing tetrahedral voids and vice versa (Figure 7a 

and b). This allows for the assumption of a concerted diffusion mechanism as all sites are fully 

occupied. 

 

 

Figure 7. 3D negative nuclear density distribution (threshold of −0.030 fm Å−3). a) Atom Li4 (octahedral 

void) in α-Li8SnP4 surrounded by its nearest neighbors (Li1 and Li2, tetrahedral voids) in a cubic 

arrangement (Figure S4d). b) Atom Li5 in α-Li8SnP4 (octahedral void) surrounded by its nearest neighbors 

(Sn and Li3, tetrahedral voids) in a cubic arrangement (Figure S4e). c) Atom Li6 in β-Li8SnP4 (octahedral 

void) surrounded by its nearest neighbors (Sn1, Li3, Li4 and Li5, tetrahedral voids) in a cubic arrangement 

(Figure S6f). d) Atom Li7 in β-Li8SnP4 (octahedral void) surrounded by its nearest neighbors (Sn2, Li1, 

Li2, Li3, Li4 and Li5, tetrahedral voids) in a cubic arrangement (Figure S6g). Octahedral and tetrahedral 

voids are indicated by black and blue lines, respectively. 

 

In case of β-Li8SnP4 the corresponding units are not as clearly defined as for the α-phase (Figure 7c 

and d) since the octahedral voids are more distorted and comprise off-centered Li+ within the 

partially occupied vacancies Li6 and Li7 (Figure S6). The partial occupation of all octahedral 

voids leads to a better distribution of the Li+ in the structure and thus to a higher connectivity of 

the Li sites, since there are no vacancies that are completely empty. 

For better understanding of the Li+ conductivity process, the ionic motion has been analyzed for 

both structures applying the one-particle-potential (OPP) formalism revealing energetics of the 

diffusion paths. Based on the results from evaluation of the 3D negative nuclear density 
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distribution, the activation energy of well-defined intermediate positions can be determined at 

given temperature.[65] 

Figure 8 shows the 2D section cut (110, d = 1.0 plane) of the OPP for α-Li8SnP4 revealing a 

number of well-defined diffusion saddle points ● at general crystallographic sites 24d 

corresponding to the “necks” of the diffusion pathways. Evaluation of the intermediate positions 

within the cluster-like units shown above applying the OPP approximation results in values of 

~0.34 eV for the activation barrier Li1−●−Li4 (0.592 | 0.540 | 0.540) and Li2−●−Li4 

(0.555 | 0.435 | 0.445), respectively, and ~0.28 eV for the diffusion saddle point Li3−●−Li5 

(0.070 | 0.062 | 0.945). In addition, also diffusion saddle points between edge-sharing tetrahedral 

voids — connecting the cluster-like units — can be identified. Regarding the corresponding 

activation barriers (● at general crystallographic sites 24d), slightly higher activation energies of 

0.37 to 0.40 eV are observed for Li+ diffusion between Li1−●−Li3 (0.131 | 0.819 | 0.250), 

Li2−●−Li3 (0.250 | 0.112 | 0.590), and Li3−●−Li3 (0.260 | 0.125 | 0.700). Hence, the direct Li+ 

diffusion between neighbored tetrahedral voids, is less favored than its proceeding between face-

sharing tetrahedral and octahedral voids. But since the Rietveld refinement yield no Li atoms 

occupying the remaining octahedral voids (Wyckoff position 24d, Table S13 in Supporting 

Information) at 673 K and to afford three-dimensional conducting pathways across the entire 

structure, the ions are forced to move also along these less favored intermediate positions as the 

clusters are — due to the cell symmetry and the vacant octahedral void 24d — only connected via 

two edge-sharing tetrahedral voids. As aforementioned, a concerted diffusion mechanism is 

proposed for α-Li8SnP4 as all contributing Li positions are fully occupied. In general, the OPP data 

may indicate that the occupation of the octahedral voids by lithium atoms is less favored than the 

occupation of the tetrahedral voids (EA
OPP = 0.05 eV at Li4 and EA

OPP = 0.11 eV at Li5). 

In β-Li8SnP4 the 3D negative nuclear density distribution is less distinct since the Li+ are more 

distributed over octahedral voids. Because of that, the Li+ can move in an alternating manner from 

one tetrahedral to the neighbored octahedral void, and vice versa, via the face-sharing triangular 

face. 

Analyzing the obtained OPP for selected diffusion pathways (along edge-sharing tetrahedral voids 

connected via intermediate positions ● at general crystallographic sites 24d) shows that the 

activation barrier is with 0.56 to 0.59 eV reasonably higher than the observed activation energy 

for a comparable diffusion in the α-modification (Li1−Li2 (0.125|0.000|0.465), Li2−Li5 

(0.225|0.370|0.227), Li4−Li5 (0.000|0.120|0.205), Li1−Li4 (0.005|0.360|0.035); Figure 9). 

 



Synthesis, Structure and Diffusion Pathways in Fast Lithium-Ion Conductors α- and β-Li8SnP4 

183 

 

Figure 8. 2D section cut (110, d = 1.0 plane) of the one-particle-potential (OPP, red ≙ low, blue ≙ high) 

of α-Li8SnP4 and sketch of selected diffusion pathways along white lines (1D sections through well-defined 

intermediate positions ● connecting neighboring Li sites). Li, Sn, and P sites are shown as gray, gold, and 

pink spheres, respectively. The unit cell is indicated by black lines. 

 

 

Figure 9. 2D section cut (010, d = 1.0 plane) of the one-particle-potential (OPP, red ≙ low, blue ≙ high) 

of β-Li8SnP4 and sketch of selected diffusion pathways along white lines (1D sections through well-defined 

intermediate positions ● connecting neighboring Li sites). Li, Sn, and P sites are shown as gray, gold, and 

pink spheres, respectively. The unit cell is indicated by black lines. 

 

Consequently, the alternating diffusion from one fully occupied tetrahedral void to an adjacent, 

partially occupied octahedral void is preferred. However, it was not possible to locate distinct 

intermediate positions indicating the Li+ diffusion via well-defined intermediate positions between 
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the tetrahedral and the octahedral voids. Reasons for this could be the strong distortion of the P 

lattice on the one hand, but also the noticeable Li+ disorder over all octahedral voids and, thus, the 

uncertainties regarding the exact location of the atoms Li6 and Li7 within the octahedral voids. 

But as shown in Figure 10 all Li sites are inter connected forming large areas with low energy 

barriers. 

 

 

Figure 10. 2D section cut (110, d = 1.0 plane) of the one-particle-potential (OPP, red ≙ low, blue ≙ high) 

of β-Li8SnP4. Potential diffusion pathways are indicated by white dashed lines. Li, Sn, and P sites are shown 

as gray, gold, and pink spheres, respectively. The unit cell is indicated by black lines. 

  



Synthesis, Structure and Diffusion Pathways in Fast Lithium-Ion Conductors α- and β-Li8SnP4 

185 

Discussion and Conclusion 

The reinvestigation of the lithium phosphidostannate Li8SnP4
[42-45] revealed the existence of two 

crystallographic polymorphs α-Li8SnP4 and β-Li8SnP4. The phases α- and β-Li8SnP4 crystallize in 

the cubic space groups Pa3̅ and P4̅3n, respectively, and are isotypic to the recently reported 

lithium phosphidogermanates α- and β-Li8GeP4.
[26] Both lithium phosphidostannates can be 

obtained in gram scale via a well-established synthesis route combining mechanical alloying of 

the elements and subsequent annealing at moderate temperatures. 

The crystal structures of the two polymorphs and especially their differences have been thoroughly 

investigated by powder X-ray and neutron methods. The structures fully agree with 6Li, 31P and 

119Sn MAS NMR data. According to the group-subgroup relations of the parent space groups there 

is no direct relationship between α- and β-Li8TtP4 (Tt = Ge, Sn).[26] It could be shown that the 

phase transition from one modification into the other proceeds reversibly in both compound 

classes. 

Temperature-dependent 7Li NMR measurements and electrochemical impedance spectroscopy. 

reveal low activation energies of 28 to 36 kJmol−1 (~0.29 to 0.37 eV) in combination with high 

ionic conductivities of about 0.1 and 0.7 mS cm−1 for α- and β-Li8SnP4 at room temperature, 

respectively, accompanied by low electronic conductivities of the two modifications. 

Comparing the results with the values obtained by re-measuring of the ionic conductivities of (α-)Li8SiP4, and α- 

and β-Li8GeP4 using the same experimental setup, exhibits the highest Li+ conductivity for β-

Li8SnP4. Moreover, a clear trend among these phosphidotetrelates can be identified. In contrast to 

the compounds Li14TtP6 (Tt = Si, Ge, Sn), where the ionic conductivity is mainly affected by the 

polarizability of the elements,[29] the ionic conductivity here, increases with the cell parameters 

and with the increase of the shortest interatomic P−P distances of the materials, respectively, by 

introduction of heavier or larger tetrel elements (r(Tt4+) = 0.26, 0.39, 0.55 Å for Tt = Si, Ge, Sn, 

respectively).[66] This allows for the assumption that with larger atoms also the cell parameters 

increase and thus, the channels for Li+ diffusion are widened and the energy landscape of the 

compounds are flattened resulting in lower activation barriers for ion motion.[18] Regarding the 

series (α-)Li8SiP4, α-Li8GeP4, and α-Li8SnP4 the cell parameters (at RT) increase from 11.70737 

to 11.8020 to 11.97626 Å, respectively.[26] At the same time, the Li+ conductivity slightly increases 

from 0.08 to 0.11 to 0.12 mS cm−1, respectively. Analogously, the ionic conductivity increases 

from 0.21 to 0.66 mS cm−1 for β-Li8GeP4 (a = 11.77294 Å) and β-Li8SnP4 (a = 11.99307 Å), 

respectively. Comparing the results for the α-modifications with the corresponding values of the 

β-polymorphs raise further questions on the structural differences between the α- and the β-phases 

as well as the resulting structure-property relationships. 
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Most interestingly, however, is the difference in ionic conductivities between α- and β-phase, if 

available. We found that the diffusion pathways are mainly determined by the interatomic P−P 

distances. A detailed evaluation of the averaged P−P distances of the single TtP4 (Tt = Si, Ge, Sn), 

LiP4, LiP6 and □P6 (empty voids) units within (α-)Li8SiP4, α- and β-Li8GeP4, as well as α- and β-

Li8SnP4 is shown in Figure 11. The data reveal a certain trend regarding the relatively high 

differences of the ionic conductivities determined for the α- and β-types of structure. Concerning 

the α-modifications, the diagram indicates a larger distribution of the occurring P−P distances, 

when compared to the β-polymorphs, where the interatomic distances and, thus, the occurring 

polyhedra are more similar in size. In particular, the octahedral voids — which are contributing to 

the conductivity mechanism in a large extent — may act as a diffusion limiting “neck” since their 

averaged edges are within the smallest of all voids occupied by Li+. Hence, the ionic conductivities 

of the considered compounds follow roughly the same trend. 

 

 

Figure 11. Overview of the ionic conductivities and the occurring P-P distances within the compounds 

(α-)Li8SiP4, α- and β-Li8GeP4, and α- and β-Li8SnP4 as a function of the cell parameter a. The ionic 

conductivities σLi of the α- and the β-phases are depicted as red diamonds and connected via dotted and 

dashed lines, respectively. The averaged P-P distances dA(P-P) corresponding to the edges of the TtP4 

(Tt = Si, Ge, Sn), LiP4, LiP6 and □P6 (empty voids) units are indicated by teal, olive, blue and violet crosses, 

respectively. The distribution of the occurring P−P distances of the LiP4, LiP6 and □P6 (empty voids) units 

is highlighted in gray. 

 

Consequently, implementation of MEM treatment and OPP formalism to neutron diffraction data 

reveals marked differences in the energy landscape for both modifications and, thus, in the Li+ 

diffusion pathways. The α-modification comprises octahedral sites (24d) which remain 

unoccupied even at high temperatures (Figure 12a). Consequently, the corresponding position is 
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energetically unfavorable for Li+, and thus, the mobile species move along the joint edge of 

neighboring tetrahedral voids (Figure 12c). The corresponding energy barrier represents the rate 

limiting step of the ion motion as the diffusion between tetrahedral voids and their adjacent 

octahedral voids via the mutual triangular face requires much lower activation energy. 

 

 

Figure 12. Differences of the Li+ diffusion pathways in α- and β-Li8SnP4. a) Unoccupied octahedral voids 

24d inhibiting the alternating Li+ diffusion via face-sharing tetrahedral and octahedral voids in α-Li8SnP4. 

b) Alternating Li+ diffusion pathway through the common triangular face of neighbored tetrahedral and 

octahedral voids in β-Li8SnP4. c) Alternative Li+ diffusion pathway via the common edge of adjacent 

tetrahedral voids in α-Li8SnP4. d) Alternative Li+ diffusion pathway through the common edge of adjacent 

tetrahedral voids also possible in β-Li8SnP4 but less favored. P, Sn and Li atoms are depicted as pink, gold 

and gray spheres. White spheres indicate vacant sites, whereas partially occupied sites are shown by mixed 

colored spheres representing the occupancy ratio. Occupied tetrahedral voids are highlighted in blue, 

occupied octahedral voids are highlighted in yellow and green, respectively, and unoccupied octahedral 

voids are depicted in gray. White lines indicate possible diffusion pathways between (partially) occupied 

Li positions and red crosses mark blocked pathways. 

 

In the β-modification, however, all octahedral voids are partially filled indicating energetically 

favored positions and open pathways for Li+ diffusion throughout the network of alternating face-

sharing tetrahedral and octahedral voids (Figure 12b and d). In contrast to the evaluation of α-

Li8SnP4, and due to the high Li+ mobility or dynamic disorder at elevated temperatures it was not 

possible to identify well-resolved intermediate positions for the diffusion between adjacent 

tetrahedral and octahedral voids in β-Li8SnP4. But the relatively high activation barriers between 

neighboring tetrahedral voids and the low activation energy for Li+ motion determined via 7Li 

NMR and impedance measurements in combination with the high ionic conductivity on the other 

hand, allows for the assumption of very low activation barriers at the joint triangular face of the 

tetrahedral and octahedral voids in the structure of β-Li8SnP4. 
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The findings are in good agreement with the recently reported results concerning the Li+ diffusion 

pathway in Li14SiP6, which accordingly could also occur in Li14GeP6 and Li14SnP6.
[11, 29] The data 

show, that in these cubic systems the energy barrier between face-sharing tetrahedral and 

octahedral voids is lower, than the required activation energy along the common edge of adjacent 

tetrahedral voids. As a consequence, ionic motion via the latter is avoided, as long as the alternating 

diffusion along neighbored tetrahedral and octahedral voids is possible, and thus, the ionic 

conductivities of Li14SnP6 and β-Li8SnP4 are considerably higher than the conductivity of α-

Li8SnP4. The slightly faster ionic motion of Li14SnP6, when compared to β-Li8SnP4, results from 

additional energy landscape flattening caused by the cation disorder. Analogously, the high ionic 

conductivity of LGPS can be related to the relatively flat energy landscape observed by MEM and 

OPP analysis. The tetragonal structure contains a well-connected network of Li+ located in 

strongly distorted tetrahedra, octahedra and trigonal bipyramids, which enables fast ionic motion 

through the material. In accordance with the findings concerning the distribution of Li+ in β-

Li8SnP4, the partially occupation of several Li positions in LGPS can also be assumed to result in 

a positive influence on the ionic conductivity.[35] 

In conclusion, α- and β-Li8SnP4 further expand the number of promising lightweight solid-state 

Li+ conductors in the rich family of lithium phosphidotetrelates. Moreover, analogously to other 

tin-based materials lithium phosphidostannates potentially allow for lower prices and easier 

processing which are key for the development of next-generation battery materials.[67] Hence, 

further investigations regarding the chemical stability of lithium phosphidotetrelates and thus, their 

applicability in ASSBs are the basis of current research and will be reported in following 

publications. Additionally, the herein gather results enhance the knowledge on structure-property 

relationships of Li+ conductors, which can be useful for further optimization of the properties of 

the pristine lithium phosphidotetrelates or the designing of next-generation solid electrolytes with 

tailored properties. 
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Details of the Crystal Structure Determination of α- and β-Li8SnP4 

 

Results of the crystal structure determination of α- and β-Li8SnP4 from powder neutron 

diffraction data at low temperatures 

 

Table S1. Atomic coordinates and isotropic atomic displacement parameters of α-Li8SnP4 at 4 K. 

Atom Wyckoff 

positions 
X y z Ueq / Å

2 

Sn 8c 0.1264(5) 0.1264(5) 0.1264(5) 0.0188(4) 

P1 8c 0.2479(4) 0.2479(4) 0.2479(4) 0.022(2) 

P2 24d 0.0047(4) 0.2526(2) 0.0083(2) 0.0180(7) 

Li1 8c 0.373(2) 0.373(2) 0.373(2) 0.041(2) 

Li2 24d 0.3834(9) 0.132(1) 0.137(1) 0.022(2) 

Li3 24d 0.376(2) 0.372(1) 0.120(1) 0.033(1) 

Li4 4a 0 0 0 0.16(1) 

Li5 4b 1/2 1/2 1/2 0.093(6) 
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Table S2. Selected interatomic distances in α-Li8SnP4 at 4 K. 

atom pair  d / Å atom pair  d / Å 

Sn P1 1× 2.511(8) Li2 P1 1× 2.51(1) 

 P2 3× 2.523(7)  P2 1× 2.64(1) 

 Li5 1× 2.612(6)  Li4 1× 2.66(1) 

 Li3 3× 3.04(2)  P2 1× 2.66(1) 

 Li2 3× 3.07(1)  Li3 1× 2.86(2) 

P1 Li2 3× 2.51(1)  Li3 1× 2.87(2) 

 Sn 1× 2.511(8)  Li2 2× 2.98(2) 

 Li1 1× 2.58(2)  Sn 1× 3.07(1) 

 Li3 3× 2.61(2)  Li1 1× 3.15(2) 

P2 Li2 1× 2.51(1) Li3 Li5 1× 2.57(2) 

 Sn 1× 2.523(7)  P1 1× 2.61(2) 

 Li1 1× 2.56(2)  P2 1× 2.62(2) 

 Li3 1× 2.62(2)  P2 1× 2.63(2) 

 Li3 1× 2.63(2)  P2 1× 2.64(2) 

 Li3 1× 2.64(2)  Li2 1× 2.86(3) 

 Li2 1× 2.64(1)  Li2 1× 2.87(2) 

 Li2 1× 2.66(1)  Li3 2× 2.92(3) 

 Li4 1× 2.954(2)  Li1 1× 3.02(3) 

 Li5 1× 3.016(2)  Sn 1× 3.04(2) 

Li1 P2 3× 2.56(2) Li4 Li1 2× 2.63(2) 

 P1 1× 2.58(2)  Li2 6× 2.66(1) 

 Li4 1× 2.63(2)  P2 6× 2.954(5) 

 Li3 3× 3.02(3) Li5 Li3 6× 2.57(2) 

 Li2 3× 3.15(2)  Sn 2× 2.612(6) 

Li2 P2 1× 2.51(1)  P2 6× 3.016(2) 
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Table S3. Bond angles of SnP4 and LiP4 tetrahedra in α-Li8SnP4 at 4 K. 

Atom 1 − 2 − 3 Angle / ° Atom 1 − 2 − 3 Angle / ° 

P1 − Sn − P2 108.1(3) P2 − Sn − P2 110.8(2) 

P1 − Sn − P2 108.1(3) P2 − Sn − P2 110.8(2) 

P1 − Sn − P2 108.1(3) P2 − Sn − P2 110.8(2) 

P2 − Li1 − P2 108.4(8) P1 − Li1 − P2 110.5(8) 

P2 − Li1 − P2 108.4(8) P1 − Li1 − P2 110.5(8) 

P2 − Li1 − P2 108.4(8) P1 − Li1 − P2 110.5(8) 

P2 − Li2 − P2 102.9(4) P1 − Li2 − P2 103.9(4) 

P2 − Li2 − P2 108.9(4) P1 − Li2 − P2 114.4(4) 

P2 − Li2 − P2 109.6(4) P1 − Li2 − P2 116.0(5) 

P2 − Li3 − P2 104.3(6) P1 − Li3 − P2 107.2(6) 

P2 − Li3 − P2 112.4(5) P1 − Li3 − P2 108.5(5) 

P2 − Li3 − P2 112.8(6) P1 − Li3 − P2 111.3(7) 

 

Table S4. Bond angles of LiP6 octahedra in α-Li8SnP4 at 4 K. 

Atom 1 − 2 − 3 Angle / ° Atom 1 − 2 − 3 Angle / ° 

P2 − Li4 − P2 89.2(1) P2 − Li5 − P2 87.0(1) 

P2 − Li4 − P2 89.2(1) P2 − Li5 − P2 87.0(1) 

P2 − Li4 − P2 89.2(1) P2 − Li5 − P2 87.0(1) 

P2 − Li4 − P2 89.2(1) P2 − Li5 − P2 87.0(1) 

P2 − Li4 − P2 89.21(6) P2 − Li5 − P2 87.03(6) 

P2 − Li4 − P2 89.21(6) P2 − Li5 − P2 87.03(6) 

P2 − Li4 − P2 90.8(1) P2 − Li5 − P2 93.0(1) 

P2 − Li4 − P2 90.8(1) P2 − Li5 − P2 93.0(1) 

P2 − Li4 − P2 90.8(1) P2 − Li5 − P2 93.0(1) 

P2 − Li4 − P2 90.8(1) P2 − Li5 − P2 93.0(1) 

P2 − Li4 − P2 90.79(6) P2 − Li5 − P2 93.0(6) 

P2 − Li4 − P2 90.79(6) P2 − Li5 − P2 93.0(6) 

P2 − Li4 − P2 180 P2 − Li5 − P2 180 

P2 − Li4 − P2 180 P2 − Li5 − P2 180 

P2 − Li4 − P2 180 P2 − Li5 − P2 180 
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Table S5. Atomic coordinates and isotropic atomic displacement parameters of β-Li8SnP4 at 10 K. 

atom Wyckoff 

positions 
X y z s.o.f. Ueq / Å

2 

Sn1 2a 1/2 1/2 1/2 --- 0.023(2) 

P1 8e 0.3784(5) 0.3784(5) 0.3784(5) --- 0.024(3) 

Sn2 6c 1/4 1/2 0 --- 0.0208(8) 

P2 24i 0.1309(3) 0.3804(4) 0.1250(3) --- 0.026(1) 

Li1 6b 0 1/2 0 --- 0.023(5) 

Li2 6d 0 1/2 1/4 --- 0.047(5) 

Li3 8e 0.248(2) 0.248(2) 0.248(2) --- 0.056(9) 

Li4 12f 0 0.250(1) 0 --- 0.038(4) 

Li5 24i 0.2405(7) 0.2425(7) 0.005(1) --- 0.024(2) 

Li6 8e 0.139(3) 0.139(3) 0.139(3) 0.5(1) 0.07(2) 

Li7 24i 0.39(1) 0.36(1) 0.10(1) 0.16(4) 0.14(4) 
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Table S6. Selected interatomic distances in β-Li8SnP4 at 10 K. 

atom pair  d / Å atom pair  d / Å atom pair  d / Å 

Sn1 P1 4× 2.515(6) Li1 P2 4× 2.591(4) Li5 P2 1× 2.66(1) 

 Li6 4× 2.88(4)  Li4 2× 2.98(2)  Li4 1× 2.874(8) 

 Li4 6× 2.99(2)  Sn2 2× 2.986(1)  Li4 1× 2.90(2) 

P1 Sn1 1× 2.515(6)  Li2 2× 2.986(1)  Li3 1× 2.90(3) 

 Li5 3× 2.53(1) Li2 Li7 4× 2.2(1)  Li7 1× 3.0(1) 

 Li4 3× 2.57(1)  P2 4× 2.591(4)  Li3 1× 3.08(3) 

 Li3 1× 2.70(2)  Li1 2× 2.986(1)  Sn2 1× 3.078(8) 

 Li6 3× 3.13(4)  Li5 4× 3.101(8)  Li2 1× 3.101(8) 

 Li7 3× 3.3(1) Li3 Li6 1× 2.25(4) Li6 Li3 1× 2.25(4) 

Sn2 P2 4× 2.508(4)  P2 3× 2.57(2)  Li5 3× 2.36(4) 

 Li7 4× 2.7(1)  P1 1× 2.70(2)  Li4 3× 2.70(4) 

 Li1 2× 2.986(1)  Li7 3× 2.7(1)  Sn1 1× 2.88(4) 

 Li5 4× 3.08(2)  Li5 3× 2.90(3)  P2 3× 2.89(4) 

P2 Sn2 1× 2.508(4)  Li5 3× 3.08(3)  P1 3× 3.13(4) 

 Li5 1× 2.54(1) Li4 P1 2× 2.57(1) Li7 Li2 1× 2.2(1) 

 Li3 1× 2.57(2)  P2 2× 2.66(1)  Li1 1× 2.5(1) 

 Li1 1× 2.591(4)  Li6 2× 2.70(4)  Li5 1× 2.5(1) 

 Li2 1× 2.591(4)  Li7 2× 2.8(2)  Li5 1× 2.6(1) 

 Li5 1× 2.65(1)  Li5 2× 2.874(8)  Sn2 1× 2.7(1) 

 Li4 1× 2.66(1)  Li5 2× 2.90(2)  P2 1× 2.7(2) 

 Li5 1× 2.66(1)  Li1 1× 2.98(2)  Li3 1× 2.7(1) 

 Li7 1× 2.7(2)  Sn1 1× 2.99(2)  Li4 1× 2.8(2) 

 Li7 1× 2.8(2) Li5 Li6 1× 2.36(4)  P2 1× 2.8(2) 

 Li6 1× 2.89(4)  Li7 1× 2.5(1)  P2 1× 2.9(1) 

 Li7 1× 2.9(1)  P1 1× 2.53(1)  Li5 1× 3.0(1) 

 Li7 1× 3.1(1)  P2 1× 2.54(1)  P2 1× 3.1(1) 

 Li7 1× 3.2(2)  Li7 1× 2.6(1)  P2 1× 3.2(2) 

Li1 Li7 4× 2.5(1)  P2 1× 2.65(1)  P1 1× 3.3(2) 
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Table S7. Bond angles of SnP4 and LiP4 tetrahedra in β-Li8SnP4 at 10 K. 

Atom 1 − 2 − 3 Angle / ° Atom 1 − 2 − 3 Angle / ° 

P1 − Sn1 − P1 109.47 P1 − Sn1 − P1 109.47 

P1 − Sn1 − P1 109.47 P1 − Sn1 − P1 109.47 

P1 − Sn1 − P1 109.47 P1 − Sn1 − P1 109.47 

P2 − Sn2 − P2 108.8(1) P2 − Sn2 − P2 108.8(1) 

P2 − Sn2 − P2 108.8(1) P2 − Sn2 − P2 110.9(1) 

P2 − Sn2 − P2 108.8(1) P2 − Sn2 − P2 110.9(1) 

P2 − Li1 − P2 105.8(1) P1 − Li1 − P2 109.6(1) 

P2 − Li1 − P2 105.8(1) P1 − Li1 − P2 113.1(1) 

P2 − Li1 − P2 109.6(1) P1 − Li1 − P2 113.1(1) 

P2 − Li2 − P2 109.4(1) P2 − Li2 − P2 109.4(1) 

P2 − Li2 − P2 109.4(1) P2 − Li2 − P2 109.6(1) 

P2 − Li2 − P2 109.4(1) P2 − Li2 − P2 109.6(1) 

P1 − Li3 − P2 106.8(8) P2 − Li3 − P2 112.0(9) 

P1 − Li3 − P2 106.8(8) P2 − Li3 − P2 112.0(9) 

P1 − Li3 − P2 106.8(8) P2 − Li3 − P2 112.0(9) 

P1 − Li4 − P1 106.3(2) P1 − Li4 − P2 109.6(2) 

P2 − Li4 − P2 108.6(1) P1 − Li4 − P2 111.3(2) 

P1 − Li4 − P2 109.6(2) P1 − Li4 − P2 111.4(2) 

P2 − Li5 − P2 103.1(4) P2 − Li5 − P2 110.4(3) 

P2 − Li5 − P2 105.6(4) P1 − Li5 − P2 113.0(4) 

P1 − Li5 − P2 109.2(3) P1 − Li5 − P2 114.7(4) 
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Table S8. Bond angles of LiP6 octahedra in β-Li8SnP4 at 10 K. 

Atom 1 − 2 − 3 Angle / ° Atom 1 − 2 − 3 Angle / ° 

P1 − Li6 − P1 82.1(9) P2 − Li7 − P2 81(3) 

P1 − Li6 − P1 82.1(9) P2 − Li7 − P1 82(4) 

P1 − Li6 − P1 82.1(9) P2 − Li7 − P1 83(3) 

P2 − Li6 − P1 90(1) P2 − Li7 − P1 87(4) 

P2 − Li6 − P1 90(1) P2 − Li7 − P1 88(4) 

P2 − Li6 − P1 90(1) P2 − Li7 − P2 89(4) 

P2 − Li6 − P1 91(1) P2 − Li7 − P2 90(4) 

P2 − Li6 − P1 91(1) P2 − Li7 − P2 90(4) 

P2 − Li6 − P1 92(1) P2 − Li7 − P2 93(4) 

P2 − Li6 − P2 95(1) P2 − Li7 − P2 95(4) 

P2 − Li6 − P2 95(1) P2 − Li7 − P2 98(4) 

P2 − Li6 − P2 95(1) P2 − Li7 − P2 101(5) 

P2 − Li6 − P1 171(1) P2 − Li7 − P2 168(5) 

P2 − Li6 − P1 171(1) P2 − Li7 − P2 168(6) 

P2 − Li6 − P1 171(1) P2 − Li7 − P1 170(6) 
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Results of the crystal structure determination of α- and β-Li8SnP4 from powder neutron 

diffraction data at 300 K 

 

 

Figure S1. Results from the Rietveld structure refinements of α- and β-Li8SnP4 at 300 K. a) Rietveld 

analysis of the powder neutron diffraction pattern of α-Li8SnP4 at 300 K. b) Rietveld analysis of the powder 

neutron diffraction pattern of β-Li8SnP4 at 300 K. In both diffraction patterns red circles indicate observed 

intensities Yobs, black lines show calculated intensities Ycalc, blue lines reveal the difference between 

observed and calculated intensities, and green marks indicate Bragg positions of the corresponding phase 

α- and β-Li8SnP4. The occurring Nb (ampule) reflection positions have been excluded from the refinement. 
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Table S9. Details of the Rietveld structure refinement of α- and β-Li8SnP4 at 300 K. 

empirical formula  α-Li8SnP4 β-Li8SnP4 

T / K 300 300 

formula weight / g mol−1 298.1  298.1  

space group (no.)  Pa3̅ (205) P4̅3n (218) 

unit cell parameters / Å  a = 11.97626(6) a = 11.99307(6) 

Z 8 8 

V / Å3 1717.77(2) 1725.01(2) 

ρcalc. / g cm−3 2.305 2.296 

2θ range / deg 10.000-151.000 10.000-151.000 

Rp 3.53% 3.38% 

Rwp 4.22% 5.05% 

Rexp 2.47% 2.53% 

Χ2 2.90% 3.99% 

GOF 1.7 2.0 

RBragg 5.63% 4.34% 

Rf
 6.11% 4.85% 

 

Table S10. Atomic coordinates and isotropic atomic displacement parameters of α-Li8SnP4 at 300 K. 

atom Wyckoff 

positions 
X y z Ueq / Å

2 

Sn 8c 0.1261(4) 0.1261(4) 0.1261(4) 0.0267(5) 

P1 8c 0.2468(4) 0.2468(4) 0.2468(4) 0.021(1) 

P2 24d 0.0049(4) 0.2538(2) 0.0082(2) 0.0272(5) 

Li1 8c 0.3819(18) 0.382(2) 0.382(2) 0.054(5) 

Li2 24d 0.3863(8) 0.135(1) 0.1333(9) 0.032(1) 

Li3 24d 0.375(2) 0.372(1) 0.125(1) 0.044(1) 

Li4 4a 0 0 0 0.18(1) 

Li5 4b 1/2 1/2 1/2 0.067(4) 
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Table S11. Atomic coordinates and isotropic atomic displacement parameters of β-Li8SnP4 at 300 K. 

atom Wyckoff 

positions 
X y z s.o.f. Ueq / Å

2 

Sn1 2a 1/2 1/2 1/2 --- 0.030(3) 

P1 8e 0.3770(5) 0.3770(5) 0.3770(5) --- 0.024(3) 

Sn2 6c 1/4 1/2 0 --- 0.027(1) 

P2 24i 0.1321(5) 0.3811(5) 0.1238(5) --- 0.030(1) 

Li1 6b 0 1/2 0 --- 0.033(8) 

Li2 6d 0 1/2 1/4 --- 0.064(7) 

Li3 8e 0.248(3) 0.248(3) 0.248(3) --- 0.05(1) 

Li4 12f 0 0.249(2) 0 --- 0.042(6) 

Li5 24i 0.242(1) 0.241(1) 0.007(2) --- 0.044(5) 

Li6 8e 0.142(3) 0.142(3) 0.142(3) 0.7(1) 0.08(1) 

Li7 24i 0.39(2) 0.37(2) 0.11(2) 0.09(4) 0.08(1) 
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Results of the crystal structure determination of α- and β-Li8SnP4 from powder neutron 

diffraction data at high temperature 

 

 

Figure S2. Results from the Rietveld structure refinements of α- and β-Li8SnP4 at high temperature. a) 

Rietveld analysis of the powder neutron diffraction pattern of α-Li8SnP4 at 673 K. b) Rietveld analysis of 

the powder neutron diffraction pattern of β-Li8SnP4 at 1000 K. In both diffraction patterns red circles 

indicate observed intensities Yobs, black lines show calculated intensities Ycalc, blue lines reveal the 

difference between observed and calculated intensities, and green marks indicate Bragg positions of the 

corresponding phase α- and β-Li8SnP4. The occurring Nb (ampule) reflection positions have been excluded 

from the refinement. 
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Table S12. Details of the Rietveld structure refinement of α- and β-Li8SnP4 at high temperature. 

empirical formula  α-Li8SnP4 β-Li8SnP4 

T / K 673 1000 

formula weight / g mol−1 298.1  298.1  

space group (no.)  Pa3̅ (205) P4̅3n (218) 

unit cell parameters / Å  a = 12.12543(9) a = 12.2564(1) 

Z 8 8 

V / Å3 1782.75(2) 1841.14(4) 

ρcalc. / g cm−3 2.221 2.151 

2θ range / deg 10.000-151.000 10.000-151.000 

Rp 2.62% 2.54% 

Rwp 3.37% 3.47% 

Rexp 1.55% 1.70% 

Χ2 4.71% 4.20% 

GOF 2.1 2.0 

RBragg 7.89% 8.33% 

Rf
 14.2% 14.0% 

 

Table S13. Atomic coordinates and isotropic atomic displacement parameters of α-Li8SnP4 at 673 K. 

atom Wyckoff 

positions 
X y z Ueq / Å

2 

Sn 8c 0.126(1) 0.126(1) 0.126(1) 0.0432(8) 

P1 8c 0.2468(5) 0.2468(5) 0.2468(5) 0.035(2) 

P2 24d 0.0068(6) 0.2507(5) 0.0091(2) 0.0437(8) 

Li1 8c 0.373(6) 0.373(6) 0.373(6) 0.113(7) 

Li2 24d 0.379(3) 0.122(5) 0.132(3) 0.076(3) 

Li3 24d 0.381(4) 0.372(3) 0.121(3) 0.073(3) 

Li4 4a 0 0 0 0.25(2) 

Li5 4b 1/2 1/2 1/2 0.104(7) 
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Table S14. Atomic coordinates and isotropic atomic displacement parameters of β-Li8SnP4 at 1000 K. 

atom Wyckoff 

positions 
X y z s.o.f. Ueq / Å

2 

Sn1 2a 1/2 1/2 1/2 --- 0.078(7) 

P1 8e 0.3772(6) 0.3772(6) 0.3772(6) --- 0.038(2) 

Sn2 6c 1/4 1/2 0 --- 0.058(3) 

P2 24i 0.1367(4) 0.3798(7) 0.1215(5) --- 0.060(1) 

Li1 6b 0 1/2 0 --- 0.10(2) 

Li2 6d 0 1/2 1/4 --- 0.16(8) 

Li3 8e 0.240(2) 0.240(2) 0.240(2) --- 0.060(8) 

Li4 12f 0 0.239(3) 0 --- 0.10(1) 

Li5 24i 0.231(2) 0.238(1) 0.024(3) --- 0.106(7) 

Li6 8e 0.144(1) 0.144(1) 0.144(1) 0.45(4) 0.017(7) 

Li7 24i 0.323(4) 0.383(4) 0.185(4) 0.18(1) 0.017(7) 
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Results of the crystal structure determination of β-Li8SnP4 from single crystal data at 293 K 

 

Table S15. Atomic coordinates of β-Li8SnP4 at 293 K. 

atom Wyckoff 

positions 
x y z s.o.f. 

Sn1 2a 1/2 1/2 1/2 --- 

P1 8e 0.37861(5) 0.37861(5) 0.37861(5) --- 

Sn2 6c 1/4 1/2 0 --- 

P2 24i 0.13151(5) 0.38095(5) 0.12603(4) --- 

Li1 6b 0 1/2 0 0.787(7) 

Li2 6d 0 1/2 1/4 --- 

Li3 8e 0.2558(4) 0.2558(4) 0.2558(4) --- 

Li4 12f 0 0.2541(5) 0 --- 

Li5 24i 0.2397(7) 0.2427(5) 0.0028(9) 0.926(2) 

Li6 8e 0.139(1) 0.139(1) 0.139(1) 0.809(6) 

Li7 24i 0.404(3) 0.376(2) 0.121(2) 0.191(2) 

 

Table S16. Anisotropic displacement parameters (Å2) of β-Li8SnP4 at 293 K. 

atom  U11 U22 U33 U23 U13 U12 

Sn1 0.00957(8) 0.00957(8) 0.00957(8) 0 0 0 

P1 0.0109(2) 0.0109(2) 0.0109(2) −0.0009(1) −0.0009(1) −0.0009(1) 

Sn2 0.0114(1) 0.01345(7) 0.01345(7) 0 0 0 

P2 0.0141(3) 0.0121(3) 0.0139(3) −0.0010(2) 0.0001(2)  0.0008(2) 

Li1 0.03(1) 0.13(2) 0.023(9) 0 0 0 

Li2 0.016(2) 0.016(2) 0.007(3) 0 0 0 

Li3 0.014(1) 0.014(1) 0.014(1) −0.005(1) −0.005(1) −0.005(1) 

Li4 0.013(2) 0.019(3) 0.014(2) 0 −0.001(2) 0 

Li5 0.034(3) 0.022(3) 0.046(4) −0.003(2) −0.022(5) −0.002(5) 

Li6 0.11(1) 0.11(1) 0.11(1) −0.027(9) −0.027(9) −0.027(9) 

Li7 0.11(1) 0.11(1) 0.11(1) −0.027(9) −0.027(9) −0.027(9) 
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Table S17. Selected interatomic distances in β-Li8SnP4 at 293 K. 

atom pair  d / Å atom pair  d / Å atom pair  d / Å 

Sn1 P1 4× 2.5187(6) Li1 P2 4× 2.6068(6) Li5 Li7 1× 2.82(3) 

 Li6 4× 2.88(2)  Li4 2× 2.946(6)  Li4 1× 2.875(8) 

 Li4 6× 3.044(6)  Sn2 2× 2.9948(1)  Li7 1× 2.90(3) 

P1 Li5 3× 2.517(9)  Li2 2× 2.9948(1)  Li4 1× 2.913(9) 

 Sn1 1× 2.5187(6) Li2 Li7 4× 2.39(3)  Li3 1× 2.96(1) 

 Li3 1× 2.548(5)  P2 4× 2.5925(6)  Li3 1× 3.04(1) 

 Li4 3× 2.599(3)  Li1 2× 2.9948(1)  Sn2 1× 3.085(6) 

 Li7 3× 3.10(4)  Li5 4× 3.120(8)  Li2 1× 3.120(8) 

 Li6 3× 3.13(2) Li3 Li6 1× 2.43(2) Li6 Li5 3× 2.38(2) 

Sn2 P2 4× 2.5156(6)  P1 1× 2.548(5)  Li3 1× 2.43(2) 

 Li7 4× 2.78(3)  P2 3× 2.623(5)  Li4 3× 2.73(2) 

 Li1 2× 2.9948(1)  Li7 3× 2.80(3)  Sn1 1× 2.88(2) 

 Li5 4× 3.09(1)  Li5 3× 2.96(1)  P2 3× 2.91(2) 

P2 Sn2 1× 2.5156(6)  Li5 3× 3.04(1)  P1 3× 3.13(2) 

 Li5 1× 2.569(9) Li4 Li7 2× 2.40(3) Li7 Li1 1× 2.37(3) 

 Li2 1× 2.5925(6)  P1 2× 2.599(4)  Li2 1× 2.39(3) 

 Li1 1× 2.6068(6)  P2 2× 2.659(4)  Li4 1× 2.40(3) 

 Li3 1× 2.623(5)  Li6 2× 2.73(2)  Li5 1× 2.49(3) 

 Li5 1× 2.643(9)  Li5 2× 2.875(8)  P2 1× 2.73(4) 

 Li4 1× 2.659(4)  Li5 2× 2.91(1)  Sn2 1× 2.78(3) 

 Li5 1× 2.682(8)  Li1 1× 2.946(6)  Li3 1× 2.80(3) 

 Li7 1× 2.73(4)  Sn1 1× 3.044(6)  Li5 1× 2.82(3) 

 Li6 1× 2.91(2) Li5 Li6 1× 2.38(2)  Li5 1× 2.90(3) 

 Li7 1× 2.91(2)  Li7 1× 2.49(3)  P2 1× 2.91(2) 

 Li7 1× 3.01(2)  P1 1× 2.517(9)  P2 1× 3.01(2) 

 Li7 1× 3.03(2)  P2 1× 2.569(9)  P2 1× 3.03(2) 

 Li7 1× 3.27(4)  P2 1× 2.643(9)  P1 1× 3.10(2) 

Li1 Li7 4× 2.37(3)  P2 1× 2.682(9)  P2 1× 3.27(4) 
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Table S18. Bond angles of SnP4 and LiP4 tetrahedra in β-Li8SnP4 at 293K. 

Atom 1 − 2 − 3 Angle / ° Atom 1 − 2 − 3 Angle / ° 

P1 − Sn1 − P1 109.47 P1 − Sn1 − P1 109.47 

P1 − Sn1 − P1 109.47 P1 − Sn1 − P1 109.47 

P1 − Sn1 − P1 109.47 P1 − Sn1 − P1 109.47 

P2 − Sn2 − P2 108.57(2) P2 − Sn2 − P2 108.57(2) 

P2 − Sn2 − P2 108.57(2) P2 − Sn2 − P2 111.30(2) 

P2 − Sn2 − P2 108.57(2) P2 − Sn2 − P2 111.30(2) 

P2 − Li1 − P2 105.64(2) P1 − Li1 − P2 109.22(2) 

P2 − Li1 − P2 105.64(2) P1 − Li1 − P2 113.66(2) 

P2 − Li1 − P2 109.22(2) P1 − Li1 − P2 113.66(2) 

P2 − Li2 − P2 109.16(2) P2 − Li2 − P2 109.16(2) 

P2 − Li2 − P2 109.16(2) P2 − Li2 − P2 110.11(2) 

P2 − Li2 − P2 109.16(2) P2 − Li2 − P2 110.11(2) 

P2 − Li3 − P2 109.1(2) P1 − Li3 − P2 109.9(2) 

P2 − Li3 − P2 109.1(2) P1 − Li3 − P2 109.9(2) 

P2 − Li3 − P2 109.1(2) P1 − Li3 − P2 109.9(2) 

P1 − Li4 − P1 104.59(2) P2 − Li4 − P2 110.29(2) 

P1 − Li4 − P2 109.62(2) P1 − Li4 − P2 111.31(2) 

P1 − Li4 − P2 109.62(2) P1 − Li4 − P2 111.31(2) 

P2 − Li5 − P2 103.2(3) P1 − Li5 − P2 110.2(3) 

P2 − Li5 − P2 105.0(3) P1 − Li5 − P2 113.2(3) 

P2 − Li5 − P2 108.9(2) P1 − Li5 − P2 115.3(3) 
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Table S19. Bond angles of LiP6 octahedra in β-Li8SnP4 at 293K. 

Atom 1 − 2 − 3 Angle / ° Atom 1 − 2 − 3 Angle / ° 

P1 − Li6 − P1 82.0(4) P2 − Li7 − P2 80.9(7) 

P1 − Li6 − P1 82.0(4) P2 − Li7 − P2 82.7(7) 

P1 − Li6 − P1 82.0(4) P1 − Li7 − P2 83.3(7) 

P2 − Li6 − P1 90.7(5) P2 − Li7 − P2 85.7(7) 

P2 − Li6 − P1 90.7(5) P2 − Li7 − P1 87.7(6) 

P2 − Li6 − P1 90.7(5) P2 − Li7 − P2 88.9(6) 

P2 − Li6 − P1 91.9(5) P2 − Li7 − P1 89.1(6) 

P2 − Li6 − P1 91.9(5) P2 − Li7 − P2 91.1(7) 

P2 − Li6 − P1 91.9(5) P2 − Li7 − P2 94.8(8) 

P2 − Li6 − P2 94.7(5) P2 − Li7 − P1 96.1(8) 

P2 − Li6 − P2 94.7(5) P2 − Li7 − P2 97.9(9) 

P2 − Li6 − P2 94.7(5) P2 − Li7 − P2 98.6(9) 

P2 − Li6 − P1 171.1(6) P2 − Li7 − P1 166.0(9) 

P2 − Li6 − P1 171.1(6) P2 − Li7 − P2 166.5(9) 

P2 − Li6 − P1 171.1(6) P2 − Li7 − P2 179(1) 
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Coordination Polyhedra of α-and β-Li8SnP4 

In α-Li8SnP4 the Sn atom is surrounded by one atom P1 and three atoms P2 in a slightly distorted 

tetrahedral geometry (Figure S3a). Additionally, one atom Li5 and three unoccupied sites (24d) 

can be found within a radius of about 2.7 Å. The P atoms (P1 and P2) are centered in a slightly 

distorted cubic geometry consisting of one Sn atom, one Li1 atom, three Li2 atoms, and three Li3 

atoms, each (Figure 3b, c). 

Regarding the next nearest coordination spheres, the Sn atom is centered in a slightly distorted 

octahedral geometry generated by six Li atoms (3×Li2 and 3×Li3), whereas the atom P1 is 

surrounded by six unoccupied positions (24d). The octahedra in the vicinity of the atom P2 

contains two Li atoms (1×Li4 and 1×Li5) and four unoccupied sites (24d, Figure S3d, e, f). 

Moreover, the coordination polyhedral of the atoms Li1-Li5 are depicted (Figure S4) as they reveal 

the connection of occupied and unoccupied tetrahedral and octahedral voids, which is essential for 

the understanding of the diffusion pathways (one-particle potential) based on nuclear density maps 

obtained by powder neutron diffraction experiments executed at 673 K. 

 

 

Figure S3. Coordination polyhedra of the atoms Sn, P1, and P2 in α-Li8SnP4. The nearest neighbors are 

arranged in a tetrahedral/cubic coordination (a-c), whereas the next nearest neighbors are arranged in an 

octahedral arrangement (d-f). Unoccupied sites are indicated by white spheres. 
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Figure S4. Coordination polyhedra of the atoms Li1-Li5 in α-Li8SnP4. The nearest neighbors are arranged 

in a tetrahedral/cubic coordination (a-e), whereas the next nearest neighbors are arranged in an octahedral 

arrangement (f-j). Unoccupied sites are indicated by white spheres. 

 

In β-Li8SnP4 the atoms Sn1 and Sn2 are surrounded by four atoms P1 and P2, respectively, in a 

tetrahedral coordination (Figure S5). Additionally, the atom Sn1 is tetrahedrally coordinated by 

four atoms Li6 with a probability of 50%, whereas the atom Sn2 is tetrahedrally coordinated by 

four atoms Li7 with a probability of 16%. The P atoms are centered in a slightly distorted cubic 

geometry consisting of one Sn atom and seven Li atoms (P1: 1×Sn1, 1×Li3, 3×Li4 and 3×Li5; P2: 

1×Sn2, 1×Li1, 1×Li2, 1×Li3, 1×Li4 and 3×Li5). 

 



Publications and Manuscripts 

212 

In the next nearest coordination sphere the Sn atoms are surrounded by six Li atoms in a slightly 

distorted octahedral geometry (Sn1: 6×Li4; Sn2: 2×Li1 and 4×Li5). Moreover, the atom P1 is 

surrounded by three atoms Li6 and Li7, each with the corresponding probability. The second 

coordination sphere of the atom P2 contains only one atom Li6 and five atoms Li7. 

Finally, the coordination polyhedral of the atoms Li1-Li7 are shown (Figure S6) as guide to the 

eye evaluating the rather complex diffusion pathways (one-particle potential) resulting from the 

distortion of the P lattice. Due to this, the single connections of the tetrahedral and octahedral voids 

are visible simplifying the comprehension of the obtained results based on nuclear density maps 

obtained by powder neutron diffraction experiments executed at 1000 K. 

 

 

Figure S5. Coordination polyhedra of the atoms Sn1, Sn2, P1, and P2 in β-Li8SnP4. The nearest neighbors 

are arranged in a tetrahedral/cubic coordination (a-d), whereas the next nearest neighbors are arranged in 

an octahedral arrangement (e-h). 
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Figure S6. Coordination polyhedra of the atoms Li1-Li7 in β-Li8SnP4. The nearest neighbors are arranged 

in a tetrahedral/cubic coordination (a-g), whereas the next nearest neighbors are arranged in an octahedral 

arrangement (h-n). 
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Differential Scanning Calorimetry (DSC) and Phase Transition Experiments 

DSC analyses were carried out from room temperature to 1023 K, staring from the reactive mixture 

“Li8SnP4” as well as from crystalline samples of α- and β-Li8SnP4, respectively. The recorded 

thermograms show very weak and indistinct thermal effects in the range between 780 to 840 K 

indicating the phase transition between the two modifications (Figure S7). Moreover, the relatively 

small signals show only minor differences in terms of energy gain or loss. 

Comparing the data with the powder X-ray diffraction experiments carried out after the DSC 

measurements identifies the β-phase as the more stable modification as it is the only phase present 

in all three samples (Figure S8). Thus, the thermal effect at about 800 K indicates the (delayed) 

formation of α-Li8SnP4 whereas the second thermal effect at about 830 K shows the phase 

transition starting from the α-modification into β-Li8SnP4, which is in the following stable during 

cooling. As an exception, the thermogram of the reactive mixture shows a tiny thermal effect (at 

780 K) occurring during the first cooling cycle indicating a (partial) phase transition from β-

Li8SnP4 (formed during heating) to the α-modification. In the second cycle, the latter compound 

finally converts completely into the β-phase (at 828 K) and since there is no further signal observed 

during cooling the diffraction pattern shows phase-pure β-Li8SnP4. 

For better understanding of the phase transition process high-temperature experiments have been 

carried out revealing a fast and thus complete transition of α-Li8SnP4 to β-Li8SnP4 when heated up 

to 773 K. This was also seen during the temperature-dependent powder neutron diffraction 

measurements. In contrast, the phase transition from β- to α-Li8SnP4 takes much longer since a 

mixture of both modifications is obtained by powder X-ray diffraction experiments after an 

annealing time of 72 h at 673 K (Figure 9). These findings additionally confirm the results from 

DSC measurements mentioned above. 
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Figure S7. a) DSC thermogram of the reactive mixture “Li8SnP4”. b) DSC thermogram of α-Li8SnP4. c) 

DSC thermogram of β-Li8SnP4. The arrows and numbers indicate the onset temperatures of the 

corresponding thermal effects. 
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Figure S8. a) and b) Powder X-ray diffractogram of the reactive mixture “Li8SnP4” before and after DSC 

measurement. c) and d) Powder X-ray diffractogram of α-Li8SnP4 before and after DSC measurement. e) 

and f) Powder X-ray diffractogram of β-Li8SnP4 before and after DSC measurement. The calculated 

diffraction pattern of α- and β-Li8SnP4 are shown in blue and red, respectively, and β-Sn is indicated by *.  
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Figure S9. a) Powder X-ray diffractogram of α-Li8SnP4 after the phase transition experiment (black). b) 

Powder X-ray diffractogram of β-Li8SnP4 after the phase transition experiment (black). For better 

comparison the powder X-ray diffractogram of α- and β-Li8SnP4 (before the phase transition experiment) 

are additionally shown in blue and red, respectively. 
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6Li, 119Sn, and 31P MAS NMR Spectroscopy 

 

6Li MAS NMR Spectra of α- and β-Li8SnP4 

 

 

Figure S10. 6Li MAS NMR spectrum of α-Li8SnP4. The inset shows the proximity of the signal and its 

shape. 
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Figure S11. 6Li MAS NMR spectrum of β-Li8SnP4. The inset shows the proximity of the signal and its 

shape. 
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31P MAS NMR Spectra of α- and β-Li8SnP4 

 

Evaluating the 31P spectra of α- and β-Li8SnP4 in greater detail the observed signals and their 

integrals were analyzed using the peak-fitting function implemented in the OriginPro 2020 

software.[1] All signals were fitted applying the Lorentzian peak type. 

The 31P NMR spectra of α-Li8SnP4 and β-Li8SnP4 show several resonances in the range between 

−240 and −270 ppm (Figure S12a and Figure S13a). Deconvolution of the in some extend 

overlapping signals revealed four resonances, two singlets (s1 and s2) and two doublets (d1 and d2) 

with slightly different coupling constants, in both spectra (Figure 12b and Figure 13b as well as 

Table S20 and Table S23). 

In case of β-Li8SnP4 the deconvolution of the two overlapping signals at about −253.8 ppm was 

unfeasible. However, the sum of the integrated intensity of the signal at −243.5 and −263.8 ppm 

is nearly equal to the integrated intensity of the overlapping signals at −253.8 ppm. 

More detailed evaluation of the data exhibits identical chemical shifts for one singlet and one 

doublet, each (singlet-doublet-pairs s1d1 and s2d2). The ratio of the total integrated intensities of 

the two singlet-doublet-pairs is with 1:3 (Table S21 and Table S24) corresponding to the 

multiplicity of the atoms P1 and P2 (8c and 24d for α-Li8SnP4 and 8e and 24i for β-Li8SnP4). The 

integrated intensity ratio of a singlet and the conjugated doublet corresponds to the ratio of the 

natural abundance of NMR active and inactive Sn nuclides (Table S22, Table S25, and Table S26). 

Deviations from the expected values (e.g. in case of the natural abundance ratio) are strongly 

correlated with the results obtained via deconvolution as the signals are strongly superimposed. 

Especially the results concerning signals with lower intensities show larger errors. However, fitting 

of the strong resonances exhibits well-resolved data, which are in good agreement with the 

expected results regarding the crystal structures of the title compounds. 
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Figure S12. a) 31P MAS NMR spectrum of α-Li8SnP4 (15 kHz). Spinning sidebands indicated by *. The 

inset shows the proximity of the signal and its shape. b) Deconvolution of the obtained signals. Fitting of 

the overlapping signals between −270 and −240 ppm (red) results in two singlets (olive and green) and two 

doublets (orange and blue). 
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Table S20. Details on the fitted peak area of the deconvolution of singlet 1 (s1, olive), singlet 2 (s2, green), 

doublet 1 (d1, orange) and doublet 2 (d2, blue) of the 31P MAS NMR spectrum of α-Li8SnP4 (Figure S12b). 

α-Li8SnP4 d2 d1 s2 s1 d2 d1 

overall fit 3.1% 7.3% 16.8% 60.1% 6.5% 6.1% 

fit s1 --- --- --- 100% --- --- 

fit s2 --- --- 100% --- --- --- 

fit d1 32.3% --- --- --- 67.7% --- 

fit d2 --- 54.5% --- --- --- 45.5% 

ratio 0.65 1.09 1.00 1.00 1.35 0.91 

 

Table S21. Comparison of the singlet-doublet-pair 1 (s1d1, yellow) and the singlet-doublet-pair 2 (s2d2, teal) 

of the 31P MAS NMR spectrum of α-Li8SnP4 (Figure S12b). 

α-Li8SnP4 s1 d1 s2 d2 

overall fit 60.1% 13.4% 16.8% 9.6% 

fit s1d1 73.5% --- 

fit s2d2 --- 26.4% 

Ratio 2.94 1.06 

 

Table S22. Comparison of the corresponding singlet-doublet-pairs of the 31P MAS NMR spectrum of α-

Li8SnP4 (Figure S12b) with the natural abundance of NMR active Sn nuclides (115Sn, 117Sn, and 119Sn) and 

NMR inactive Sn nuclides, respectively (Table S26). 

α-Li8SnP4 s1 d1 s2 d2 

s vs. d 81.8% 18.2% 63.6% 36.4% 

Active --- 16.6% --- 16.6% 

Inactive 83.4% --- 83.4% --- 

Deviation −1.6% +1.6% −19.8% +19.8% 
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Figure S13. a) 31P MAS NMR spectrum of β-Li8SnP4 (15 kHz). Spinning sidebands indicated by *. The 

inset shows the proximity of the signal and its shape. b) Deconvolution of the obtained signals. Fitting of 

the overlapping signals between −270 and −240 ppm (red) results in two singlets (olive and green) and two 

duplets (orange and blue). The pink area results from overlapping of the orange and the blue signal. Here a 

deconvolution was not possible. 
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Table S23. Details on the fitted peak area of the deconvolution of singlet 1 (s1, olive), singlet 2 (s2, green), 

doublet 1 (d1, orange) and doublet 2 (d2, blue) of the 31P MAS NMR spectrum of β-Li8SnP4 (Figure S13b). 

The overlapping areas of d1 and d2, which failed the deconvolution are shown in pink (d1+2). Approximated 

values are marked by “~”. 

β-Li8SnP4 d1 s1 d1+2 s2 d2 

overall fit 6.1% 60.3% 10.2% 19.6% 3.8% 

fit s1 --- 100% --- --- --- 

fit s2 --- --- --- 100% --- 

fit d1 ~50% --- ~50% --- --- --- 

fit d2 --- --- --- ~50% --- ~50% 

ratio 1.00 1.00 1.00 1.00 1.00 1.00 

 

Table S24. Comparison of the singlet-doublet-pair 1 (s1d1, yellow) and the singlet-doublet-pair 2 (s2d2, teal) 

of the 31P MAS NMR spectrum of β-Li8SnP4 (Figure S13b). Approximated values are marked by “~”. 

β-Li8SnP4 s1 d1 s2 d2 

overall fit 60.3% ~12.2% 19.6% ~7.6% 

fit s1d1 ~72.5% --- 

fit s2d2 --- ~27.2% 

Ratio ~2.9 ~1.1 

 

Table S25. Comparison of the corresponding singlet-doublet-pairs of the 31P MAS NMR spectrum of β-

Li8SnP4 (Figure S13b) with the natural abundance of NMR active Sn nuclides (115Sn, 117Sn, and 119Sn) and 

NMR inactive Sn nuclides, respectively (Table S26). 

β-Li8SnP4 s1 d1 s2 d2 

s vs. d 83.2% 16.8% 72.1% 27.9% 

Active --- 16.6% --- 16.6% 

Inactive 83.4% --- 83.4% --- 

Deviation −0.2% +0.2% −11.3% +11.3% 
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Table S26. Nuclear spin and natural abundance of Sn isotopes.  

isotopes Spin[2] abundance[3] 

112Sn I = 0 0.97(1)% 

114Sn I = 0 0.66(1)% 

115Sn I = 1/2 0.34(1)% 

116Sn I = 0 14.54(9)% 

117Sn I = 1/2 7.68(7)% 

118Sn I = 0 24.22(9)% 

119Sn I = 1/2 8.59(4)% 

120Sn I = 0 32.58(9)% 

122Sn I = 0 4.63(3)% 

124Sn I = 0 5.79(5)% 

 

 

119Sn MAS NMR Spectra of α- and β-Li8SnP4 

 

In order to distinguish the different signals and their integrals the 119Sn spectra of α- and β-Li8SnP4 

were evaluated in greater detail using the peak-fitting-function implemented in the OriginPro 2020 

software.[1] All signals were fitted applying the Lorentzian peak type. 

In the 119Sn NMR spectra of α-Li8SnP4 and β-Li8SnP4 several signals are observed in the range 

between 150 and 70 ppm (Figure S14a and Figure S15a). Deconvolution of the partially 

overlapping signals unveiled a quartet of doublets with two slightly different coupling constants 

for α-Li8SnP4 (Figure 14b) and two quintets with an integrated intensity ratio of 1:3 for β-Li8SnP4 

(Figure 15b). The splitting trees as well as the integrated intensities obtained by deconvolution of 

the multiplets are shown in Figure S16 as well as in Table S27 and Table S28, respectively. 
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Figure S14. a) 119Sn MAS NMR spectrum of α-Li8SnP4 (15 kHz). Spinning sidebands indicated by *. The 

inset shows the proximity of the signal and its shape. b) Deconvolution of the obtained signals. Fitting of 

the overlapping signals between 70 and 140 ppm (red) results in a doublet of quartets (olive and green). 
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Figure S15. a) 119Sn MAS NMR spectrum of β-Li8SnP4 (15 kHz). Spinning sidebands indicated by *. The 

inset shows the proximity of the signal and its shape. b) Deconvolution of the obtained signals. Fitting of 

the overlapping signals between 70 and 150 ppm (red) results in two quintets (olive and green). 
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Figure S16. a) J-J-coupling of Sn with P1 (1234 Hz) and P2 (1343 Hz) in the 119Sn NMR spectrum of α-

Li8SnP4 resulting in a doublet of quartets. b) J-J-coupling of Sn1 with P1 (1271 ) and Sn2 with P2 (1304 Hz) 

in the 119Sn NMR spectrum of β-Li8SnP4. 

 

Table S27. Details of the deconvolution of quartet 1 (q1, olive) and quartet 2 (q2, green) of the 119Sn MAS 

NMR spectrum of α-Li8SnP4 (Figure S14b). The ratio of the signals is normalized to 1/16 = 0.0625 or 

6.25%. 

α-Li8SnP4 q1 q2 q1 q2 q1 q2 q1 q2 

overall fit 6.1% 7.8% 17.5% 21.2% 16.5% 20.4% 4.5% 5.9% 

ratio 0.98 1.25 2.80 3.39 2.64 3.26 0.72 0.94 

 

Table S28. Details of the deconvolution of quintet 1 (quint1, olive) and quintet 2 (quint2, green) of the 119Sn 

MAS NMR spectrum of β-Li8SnP4 (Figure S15b). The ratio of the signals is normalized to 1/16 = 0.0625 

or 6.25%. 

β-

Li8SnP4 
quint1 quint1 quint2 quint1 quint2 quint1 quint2 quint1 quint2 quint2 

overall 

fit 
4.3% 

18.5

% 
1.2% 

28.5

% 
6.1% 

19.5

% 
9.4% 5.1% 6.1% 1.4% 

fit quint1 5.7% 
24.4

% 
--- 

37.6

% 
--- 

25.7

% 
--- 6.7% --- --- 

fit quint2 --- --- 5.0% --- 
25.2

% 
--- 

38.8

% 
--- 

25.2

% 
5.7% 

ratio 0.91 3.90 0.80 6.02 4.03 4.11 6.21 1.07 4.03 0.91 
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Electrochemical Impedance Spectroscopy (EIS) 

For the determination of EA
PEIS the temperature-dependent PEIS measurements were executed. 

Figure S17 shows one selected spectrum of each temperature for both modifications. 

The impedance spectra of Li8SiP4, and α- and β-Li8SnP4 at 299 K are depicted in Figure S18. 

 

 

Figure S17. Nyquist plots of α- and β-Li8SnP4, measured under blocking conditions at 273, 298, 313, 333, 

and 353 K and normalized to the pellet thickness. a) α-Li8SnP4 from 273 K (dark blue) to 353 K (light blue) 

b) β-Li8SnP4 from 273 K (dark red) to 353 K (light red). 

 

 

Figure S18. Nyquist plots of Li8SiP4 (light blue), α- and β-Li8GeP4 (blue and red), measured under blocking 

conditions at 299 ± 0.5 K and normalized to the pellet thickness. The equivalent circuit which was used for 

fitting is displayed in the inset.  
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Content and Contribution 

The aim of this work was the detailed reinvestigation of the previously reported compound Li5SnP3 

as well as the systematic exploration of the lithium phosphidostannates according to the formula 

Li8−4xSn1+xP4 (x = −0.33 to +0.33). The structure of Li5SnP3 was unambiguously determined by 

single crystal and PXRD experiments and MAS NMR spectroscopy data. The data obtained by 

EIS revealed a very poor conductivity for Li5SnP3. However, comparing the results with 

corresponding data reported for the related phosphidostannates Li14SnP6 and α- and β-Li8SnP4 

allowed for a more detailed elaboration of structure-property relationships. 

The EIS measurements were carried out in collaboration with David Müller. The MAS NMR 

experiments were performed by Dr. Gabriele Raudaschl-Sieber and the static 7Li NMR 

spectroscopy measurements were done by Dr. Holger Kirchhain. This manuscript for publication 

was written in the course of this thesis. 
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Abstract 

The search for suitable solid-state ionic conductors requires a certain understanding of the 

conduction mechanism and the correlation of structures and their resulting properties. Thus, 

investigation of various ionic conductors with respect to their structural composition is crucial for 

designing next-generation-materials as demanded. 

Here we report on the reinvestigation of the lithium phosphidostannate Li5SnP3 which shows a 

relatively low ionic conductivity of 3.2 ∙ 10−7 S cm−1. However, the material allows for the 

elaboration of innovative structure-property relationships with the ternary system Li/Sn/P within 

the formular Li8−4xSn1+xP4 (x = −0.333 to +0.333). The crystal structure of Li5SnP3 is elucidated 

by single crystal and powder X-ray diffraction data. In addition, 6Li, 31P, and 119Sn MAS NMR 

and temperature-dependent 7Li NMR as well as electrochemical impedance spectroscopy allow 

for a detailed evaluation of similarities and differences with other members of the family of lithium 

phosphidostannates, such as α- and β-Li8SnP4 and Li14SnP6. 
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Introduction 

Solid-state electrolytes (SE) are predicted to dominate, mainly in electric vehicles and future 

lithium battery chemistries.[1] Therefore, extensive efforts are made aiming for the discovery of 

SE materials that are suitable to meet demanded properties for application in all-solid-state 

batteries.[2-4] Another approach focuses on a better understanding of the origin of materials 

properties, such as the ionic conductivity. The elaboration of structure-property relationships by 

comparison of a variety of crystalline candidate materials that comprise diverse structural 

differences with respect to their electronic properties allows for designing and tailoring of 

materials properties as demanded.[5-8] Searching for high-performance ionic conductors, a large 

number of innovative SEs featuring ever increasing ionic conductivities was reported over the last 

decades.[2-4, 9, 10] But thorough investigation of structure-property relationships also demands for 

evaluation of less powerful materials in order to unveil the reasons for favorable or unfavorable 

properties. 

The recently introduced family of lithium phosphidotetrelates and the closely related lithium 

phosphidotrielates are well-suited for further analysis of ionic conduction mechanisms as this class 

of materials offers a broad structural variety as well as a corresponding variety of properties. For 

example, several compounds exhibiting fast ionic conduction of up to 3 × 10−3 S cm−1 have been 

reported[3, 4, 7] next to materials that feature a band gap of about 3 eV indicating semiconducting 

properties.[11] In addition the compound LiGe3P3 shows moderate electric conductivity and an 

unprecedented stability when exposed to water and air.[12] Apart from the latter and a few other 

exceptions, most of the so far discovered lithium phosphidotetrelates and -trtielates are based on 

tetrahedral [TtP4] or [TrP4] units, which occur eighter in form of isolated [TtP4]
8− or [TrP4]

9− that 

are compensated by the corresponding amount of Li+ or they build frameworks of condensed 

tetrahedra and supertetrahedra, respectively.[8, 11-15] 

The compound Li10Si2P6 comprises pairs of edge-sharing [SiP4] units, which can also be described 

as isolated [Si2P6]
10− anions.[16] These building blocks are the reason why the formular is Li10Si2P6 

rather than Li5SiP3. Indeed, a compound with the latter composition was already reported in the 

1950s, and it was found to crystallize in the cubic space group Fm3̅m with a lattice parameter of 

a = 5.852 Å.[17] The structure is closely related to the antifluorite type of structure as well as to the 

Li3Bi type of structure[18]. Thus, it based on a ccp of P atoms in which all tetrahedral voids are 

statistically occupied by Li+ and Tt4+ in a mixed ratio of 5:1. To date, all attempts to reproduce 

these findings miscarried.[13, 16] However, about 20 years later the same structure was reported for 

the heavier homologue Li5SnP3.
[19] The compound crystallizes in the cubic space group Fm3̅m 

(no. 225) with a lattice parameter of a = 5.97 Å. Further investigations of the materials properties 
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are still pending. The lithium-rich phosphidostannates α- and β-Li8SnP4 and Li14SnP6 that are 

structurally closely related to Li5SnP3 have been reported recently, revealing high ionic 

conductivities of about 1 × 10−3 S cm−1. Analysis of Li+ diffusion pathways based on powder 

neutron diffraction data unveiled structural variations which can be directly connected to the 

different ionic conductivities of the compounds.[7, 8] 

Here we report on the systematic investigation of the system Li8−4xSn1+xP4 (x = −0.333 to +0.333) 

including the compounds Li5SnP3, (α- & β-)Li8SnP4, and Li14SnP6 that arise for x = +0.333, 0 and 

−0.333, respectively. Applying a well-established synthesis route for lithium phosphidotetrelates 

including mechanochemical milling allows for the first time a thorough characterization of the 

compound Li5SnP3 using single crystal data and powder X-ray diffraction experiments followed 

by Rietveld refinement as well as 6Li, 31P, and 119Sn solid-state magic angle spinning (MAS) NMR 

measurements. Differential scanning calorimetry (DSC) and isothermal annealing experiments of 

the reactive mixtures obtained via mechanical alloying were carried out to investigate the thermal 

properties of the materials. Furthermore, the Li+ mobility, esp., activation energy, ionic and 

electronic conductivity were determined via temperature-dependent 7Li NMR spectroscopy and, 

electrochemical impedance spectroscopy (EIS). Finally, all data and the resulting materials 

properties are compared to the recently reported lithium phosphidostannates α- and β-Li8SnP4, and 

Li14SnP6, which allows for the formulation of new structure-property relationships regarding the 

ionic conductivity in solid-state Li+ conductors. 
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Experimental Section 

All syntheses were carried out under Ar atmosphere in Gloveboxes (MBraun, 200B) with moisture 

and oxygen level below 0.1 ppm or in containers, which were sealed under Ar atmosphere and 

vacuum (< 2 ∙ 10−2 mbar), respectively. Lithium phosphidosilicates are sensitive to oxygen and 

moisture; in particular, contact with water results in a vigorous reaction including the formation of 

flammable and toxic gases (e.g., phosphine). Therefore, disposal must be addressed in small 

amounts at a time and under proper ventilation. 

 

Bulk Synthesis via Ball Milling and Annealing 

All samples were prepared applying a well-established synthesis route starting from the elements, 

lithium (Rockwood Lithium, 99%), tin (Merck, 99.9%) and red phosphorus (ChemPUR, 99.999%) 

in stoichiometric amounts aiming for compositions according to the formular Li8−4xSn1+xP4 with 

x = −0.333, −0.167, 0.000, 0.167, 0.333 (Table 1) followed by annealing at moderate temperatures. 

In the first step a reactive mixture (m = 5.0 g) is prepared by mechanochemical milling using a 

Retsch PM100 Planetary Ball Mill (350 rpm, 18 h, 10 min interval, 3 min break) with a tungsten 

carbide milling jar (V = 50 mL) and three balls with a diameter of 15 mm. 

In the second step, the obtained reactive mixture was pressed to pellets, sealed in batches of 0.3 to 

1.0 g in carbon coated silica-glass ampules and heated in a muffle furnace (Nabertherm, 

L5/11/P330) to 673, 773 or 973 K (heating rate: 4 K min−1) for 24 h followed by quenching of the 

hot ampules in water. 

 

Powder X-ray Diffraction and Rietveld Refinement 

Data were collected at room temperature on a STOE Stadi P diffractometer (Ge(111) 

monochromator, Cu Kα1 radiation, λ = 1.54056 Å or Mo Kα1 radiation, λ = 0.70932 Å) with a 

Dectris MYTHEN 1K detector in Debye-Scherrer geometry. Samples were sealed in glass 

capillaries (Ø 0.3 mm) for measurement. Raw data were processed with WinXPOW[20] software 

prior to refinement. 

The data analysis of the compound Li5SnP3 was performed using the full profile Rietveld method 

implemented into the FullProf program package.[21] To model the peak profile shape, the pseudo-

Voigt function was chosen. Background contribution was determined using a linear interpolation 

between selected data points in non-overlapping regions. The scale factor, zero angular shift, 

profile shape parameters, resolution (Caglioti) parameters, asymmetry and lattice parameters as 

well as fractional coordinates of atoms and their displacement parameters were varied during the 

fitting. Free refinement of the occupancy of the 8c site by Sn and Li exhibited only marginal 
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deviations from the electron precise formular Li5SnP3 (Z = 1.33) or Li6.67Sn1.33P4 (Z = 1). The 

corresponding data are gives as Supporting Information. In addition, a second refinement was 

carried out with site occupancies set to the exact stoichiometry. Since both refinement results were 

in very good agreement the electro precise stoichiometry Li5SnP3 is assumed. All structures were 

visualized using DIAMOND.[22] 

 

Synthesis of Li5SnP3 powder and single crystals 

The compound Li5SnP3 is obtained in gram scale and in high purity by annealing of the reactive 

mixture of the nominal composition “Li5SnP3” (Li8−4xSn1+xP4 with x = +0.333) in carbon coated 

silica-glass ampules at 773 K for 24 h followed by quenching of the ampule in water. The weight 

fraction of remaining β-Sn was determined via Rietveld refinement to 0.8(1)%. 

Single crystals were obtained by a high temperature reaction of lithium (Rockwood Lithium, 99%), 

tin (Merck, 99.9%) and red phosphorus (Sigma-Aldrich, 97%) in a ratio of “Li5SnP6”. The 

elements were annealed for 18 h at 873 K (heating rate: 4 K min−1) in a sealed tantalum ampule 

and subsequently quenched in water. 

 

Single Crystal X-ray Data Collection  

A single crystal of Li5SnP3 was isolated and sealed in a glass capillary (0.1 mm). For diffraction 

data collection, the capillary was positioned in a 150 K cold N2 gas stream. Data collection was 

performed with a STOE StadiVari (Mo Kα1 radiation) diffractometer equipped with a DECTRIS 

PILATUS 300 K detector. Structures were solved by Direct Methods (SHELXS-2014) and refined 

by full-matrix least-squares calculations against F2 (SHELXL-2014).[23] 

 

Differential Scanning Calorimetry (DSC) 

For investigation of the thermal behavior of the compounds a Netzsch DSC 404 Pegasus device 

was used. Niobium crucibles were filled with the samples and sealed by arc-welding. Empty sealed 

crucibles served as reference. Measurements were performed under an Ar flow of 75 mL min−1 

and a heating/cooling rate of 10 K min−1. Data collection and handling was carried out with the 

Proteus Thermal Analysis program,[24] and visualization was realized using OriginPro 2020.[25]
 

 

Solid-State NMR Spectroscopy  

Magic angle spinning (MAS) NMR spectra have been recorded on a Bruker Avance 300 NMR 

device operating at 7.04 T by the use of a 4 mm ZrO2 rotor. The resonance frequencies of the 

measured nuclei are 44.2 MHz, 121.5 MHz and, 111.9 MHz for 6Li, 31P, and 119Sn, respectively. 
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The rotational frequency was set to 15 kHz. The MAS spectra have been acquired at room 

temperature with recycle delays of 10 to 30 s and 1000 to 2736 scans. All spectra regarding 6Li 

were referenced to LiCl (1 M, aq) and LiCl (s) offering chemical shifts of 0.0 ppm and −1.15 ppm, 

respectively. The 31P spectra were referred to (NH4)H2PO4(s) (ammonium dihydrogen phosphate) 

with a chemical shift of 1.11 ppm with respect to concentrated H3PO4(aq) (phosphoric acid). 

SnO2(s) (Cassiterite) was used as a secondary standard for the 119Sn spectra, showing a chemical 

shift of −604.3 ppm[26, 27] referred to (CH3)4Sn(l) (tetramethylstannane). All spectra were recorded 

using single-pulse excitation. 

Static 7Li NMR experiments have been performed using a Bruker Avance III spectrometer 

operating at a magnetic field of 7 T employing a 4 mm WVT MAS probe. The resonance 

frequencies of the measured 7Li nucleus is 116.6 MHz. The sample has been sealed in a 4 mm 

glass tube to avoid contact with air and moisture. The temperature calibration for the measurements 

has been performed using the temperature dependent 207Pb NMR shift of lead-nitrate (PbNO3) as 

chemical-shift thermometer, which has also been measured in a sealed glass tube. The static 7Li 

satcomb onepulse measurements were carried out in the temperature range from room temperature 

to 200 K with recycle delays of 60 s and 4 scans. All spectra were referenced to LiCl (aq), for 7Li. 

 

Impedance Spectroscopy and DC Conductivity Measurements 

Potentiostatic impedance spectroscopy was carried out using a Biologic SP-300 potentiostat in a 

frequency range of 7 MHz to 100 mHz with an excitation amplitude of ±10 mV. All measurements 

have been conducted in an argon filled Glovebox. Powder samples of Li5SnP3 (300 mg) have been 

measured in a custom build symmetric cell (Ø = 8 mm) with hardened steel electrodes in blocking 

conditions. Pressure can be applied by six M14 screws, fastened with a defined torque of 30 Nm 

each, translating to proximately 480 MPa, so the sample is compressed to 88% of its 

crystallographic density. A more detailed description can be found in the literature.[3] The 

temperature was controlled via a Julabo Dyneo DD 1000 Thermostat feeding an aluminum heating 

block, which enclosed the measurement cell. The electric conductivity has been measured in the 

same cell setup with three polarization steps of 50, 100 and 150 mV, each hold for 6 h to ensure 

equilibrium conditions.  
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Results 

Syntheses 

For the systematic investigation of lithium-rich ternary lithium phosphidostannates mixtures with 

nominal compositions according to Table 1 were mechanically alloyed in a ball mill. The 

compositions were chosen according to the formula Li8−4xSn1+xP4 in the range x = −0.333 to +0.333 

including also the so-far known compounds Li5SnP3,
[19] α- and β-Li8SnP4,

[8] as well as Li14SnP6
[7] 

for x = +0.333, 0 and −0.333, respectively. 

 

Table 1. Overview of the prepared reactive mixtures according to the formular Li8−4xSn1+xP4 (x = −0.333 to 

+0.333). 

Composition x 

Li9.333Sn0.667P4 / Li14SnP6 −0.333 

Li8.667Sn0.833P4 −0.167 

Li8.000Sn1.000P4 / Li8SnP4 ±0.000 

Li7.333Sn1.167P4 +0.167 

Li6.667Sn1.333P4 / Li5SnP3 +0.333 

 

To clarify the presence of further phases within this family of materials and to reveal existing 

phase widths of the compounds, the reactive mixtures were annealed at 673, 773, and 973 K, 

respectively. All reactive mixtures and products were analyzed using powder X-ray diffraction 

(PXRD) data to identify the occurring phases within the samples as well as to analyze varying cell 

parameters of the lithium phosphidostannates. The data evaluation exhibited solely the formation 

of the know compounds Li5SnP3,
[19] α- and β-Li8SnP4,

[8] and Li14SnP6
[7] as well as Li3P and 

remaining β-Sn. Consequently, no phase width was observed for these compounds. Details on the 

corresponding results as well as all PXRD patterns are given as Supporting Information. 

For the structural reinvestigation of Li5SnP3 the corresponding reactive mixture obtained by ball 

milling of the elements in stoichiometric amounts was annealed at 773 K for 24 h followed by 

quenching of the hot ampule in water. Applying this method, the material is accessible in gram 

scale and high purity as indicated by Rietveld analysis shown in Figure 1. Details of the refinement 

are shown in Table 2. 
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Figure 1. Results from the Rietveld analysis of the powder X-ray diffraction pattern of Li5SnP3 at 293 K. 

Red circles indicate observed intensities Yobs, black lines show calculated intensities Ycalc, blue lines reveal 

the difference between observed and calculated intensities, and green marks indicate Bragg positions of 

Li5SnP3 (weight fraction 99(1)%) and β-Sn (weight fraction 0.8(1)%), respectively. 

 

Table 2. Details of the Rietveld structure refinements of Li5SnP3 (Z = 1.33) at 293 K. 

empirical formula Li6.67Sn1.33P4 

T / K 293 

formula weight / g mol−1 328.08 

space group (no.)  Fm3̅m (225) 

unit cell parameters / Å  a = 5.98715(5) 

Z 1 

V / Å3 214.615(3)v 

ρcalc. / g cm−3 2.541 

2θ range / deg 5.000-49.9441 

Rp 3.87% 

Rwp 5.19% 

Rexp 3.87% 

Χ2 1.80 

GOF 1.3 

RBragg 1.67% 

Rf
 1.48% 

depository no. CSD-XXX 

 



Publications and Manuscripts 

242 

Differential scanning calorimetry followed by PXRD measurements of the samples indicate the 

decomposition of Li5SnP3 at high temperatures resulting in a mixture of β-Sn and a partially 

ordered cubic phase indicated by the occurrence of additional, slightly broadened reflections that 

could be assigned to a superstructure comparable to α- or β-Li8SnP4. The corresponding 

thermograms and PXRD pattern as well as a detailed discussion of the results is given as 

Supporting Information. 

In accordance with previous reports,[19] the analyzed single crystal of Li5SnP3 appears with the 

cubic space group Fm3̅m (no. 225) and a lattice parameter of a = 5.9541(7) Å at 150 K (Figure 2 

and Table 3). 

 

 

Figure 2. Structure of Li5SnP3 from single crystal data at 150 K. P atoms (4a), and mixed Li/Sn sites (8c, 

Li 83.33% and Sn 16.67%) are depicted as pink, and gold displacement ellipsoids, respectively, set at 90% 

probability. Black lines mark (Li/Sn)-P bonds resulting in (Li/Sn)P4 tetrahedra. 

 

The structure of Li5SnP3 can be described as ccp of P atoms (4a site) with Sn and Li atoms 

statistically occupying all tetrahedral voids (8c site) with a Sn:Li ratio of 1:5. The structure is thus 

closely related to the antifluorite structure type with P and Li on Ca and F atom positions, 

respectively. The structure was also confirmed by powder X-ray diffraction and Rietveld 

refinement at 293 K. Atomic coordinates and anisotropic displacement parameters as well as the 

results from the powder X-ray diffraction measurement at 293 K and from the single crystal X-ray 

diffraction at 150 K are given in the Supporting Information. 

The lithium-rich compound Li14SnP6 appears almost isotypic, e.g., with a slightly increased lattice 

parameter (a = 6.01751(3) Å) and mixed Li/Sn positions on tetrahedral voids, but in contrast to 

Li5SnP3 and due to the higher Li amount also the octahedral sites (4b) are partially occupied. The 
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same Li3Bi type structure was also observed for the lighter homologues Li14SiP6 and Li14GeP6.
[3, 

7] 

 

Table 3. Crystallographic data and refinement parameters of Li5SnP3 (Z = 1.33) or Li6.67Sn1.33P4 (Z = 1) at 

150 K with fixed site occupancy factors. 

Empirical formula  Li5SnP3 / Li6.67Sn1.33P4 

Formula weight / g mol−1  328.08 

Crystal size / mm3  0.08 × 0.08 × 0.09 

Crystal color  black 

T / K  150 

Crystal system  cubic 

Space group (no.)  Fm3̅m (225) 

Unit cell parameters / Å  a = 5.9541(7) 

Z  0.75 / 1 

V / Å3  211.08(7) 

ρcalc. / g cm−3  2.583 

µ / mm−1  4.644 

F(000) / e  147 

θ range / deg  5.934 – 46.355 

Index range (hkl)  

−7 ≤ h ≤ 11, 

−10 ≤ k ≤ 11, 

−11 ≤ l ≤ 4 

Reflections collected  348 

Independent reflections  72 

Rint  0.0101 

Reflections with I > 2σ(I)  72 

Absorption correction  multi-scan 

Data / restraints / parameters  72 / 0 / 4  

Goodness-of-fit on F2  1.248 

R1, wR2 (all data)  0.0231, 0.0231 

R1, wR2 [I > 2σ(I)]  0.0626, 0.0626 

Largest diff. peak and hole (e Å−3) 0.968 / −0.497 

CSD number CSD-XXX 
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All interatomic Li/Sn-P (2.5782(2) Å), Li/Sn-Li/Sn (2.9771(3) Å) and P-P distances (4.2102(3) 

Å) are within the range of those found for related ternary or binary compounds like Li14TtP6 

(Tt = Si, Ge, Sn),[3, 7] (α-/β-)Li8TtP4 (Tt = Si, Ge, Sn),[8, 13, 14] and Li3P.[28] 

The 31P MAS NMR spectrum of Li5SnP3 shows one extremely broadened resonance (~17 kHz) at 

a chemical shift of −220.3 ppm (Figure S8). A comparable broadening was also observed in case 

of the structurally related and highly disordered compounds Li14TtP6 (Tt = Si, Ge, Sn).[3, 7, 29] 

Furthermore, it is assumed that the in some extend very complex coupling of Sn and P atoms also 

leads to merging of signals with a related chemical shift as recently reported e.g., for α- & β-

Li8SnP4.
[8] In comparison to the reported resonances of the latter as well as other closely related 

lithium phosphidostannates, such as Li14SnP6,
[7] the maximum of the signal appertaining to 

Li5SnP3 shows a downfield shift of about 20 to 40 ppm indicating higher shielding of the P atoms 

thus a lower formal charge (< −2) due to higher coordination of P by Sn atoms (Figure 3). At the 

local level, all P atoms in Li5SnP3 are covalently bound to at least to one Sn atom, whereas in 

Li14TtP6 also P3− anions are present according to [(Li+)14(TtP4)
8−(P3−)2]. In analogy to the structures 

of α- & β-Li8SnP4 and Li14SnP6, respectively, the Sn atoms are occupying tetrahedral voids 

resulting in [SnP4]
8− units.[7, 8] But regarding the electron precise stoichiometry (Li5SnP3 or 

Li6.67Sn1.33P4), every P atom is statistically coordinated by 1.33 Sn atoms. Due to this, one would 

expect the coordination of 1/3 of all P atoms by two Sn atoms. Or in other words, two Sn atoms 

occupying adjacent tetrahedral voids resulting in edge-sharing tetrahedra or [Sn2P6]
10− units as 

reported e.g., for the lithium phosphidosilicate Li10Si2P6.
[16] However, the [Sn2P6]

10− units are not 

ordered, and thus, do not indicate a distinct difference in the chemical environment. Further 

resolution of the broad signal to distinguish P atoms located next to only one Sn atom (1b-P2−) and 

P atoms surrounded by two Sn atoms (2b-P1−) was not feasible. Possible reasons for this are stated 

after the discussion of the 119Sn NMR spectrum. 

Regarding the 119Sn NMR spectrum of Li5SnP3, the high level of cation disorder also results in 

only one extreme broad (~13 kHz) resonance at a chemical shift of 124.6 ppm (Figure S9). In 

analogy to the 31P NMR measurements, this effect was also seen in the 119Sn spectrum of 

Li14SnP6.
[7] In comparison to the latter, the maximum of the signal observed for Li5SnP3 shows a 

downfield shift of 26.5 ppm. Comparing the occurring resonances of the lithium 

phosphidostannates Li5SnP3, α- & β-Li8SnP4, and Li14SnP6 shown in Figure 4 reveals an upfield 

shift dependent on the ratio of Sn to P indicating the slightly different bonding situations within 

the compounds discussed above.[7, 8] 
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Figure 3. Overview of 31P MAS NMR spectra of Li5SnP3 (olive), α-Li8SnP4 (blue), β-Li8SnP4 (red),[8] and 

Li14SnP6
[7] (teal). Spinning sidebands and Li3P (impurity) are indicated by * and +, respectively. 

 

 

Figure 4. Overview of 119Sn MAS NMR spectra of Li5SnP3 (olive), α-Li8SnP4 (blue), β-Li8SnP4 (red),[8] 

and Li14SnP6 (teal).[7] 

 

Regarding the electron precise stoichiometries of the so far known lithium phosphidostannates the 

structure of Li14SnP6 contains both, [SnP4]
8− and P3− units, whereas the two modifications of 
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Li8SnP4 solely consists of [SnP4]
8− tetrahedra and the basic structure of Li5SnP3 can be thought of 

as [Sn2P6]
10− units.[7, 8] This in combination with the determined crystal structures and the just 

discussed NMR data appears at first counterintuitively since neither the NMR data nor the 

crystallographic data are able to clearly resolve the presence of edge-sharing [SnP4] tetrahedra in 

Li5SnP3. In contrast to the strongly covalent bonding character of the Si-P bonds forming 

molecular-like [Si2P6] units[16] the bonding situation in Li5SnP3 is assumed to be mainly dominated 

by the high ionic bonding character of Sn-P bonds resulting in much weaker bonds and, thus, in 

more uniform chemical environments. 

The recorded 6Li MAS NMR spectrum shows only one signal corresponding to the one Li site of 

the structure. The chemical shift of δ = 4.2 ppm occurs within the characteristic range of 6Li 

resonances reported for lithium phosphidotetrelates and -trielates.[3, 4, 7, 8, 11-14, 16] 

 

Lithium-Ion Mobility 

The Li+ mobility, including the activation energy and the ionic as well as the electronic 

conductivity, is evaluated and compared to recent results of the related compounds α- and β-

Li8SnP4 and Li14SnP6. 

To get a rough estimation about the activation barrier for Li+ mobility in crystalline Li5SnP3 the 

dynamic behavior of the Li+ was investigated by the temperature-dependent evolution of the static 

7Li NMR line width. Since the central transition of the I = 3/2 7Li nucleus is broadened by 

(7Li−7Li) homonuclear dipolar couplings as well as by (7Li−31P) heteronuclear dipolar couplings, 

and both of which scale with the second Legendrian (3 cos2 β−1), any dynamic process leads to a 

(partial) averaging of this orientational dependence and, thus, to a narrowing of the NMR line. The 

corresponding results are depicted in Figure 5. At 213 K a single Gaussian line was obtained at 

3.9 ppm with a linewidth of about 7.6 kHz. At temperatures above 263 K the signal becomes more 

heterogeneous and increasingly Lorentz-shaped, combined with a stronger narrowing of the line. 

The resonance remains heterogeneous until 300 K, with a line width of 5.0 kHz. Applying the 

empirical Waugh-Fedin relation, EA
NMR = 0.156 ∙ Tonset

[30] allows for a rough estimation of the 

activation energy. Since the high-temperature plateau is not reached at 300 K an activation energy 

of EA
NMR = 47 kJ mol−1 or higher can be estimated. 

In comparison with the corresponding values determined for the more lithium-rich 

phosphidostannates α- and β-Li8SnP4 (EA
NMR = 34 and 28 kJ mol−1, respectively) and Li14SnP6 

(EA
NMR = 28 kJ mol−1) the estimated activation energy for Li5SnP3 is by far the highest. Moreover, 

since the onset temperature Tonset is estimated to be at 300 K or higher, no or only an extremely 

low conductivity is expected for electrochemical impedance measurements. 
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Figure 5. a) Static 7Li spectra of Li5SnP3 at various temperatures b) Evolution of the 7Li line width in the 

measured temperature range from 200 K to room temperature for Li5SnP3. The solid line serves only as a 

guide to the eye. 

 

The ionic conductivity of Li5SnP3 was determined by electrochemical impedance spectroscopy 

(EIS) in a blocking electrode configuration. The results obtained at temperatures between 298 and 

353 K ± 0.5 K are shown in Figure 6a. The Nyquist plots exhibit well resolved but slightly 

broadened semicircles and the onset of a branch at low frequencies. For the evaluation of the ionic 

conductivity only the high frequency semicircle was fitted, using two serial R/C elements, 

revealing two processes involved in the ionic conduction mechanism. The predominant process 

with a capacity of 3(5) ∙ 10−10 F and a minor process with a capacitance of 5(1) ∙ 10−7 F. The first 

process can be assigned, according to Irvine et al.,[31] to grain boundary controlled ionic 

conductivity, while the latter resembles the contribution of a surface layer. The overall ionic 

conductivity at 298 K was determined to be 3.2(2) ∙ 10−7 S cm−1. Calculated from the slope of the 

Arrhenius plot in Figure 6b, the activation energy of the ionic mobility has been determined to a 

value of EA
PEIS = 47.6(6) kJ mol−1 (~0.49 eV). The electric conductivity of the sample has been 

determined by polarizing the sample in three different potentials steps of 50, 100, and 150 mV, 

each hold until stationary conditions were approached, monitoring the current in the same cell 

setup as for impedance spectroscopy (Figure 6c). Applying Ohm’s law exhibits an electronic 

conductivity of 2.1(9) ∙ 10−8 S cm−1, which is approximately one order of magnitude lower than 

the ionic conductivity. 
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Figure 6. a) Nyquist plot of Li5SnP3 measured under blocking conditions, with spectra recorded at 

temperatures between 298 and 353 K according to the color code of the inset. Circles and triangles indicate 

data collection during heating and cooling, respectively. The equivalent circuit used for fitting is also 

shown. b) Arrhenius plot of the product of conductivity and temperature (σLi T) obtained in one heating-

cooling cycle, with error bars for each temperature based on the standard deviation from independent 

measurements with three cells; the shown linear fit was used to obtain the activation energy EA
PEIS. c) 

Polarization curves of Li5SnP3 for determination of the electronic conductivity. The black line, referring to 

the left y-axis shows the recorded current, while the red line (right y-axis) shows the applied potential steps. 
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Discussion and Conclusion 

The straight forward synthesis of single crystals and phase-pure microcrystalline powders finally 

allows for a comparison of the structure and properties of Li5SnP3 with the recently reported 

compounds α- and β-Li8SnP4 and Li14SnP6, which feature an increased percentage of Li+.[7, 8] On 

both the Li-poor and Li-rich sides, Li/Sn mixed positions and an accompanying small cubic unit 

cell occur. The cell parameters shown in Table 4 increase with higher content of Li+ since the 

exchange of one Sn4+ requires the insertion of four Li+ to remain electronic preciseness of the 

structures. The relatively low amount of Li+ in Li5SnP3 is found to fully occupy all tetrahedral 

voids, whereas the octahedral voids are not occupied at all, and thus, are regarded as energetically 

less favored. With increasing content of Li+, however, also the octahedral voids are progressively 

occupied reaching an occupancy of 25% in α- and β-Li8SnP4 and 50% in Li14SnP6. 

 

Table 4. Comparison of the cell parameter a, the ionic and electronic conductivity σLi and σel, and the 

activation energy EA
PEIS of the lithium phosphidostannates Li5SnP3, α- and β-Li8SnP4 and Li14SnP6 at 

ambient temperature. 

empirical formula Li5SnP3 α-Li8SnP4 β-Li8SnP4 Li14SnP6 

a / Å 

( 
a

2
 / Å) 

5.98715 

 

11.97626 

(5.98813 Å) 

11.99307 

(5.996535 Å) 

6.01751 

 

σLi / S cm−1 3.2 ∙ 10−7 1.2 ∙ 10−4 6.6 ∙ 10−4 9.3 ∙ 10−4 

σel / S cm−1 2.1 ∙ 10−8 1.4 ∙ 10−7 6.1 ∙ 10−7 4.1 ∙ 10−7 

EA
PEIS / kJ mol−1 47.6 36.0 32.4 33.8 

 

In addition, Figure 7 reveals a correlation between the occupancy of the octahedral voids and the 

ionic conductivity as the latter increases from Li5SnP3 to Li14SnP6 of more than three orders of 

magnitude. The relatively low ionic conductivity of Li5SnP3 is attributed to the absence of 

occupied octahedral voids and corroborates the assumption, that these vacancies are energetically 

less favorable. As a consequence, the Li+ diffusion does not occur via octahedral sites but through 

edge-sharing tetrahedral voids that require a higher activation energy if compared to the diffusion 

along face-sharing tetrahedral and octahedral voids, as recently shown by investigation of Li+ 

diffusion pathways in α-Li8SnP4, β-Li8SnP4 and Li14SnP6. 
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Figure 7. Correlation between the occupation of the tetrahedral and octahedral voids and the resulting ionic 

conductivity of the phases Li5SnP3, α- and β-Li8SnP4 and Li14SnP6. The percentages of Sn and Li occupying 

the tetrahedral voids are shown in teal and olive, respectively, and the partial occupation of the octahedral 

voids is indicated in blue. The corresponding ionic conductivity at RT is indicated in red according to the 

scale on the right. 

 

The systematic investigation of the ternary Li/Sn/P system within the formular Li8−4xSn1+xP4 

(x = −0.333 to +0.333) did not lead to compounds with different Li/Sn ratios than the previously 

reported phases Li5SnP3,
[19] α- and β-Li8SnP4

[8] and Li14SnP6.
[7] Interestingly, no ordered structure 

is observed for the stoichiometries Li5SnP3 and Li14SnP6, whereas two polymorphs with distinctly 

ordered cation positions are found for the composition Li8SnP4. In addition, there is no evidence 

of a phase width of the compounds. The disorder in Li5SnP3 and Li14SnP6 is in accordance with 

the recorded 31P and 119Sn MAS NMR spectra, which exhibit extremely broad resonances. Such 

broad resonances hint for a vague chemical environment of the P and Sn atoms. Nevertheless, the 

chemical shift of the signals is within the range of the resonances that are reported for the ordered 

structures of α- and β-Li8SnP4 indicating the presence of [SnP4] tetrahedra in Li5SnP3, which in 

accordance with the charge are expected to form edge-sharing [Sn2P6]
10− dimers as found as 

ordered variant in Li10Si2P6.
[16] 

Applying a two-stepped synthesis route, including mechanical alloying and subsequent annealing 

of the samples, enables the synthesis of all four compounds with high purity and in gram scale 

allowing for a profound determination of the properties. 

The low ionic conductivity of σLi = 3.2(2) ∙ 10−7 S cm−1 determined for Li5SnP3 in combination 

with vacant octahedral sites on the one hand, and the high ionic conductivity of α- and β-Li8SnP4 
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as well as Li14SnP6 which comprise partially filled octahedral sites on the other hand, 

unequivocally proof the importance of the participation of octahedral voids for ion motion. In order 

to lower the activation energy one can either lower the energy barrier for Li+ motion between 

neighboring sites or raise the energy level of the respective sites. The partial occupation of the 

energetically unfavorable octahedral voids in the Li-rich phosphidotetrelates corresponds to the 

latter case and leads to an overall flattening of the energy landscape. In this context the 

investigation of less promising Li+ conducting materials with insufficient ionic conductivities for 

application, plays a key role in the understanding of the criteria to design and tailor next-generation 

ionic conductors. 
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Details of crystal structure determination of Li5SnP3 

 

Results of the crystal structure determination of Li5SnP5 from powder X-ray diffraction data at 

293 K with fixed site occupancy factors according to the composition Li5SnP3 

 

Table S1. Atomic coordinates of Li5SnP3 (Z = 1.33) at 293 K. 

Atom 
Wyckoff  

positions 
x y z s.o.f. 

P 4a 0 0 0  

Sn 8c 1/4 1/4 1/4 0.167 

Li 8c 1/4 1/4 1/4 0.833 

 

Table S2. Anisotropic displacement parameters (Å2) of Li5SnP3 (Z = 1.33) at 293 K. 

Atom U11 U22 U33 U23 U13 U12 

P 0.0132(5) 0.0132(5) 0.0132(5) 0 0 0 

Sn 0.0139(5) 0.0139(5) 0.0139(5) 0 0 0 

Li 0.0139(5) 0.0139(5) 0.0139(5) 0 0 0 

 

Table S3. Selected interatomic distances in Li5SnP3 (Z = 1.33) at 293 K. 

atom pair  d / Å 

P Sn/Li 8× 2.5925(1) 

Sn/Li P 4× 2.5925(1) 

 Sn/Li 6× 2.9936(1) 
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Results of the crystal structure determination of Li5SnP5 from powder X-ray diffraction data at 

293 K with released site occupancy factors resulting in the composition Li6.70(1)Sn1.30(1)P4 

 

Table S4. Details of the Rietveld structure refinements of Li6.70(1)Sn1.30(1)P4 (Z = 1) at 293 K. 

empirical formula Li6.70(1)Sn1.30(1)P4 

T / K 293 

formula weight / g mol−1 324.72 

space group (no.)  Fm3̅m (225) 

unit cell parameters / Å  a = 5.98715(4) 

Z 1 

V / Å3 214.615(3) 

ρcalc. / g cm−3 2.509 

2θ range / deg 5.000-49.9441 

Rp 3.87% 

Rwp 5.18% 

Rexp 3.87% 

Χ2 1.79 

GOF 1.3 

RBragg 1.61% 

Rf
 1.33% 

depository no. CSD-XXX 

 

Table S5. Atomic coordinates of Li6.70(1)Sn1.30(1)P4 (Z = 1) at 293 K. 

Atom 
Wyckoff  

positions 
x y z s.o.f. 

P 4a 0 0 0  

Sn 8c 1/4 1/4 1/4 0.162(1) 

Li 8c 1/4 1/4 1/4 0.838(1) 
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Table S6. Anisotropic displacement parameters (Å2) of Li6.70(1)Sn1.30(1)P4 (Z = 1) at 293 K. 

Atom U11 U22 U33 U23 U13 U12 

P 0.0141(6) 0.0141(6) 0.0141(6) 0 0 0 

Sn 0.0127(6) 0.0127(6) 0.0127(6) 0 0 0 

Li 0.0127(6) 0.0127(6) 0.0127(6) 0 0 0 

 

Table S7. Selected interatomic distances in Li6.70(1)Sn1.30(1)P4 (Z = 1) at 293 K. 

atom pair  d / Å 

P Sn/Li 8× 2.5925(1) 

Sn/Li P 4× 2.5925(1) 

 Sn/Li 6× 2.9936(1) 

 

 

Results of the crystal structure determination of Li5SnP3 from single crystal data at 150 K with 

fixed site occupancy factors according to the composition Li5SnP3 

 

Table S8. Atomic coordinates of Li5SnP3 (Z = 1.33) at 150 K. 

Atom 
Wyckoff  

positions 
x y z s.o.f. 

P 4a 0 0 0  

Sn 8c 1/4 1/4 1/4 0.167 

Li 8c 1/4 1/4 1/4 0.833 

 

Table S9. Anisotropic displacement parameters (Å2) of Li5SnP3 (Z = 1.33) at 150 K. 

Atom U11 U22 U33 U23 U13 U12 

P 0.0083(2) 0.0083(2) 0.0083(2) 0 0 0 

Sn 0.0089(2) 0.0089(2) 0.0089(2) 0 0 0 

Li 0.0089(2) 0.0089(2) 0.0089(2) 0 0 0 
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Table S10. Selected interatomic distances in Li5SnP3 (Z = 1.33) at 150 K. 

atom pair  d / Å 

P Sn/Li 8× 2.5925(1) 

Sn/Li P 4× 2.5925(1) 

 Sn/Li 6× 2.9936(1) 
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Results of the crystal structure determination of Li5SnP5 from powder X-ray diffraction data at 

293 K with released site occupancy factors resulting in the composition Li6.70(1)Sn1.30(1)P4 

 

Table S11. Crystallographic data and refinement parameters of Li5.06(1)Sn0.95(1)P3 (Z = 1.33) or 

Li6.74(1)Sn1.26(1)P4 (Z = 1) at 150 K with released site occupancy factors. 

Empirical formula  Li5.06(1)Sn0.95(1)P3 / Li6.74(1)Sn1.26(1)P4 

Formula weight / g mol−1  320.25 

Crystal size / mm3  0.08 × 0.08 × 0.09 

Crystal color  black 

T / K  150 

Crystal system  cubic 

Space group (no.)  Fm3̅m (225) 

Unit cell parameters / Å  a = 5.9541(7) 

Z  0.75 / 1 

V / Å3  211.08(7) 

ρcalc. / g cm−3  2.583 

µ / mm−1  4.644 

F(000) / e  147 

θ range / deg  5.934 – 46.355 

Index range (hkl)  −7 ≤ h ≤ 11, −10 ≤ k ≤ 11, −11 ≤ l ≤ 4 

Reflections collected  348 

Independent reflections  72 

Rint  0.0101 

Reflections with I > 2σ(I)  72 

Absorption correction  multi-scan 

Data / restraints / parameters  72 / 0 / 5 

Goodness-of-fit on F2  1.235 

R1, wR2 (all data)  0.0127, 0.0127 

R1, wR2 [I > 2σ(I)]  0.0288, 0.0288 

Largest diff. peak and hole (e Å−3) 0.201 / −0.252 

CSD number CSD-XXX 
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Table S12. Atomic coordinates of Li6.74(1)Sn1.26(1)P4 (Z = 1) at 150 K. 

Atom 
Wyckoff  

positions 
x y z s.o.f. 

P 4a 0 0 0  

Sn 8c 1/4 1/4 1/4 0.1575(7) 

Li 8c 1/4 1/4 1/4 0.8426(7) 

 

Table S13. Anisotropic displacement parameters (Å2) of Li6.74(1)Sn1.26(1)P4 (Z = 1) at 150 K. 

Atom U11 U22 U33 U23 U13 U12 

P 0094(1) 0094(1) 0094(1) 0 0 0 

Sn 0.0088(1) 0.0088(1) 0.0088(1) 0 0 0 

Li 0.0088(1) 0.0088(1) 0.0088(1) 0 0 0 

 

Table S14. Selected interatomic distances in Li6.74(1)Sn1.26(1)P4 (Z = 1) at 150 K. 

atom pair  d / Å 

P Sn/Li 8× 2.5782(2) 

Sn/Li P 4× 2.5782(2) 

 Sn/Li 6× 2.9771(3) 
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Details on the Investigation of the System Li8−4xSn1+xP4 (x = −0.333 to +0.333) 

The PXRD pattern of the reactive mixtures as found after ball milling show only small deviations 

with respect of the intensities of the occurring phases (Figure S1a). Due to the mechanical alloying 

process the samples exhibit rather poor crystallinity and, thus, relatively weak and strongly 

broadened reflections. However, all mixtures show the formation of a cubic lattice comparable to 

the structure of Li5SnP3. In addition, all samples contain small amounts of remaining β-Sn. But the 

compositions with a higher content of Sn also show a higher share of the residual element, whereas 

in the diffraction patterns corresponding to x = −0.167 and −0.333 small amounts of Li3P are 

observed. Regarding the shift of the reflection occurring between 33.5 and 34.0 ° in Figure S1b 

reveals an increase of the cell parameter with decreasing x or increasing amount of Li. The 

determination of the exact cell parameters is not feasible since the reflections relatively indistinct. 

 

 

Figure S1. a) Powder X-ray diffraction pattern of the reactive mixtures with the stoichiometry Li8−4xSn1+xP4 

(x = −0.333 to +0.333). The calculated diffraction pattern of Li5SnP3 is shown in red, reflections of the side 

products β-Sn and Li3P are indicated by * and +, respectively. b) Magnification of the section between 30.0 

and 37.5 ° indicating an increase of the cell parameter with decreasing values for x. 
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The PXRD patterns after annealing at 673 K (Figure S2a) show the formation of Li5SnP3 (with 

marginal amounts of β-Sn as side phase) for x = 0.333 as well as the phase pure synthesis of α-

Li8SnP4 for x = 0. All other compositions result in a mixture of Li5SnP3 and α-Li8SnP4 and 

additional side phases, such as β-Sn (Sn-rich) and Li3P (Li-rich). The magnification of the patterns 

at higher angles also shows that the cell parameter changes with the formation of α-Li8SnP4 

(Figure 2b). 

 

 

Figure S2. a) Powder X-ray diffraction pattern of the reactive mixtures with the stoichiometry Li8−4xSn1+xP4 

(x = −0.333 to +0.333) after annealing at 673 K. The calculated diffraction pattern of Li5SnP3 and α-Li8SnP4 

are shown in red and blue, respectively. Reflections of the side products β-Sn and Li3P are indicated by * 

and +, respectively. b) Magnification of the section between 30 and 37.5 ° indicating the different cell 

parameters of Li5SnP3 and α-Li8SnP4. 
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The PXRD patterns after annealing at 773 K (Figure S3a) analogously show the formation of 

Li5SnP3 (with marginal amounts of β-Sn as side phase) for x = 0.333 as well as the phase pure 

synthesis of β-Li8SnP4 for x = 0. A mixture of Li5SnP3 and β-Li8SnP4 next to small amounts of β-

Sn is observed for x = 0.167, whereas the lithium-rich mixtures with x = −0.167 and −0.333 result 

in the formation of a mixture of β-Li8SnP4 and Li14SnP6 (with small amounts of Li3P) and almost 

phase pure Li14SnP6, respectively. The magnification of the patterns at higher angles shows the 

expected increase of the cell parameter corresponding to the formation of Li5SnP3, β-Li8SnP4, and 

Li14SnP6 (Figure 3b). 

 

 

Figure S3. a) Powder X-ray diffraction pattern of the reactive mixtures with the stoichiometry Li8−4xSn1+xP4 

(x = −0.333 to +0.333) after annealing at 773 K. The calculated diffraction pattern of Li5SnP3 and β-Li8SnP4 

are shown in red and blue, respectively. Reflections of the side products β-Sn and Li3P are indicated by * 

and +, respectively. b) Magnification of the section between 30 and 37.5 ° indicating the different cell 

parameters of Li5SnP3 and β-Li8SnP4. 
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The PXRD patterns after annealing at 973 K (Figure S4a) are mainly dominated by the formation 

of Li14SnP6 (Li-rich) and Li5SnP3 (Sn-rich) with β-Li8SnP4, β-Sn, and Li3P as side phases in 

agreement to the total composition. Magnification of the patterns at higher angles allows for a 

rough estimation of the share of Li5SnP3, β-Li8SnP4, and Li14SnP6 within the product (Figure 4b). 

 

 

Figure S4. a) Powder X-ray diffraction pattern of the reactive mixtures with the stoichiometry Li8−4xSn1+xP4 

(x = −0.333 to +0.333) after annealing at 973 K. The calculated diffraction pattern of Li5SnP3 and β-Li8SnP4 

are shown in red and blue, respectively. Reflections of the side products β-Sn are indicated by *. b) 

Magnification of the section between 30 and 37.5 ° indicating the different cell parameters of Li5SnP3, β-

Li8SnP4, and Li14SnP6. 
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Differential Scanning Calorimetry (DSC) 

The recorded thermograms of the reactive mixture “Li5SnP3” and the corresponding crystalline 

phase are shown in Figure 5. 

 

 

Figure S5. a) DSC thermogram of the reactive mixture “Li5SnP3”. b) DSC thermogram of Li5SnP3. The 

arrows and numbers indicate the onset temperatures of the corresponding thermal effects. 
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The first thermal effect observed at an onset temperature of 508 K represents the melting point of 

elemental Sn (β-Sn) which is also observed as a side phase after preparing of the reactive mixture 

via mechanical alloying. During the following heating and cooling cycles one reversible and one 

irreversible effect occurs at an onset temperature of about 690 and 810 K, respectively. The signals 

can be referred to (partially occurring) order-disorder transitions as the PXRD pattern of the sample 

after the DSC measurement indicates the occurrence of additional, slightly broadened reflections 

that could be assigned to a superstructure comparable to α- or β-Li8SnP4 (Figure 6a). 

The thermogram as well as the PXRD pattern of the crystalline phase is almost identical to the 

corresponding data of the reactive mixture. Since the amount of β-Sn is increased after the 

measurement it can be assumed, that the compound Li5SnP3 (partially) decomposes at high 

temperatures resulting in a mixture of β-Sn and a compound that is closely related to α- or β-

Li8SnP4 as indicated by certain superstructure reflections (Figure 6b). 

 

 

Figure S6. a) Powder X-ray diffractogram of the reactive mixture “Li5SnP3” before and after DSC 

measurement. b) Powder X-ray diffractogram of Li5SnP3 before and after DSC measurement. The calculated 

diffraction pattern of Li5SnP3 is shown in red, and β-Sn is indicated by *. 
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6Li, 119Sn, and 31P MAS NMR Spectroscopy 

 

6Li MAS NMR Spectroscopy 

 

 

Figure S7. 6Li MAS NMR spectrum of Li5SnP3 (15 kHz). 

  



Investigation of Structure-Property-Relationships in the System Li8−4xSn1+xP4 (x = −0.33 to 

+0.33) — Comparing Li5SnP3, (α- & β-)Li8SnP4, and Li14SnP6 

267 

31P MAS NMR Spectroscopy 

 

 

Figure S8. 31P MAS NMR spectrum of Li5SnP3 (15 kHz). Spinning sidebands indicated by *. The resonance 

at a chemical shift of 10.8 ppm reveals the formation of very small amounts of phosphates during data 

collection.[1-3] 
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119Sn MAS NMR Spectroscopy 

 

 

Figure S9. 119Sn MAS NMR spectrum of Li5SnP3 (15 kHz). Spinning sidebands indicated by *. 
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