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Zusammenfassung

Die sich schnell entwickelnden technologischen Mdglichkeiten von heute und der zunehmende
Einsatz mobiler Gerédte flihren 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 ermdglichen werden. Heutige Li*-Batterien unter einer begrenzten Energiedichte
sowie Sicherheitsproblemen leiden, konzentrieren sich Materialwissenschaftler auf die
Entwicklung von Festkorperbatterien, welche einen Festkorperelektrolyten anstelle einer
brennbaren Flissigkeit enthalten.

In diesem Zusammenhang wurden mehrere Familien von Li*-leitenden Materialien, einschlieflich
Oxide und Sulfid-basierende Materialien, untersucht und verschiedene vielversprechende
Verbindungen identifiziert, welche die geforderte lonenleitfahigkeit von 1 mScm™ erfiillen.
Daruiber hinaus haben vor kurzem auch Lithiumphosphidotetrelate und -trielate Aufmerksamkeit
erregt, da sie eine weitere Klasse vielversprechender lonenleiter auf Phosphid-Basis darstellen.

In dieser Arbeit werden die terndren Phasensysteme Li/Si/P, Li/Ge/P und Li/Sn/P systematisch im
Hinblick auf die Synthese und Charakterisierung schneller Li *-Leiter untersucht. Dariiber hinaus
werden  Struktur-Eigenschafts-Beziehungen durch den  Vergleich von strukturellen
Gemeinsamkeiten bzw. Unterschieden zusammen mit deren resultierenden Materialeigenschaften
erarbeitet. Die Anwendung eines innovativen Synthesewegs ermdglicht die (erneute)
Untersuchung zuvor entdeckter, aber unzureichend charakterisierter Phosphidotetrelate.
Phasenreine Proben der Verbindungen Li14SiPe, Li1sGePs, Li1aSnPs, (a-) LigSiPs4, a- und f-
LigGePs, a- und p-LigSnPs und LisSnP3 werden durch mechanisches Vermahlen und
anschlieBendes Tempern der entsprechenden Elemente in stéchiometrischen Mengen erhalten.
Dieses Verfahren ermoglicht die Synthese der Materialien im Gramm-MaRstab und erleichtert
somit die Charakterisierung der Verbindungen anhand verschiedener Methoden. Die strukturelle
Aufklarung  erfolgt mit  Hilfe von  Einkristall-  und  Pulverrontgen-  sowie
Pulverneutronenbeugungsexperimenten.  Zusdtzlich werden thermische Stabilitdten und
auftretende Phaseniibergange zwischen den entsprechenden Polymorphen, unter Anwendung von
temperaturabhéngigen Pulverneutronenbeugungsexperimenten und dynamischer
Differenzkalorimetrie untersucht. Da alle vorkommenden Strukturen vom Antifluorit-Strukturtyp
abgeleitet werden konnen, 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, einschlieBlich der ionischen und elektronischen Leitfahigkeit sowie der
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Aktivierungsenergie fiur die Bewegung der Li*, werden mittels elektrochemischer Impedanz- und
temperaturabhangiger statischer NMR-Spektroskopie bestimmt. In diesem Zusammenhang
werden insbesondere die durch die Substitution des Tetrel-Elements verursachten Verdnderungen
der elektrischen Eigenschaften untersucht. Zusétzlich werden negative Kerndichtekarten, welche
aus experimentellen Strukturfaktoren rekonstruiert wurden, die durch temperaturabhangige
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 fir die unterschiedlichen ionischen
Leitfahigkeiten von 3,2 x 1077 bis 1,7 x 103 Scm™* der untersuchten Materialien aufdecken.
Diese Ergebnisse erweitern nicht nur die Anzahl an potenziellen oder vielversprechenden Li*-
Leitern, sondern erweitern dariiber hinaus das fundamentale Wissen Uiber Bewegungsprozesse von
Li* in Festkorper-lonenleitern. Dieses ist erforderlich um die Anpassungstechniken fir das
Designen der n&chsten Generation von Festkorperelektrolyten und deren Anwendung in

Festkdrperbatterien, zu verbessern und zu erleichtern.



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™ 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 Li14SiPs, Li1aGePs, Li1aSnPe, (a-)LigSiPs, a- and f-LigGePs, a- and f-LigSnPs and
LisSnP3 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 x 107 t0 1.7 x 103 S cm™. 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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Energy Storage and Mobility

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.!!

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.[* 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 .27

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.[> 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.® 2% 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 2018.55 1% Lj* 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. [ 12

1.2 Batteries — On the Road to All Solid State Batteries

A Dbattery 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.[** 4]

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.[*®! 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.[*4!

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)O. cathode, positive electrode) in an electrolyte of
approximately 37% (5.99 M) sulfuric acid. During discharge both electrodes react with the sulfate
ions (SO7) dissolved in the aqueous electrolyte and precipitate in the form of lead sulfate
(Pb(I1)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 due to the inherent high density of lead.[® 9 14 161

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.[® 131 Many advances have been made resulting
in a continuous improvement of specific electrochemical systems and the development of new
battery chemistry.'l 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.® ° 141 Additionally, the European Parliament banned batteries containing
cadmium from portable electronic devices, such as drills, screwdrivers and saws since 2017.1*"]

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 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.[

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.[** 1819 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.[*: 1223 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., TaSz, MoSz, ZrS», and TiSz), forming AgxTaSz, LixM0Sz, LixZrS; and LixTiS; 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.?% 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 LiPFs
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™®. 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.2% 21 But
difficulties regarding the reversible deposition of metal lithium at the negative electrode using an
organic electrolyte (dendrite growth and following cell shortening™® 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.[*¥ 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 ™. The LixCoO; cathode represents an intercalation compound formed by
electrochemical extraction of lithium from LiCoO2 (LCO) and, thus, is related to LixTiSz. 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.[?> 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 LiCs 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, SEI7 28) or
on the positive electrode (cathode electrolyte interface, CEI??) 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
LiNiO, LiMnOz, LiNiogCo00.15Al0.0502, and LiNixCoyMn;O that are closely related to LCO have
been reported. But also non-layered structures including spinels (e.g., LiMn204 and LiC0204) and
olivines (e.g., LiFePO4, LIMNnPOg4, and LiCoPQO4) have been successfully implemented as the
positive electrode.*l In addition, lithium titanium oxide (LisTisO12), and alloy compounds
including Si, Ge, Sn or binary phosphides, such as SnsP3, 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.[3%-3%]

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.1281 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.*¢-31 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.® 1314 391 However, these systems will not

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

k : § SEl  Separator CEl j

Li{-xCg Anode Electrolyte LixCoO2 Cathode

Figure 1.1. Schematic representation of the Li* battery developed by SONY based on a graphite anode
(C/LiCs on a copper current collector) and a LCO cathode (LiCoO2/Co0, on an aluminum current collector)

in a liquid nonagueous 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.t®6 %% |n 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.[%6 38 41 Byt, 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.

% Solid Electrolyte j

Composite/Li-Metal Anode Composite Cathode
@ Anode Material Particle @ Li* & e~ Mixed SE Particle
‘ Cathode Material Particle ‘ Li* conducting SE Particle

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 SEls and CEls 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.[*® 40431 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.[6 40 41 44-461 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.[%6: 4]

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 x 103 mS cm™ 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 ¢ increases primarily with the number of its charge carriers n (herein Li*) as well
as with their mobility 4, which in turn depends on the activation energy for ionic motion of the

charge carriers.[47 48]
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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.[¢ 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.[>* 521 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.>31 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.®® % One of the first promising classes of solid Li* conductors are materials which can
by derived from oxides, phosphates or silicates.’5°8 Lithium-containing garnets (e.g.,
LisLasNb20O12 or LisLasTa2012),°% 59 perovskite-type materials, such as lithium lanthanum
titanatel®® 621 as well as LISICON- and NASICON-related materials(®>64 have especially shown
good ionic conductivities ranging from 1 x 10 °to 1 x 103 S cm™ at RT. Comparable values also
have been reported for the closely related thio-LISICONS.[%5- The combination of these
compounds with LisPS4% gives access to further sulfide-based SE with increased ionic
conductivity compared to oxide-based materials.’%"71 So-far, the highest Li* conductivity — for
an undoped material — has been reported for LiioGeP.Si;> (LGPS) with an conductivity of
1.2 x 102 S cm™* at RT."8 Further promising SEs have also been found within the family of Li-
argyrodites LisPSsX (X =Cl, Br, 1).'¥1 Other halide-based materials have also shown ionic
conductivities of up to 1 x 102 S cm™ at RT.[%# 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 NASICONSs 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.¢]
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., LizoGeP2S;2"!
or LizP3S11"®)) 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 E, 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. ¢) 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 E, tetrahedra are shown in yellow and Es 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 S*~ in Li>SP! (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).[#8 508689 | the specific case of Li2S the first scenario was proven
by neutron diffraction experiments. Li2S crystallizes in the cubic space group Fm3m (no. 225)
with a lattice parameter of a = 5.722 A (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.’®%2 At ambient temperatures Li,S shows a very low ionic
conductivity of ¢=10"2Scm ™. Consequently, a relatively high activation energy of
Ea=152¢eV (~147 kImol™) 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™) 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 Li,S and
demonstrates the preferred diffusion pathway through the common triangular face of adjacent
tetrahedral and octahedral voids.[®%-%2

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.[®8 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.® °4 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 CI 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.[®® % 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.[®® %! Furthermore, the required activation energy for these distinct
pathways can be evaluated using the one-particle-potential (OPP) approximation.®”l Using this
method, for example, the diffusion pathways in LGPS and other LISICONSs were determined.®®
101 |n addition, anion rotational dynamics have been revealed by combination of MEM and
molecular dynamics studies of LisPSs 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 Lis2s[Sio.25Po.75]S4.12% 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. 4% 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, [ 57. 58, 62, 65, 66, 68] garnets, [55: 59, 87, 103, 107-110] gnq halides!*1-116]) 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 Lis«Sii—xExO4 (E =P,
Al, Ge).Y 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 LisELa;Ta2012 (E = Ca, Sr, Ba) is
reported.[®7]

Li-argyrodites®® 89 102, 104, 117-120] gnq the LGPS-like materials’® ™% 78 121 gre 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 LiePSsE
(E = Cl, Br, 1).[292 Fyrthermore, the effect of energy landscape flattening by the introduction of
additional tetrel elements corresponding to the formular Lie«xP1-xTtxSsl (Tt = Si, Ge, Sn) was
shown recently.[*®! 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.[® 3 701

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.’”! 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 LisP, could
be considered. The compound is isotypic to the NasAs-type of structure and crystallizes in the
hexagonal space group P6s/mmc (no.194) with lattice parameters a=4.2286(3) A and
¢ = 7.557(1) A.[?-1251 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 LisP was reported earlier to have a high ionic
conductivity (10*Scm™ at ambient temperature),[*?! recent studies show that the material
features a poor ionic conductivity and is regarded as insulating and electrochemically inactive
material.[*?” In addition, a high-pressure polymorph of LisP was found recently. This modification
is isotypic to the LisBi-type of structurel*?®l and crystalizes in the cubic space group Fm3m
(no. 225) with a lattice parameter of a = 5.565(4) A (at 13 GPa) and can be described as a ccp of
P atoms with all tetrahedral and all octahedral voids occupied by Li.[*?> 1271 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 LisP
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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-lon 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]*~
tetrahedra, which occur in sulfide-based SEs (e.g., LisPS4[%l), by the eightfold negatively charged
[TtP4]® tetrahedra (Tt = Si, Ge, Sn). For a lithium phosphidosilicate with the formal composition
“LigSiP4” or a corresponding lithium phosphidotetrelate (e.g., “LigGeP4” and “LigSnP4”) a much
higher Li* conductivity is expected compared to the rather low value of ¢i=3x 107" Scm™
reported for LisPSs (at RT),[®° due to the material containing eight Li* per formular unit instead
of three.

The first reported lithium phosphidotetrelates in the 1950s were the compounds LisSiP3 and
LisGePs. According to the authors, both respective crystal structures are isotypic and crystallize in
the cubic space group Fm3m (no. 225) with a lattice parameter of a =5.852 A and a = 5.892 A.
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 Tt** 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.[*2°l

In the 1970s the compound LisSnP3 was reported as the first lithium phosphidostannate. The
material is isotypic to the aforementioned lithium phosphidotetrelates LisTtPs (Tt = Si and Ge) and
crystallizes in the cubic space group Fm3m (no. 225) with a lattice parameter of a =5.97 A. In
addition to the structural relation to the antifluorite structure, the compound can also be described
as closely related to the LisBi type of structurel?®l excluding the occupation of the octahedral

voids.['*] The same group reported on the reaction of LisSnPs with LisP, applying a high-
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temperature (HT) reaction resulting in the lithium-rich phosphidostannate LigSnP4. The authors
found that the compound crystallizes in the cubic space group P43n (no. 218) with a cell parameter
of a=11.95 A. 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 2x2x2 superstructure with reduced symmetry when compared to
LisSnPs, 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.[311%]

No further research on lithium phosphidotetrelates was undergone until approximately 40 years
later. Fé&ssler et al. published their findings on the lithium phosphidosilicate LigSiP4, which is
homotypic to LisSnP4. The compound crystallizes in the cubic space group Pa3 (no. 205) with a
cell parameter of a = 11.7035(2) A at RT. Analogously to LisSnP4 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 2x2x2 superstructure involves a different symmetry. Both
structures are based on isolated, covalently bound [TtP4]® tetrahedra which are comprised of eight
Li* resulting in an electron precise structure (Figure 1.4a, left).[34]

Previous theses!*®> 1% demonstrated, that the structure of LigSiP4*** represents the a-modification
whereas the structure of LisSnP4 described by Motte et al.[**¥ corresponds to the p-type of
structure. In addition, both polymorphs have been found for the lithium phosphidogermanate
LigGeP4. In this context, preliminary (re-)investigations of lithium phosphidostannates also
indicated the existence of the a-modification for LigSnP4. The compounds a-LigGePs and a-
LigSnPy are isotype to (a-)LisSiP4 and crystallize in the cubic space group Pa3 (no. 205) with a
cell parameter of a=11.80146(4) and 12.0031(1) A, respectively, at RT. Due to the close
relationship of the powder diffraction patterns, the crystal structure of LigSiP4 was used as a
structural model for the Rietveld refinement of a-LisGePs and a-LigSnP4. 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 S-LisGeP4 and f-LisSnP4 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 P43n
(no. 218) with a cell parameter of a =11.7831(1) and 11.9794(1) A, 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 2x2x2 superstructure. In contrast to the a-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 p-modifications still
harbors certain uncertainties.[*3> 131 Following this, a thorough investigation of a- and S-LisGeP4
as well as a- and S-LigSnP4, 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
Li1aTtPs (with number of chemical formula units per unit cell Z = 0.67, or Lig33Ttos7Ps 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 Fm3m (no. 225) with a lattice parameter of a = 5.9422(1) and
5.9589(1) A (at RT) for Li14SiPs and Li1sGePs, respectively. The structure can be derived from the
LisBi 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]®
tetrahedra and P3~, which cannot be resolved crystallographically by using X-ray data. *'P NMR
spectroscopy on the other hand, indicates the presence of two P atoms with different chemical
environments.[*3> 1361 Fyrther investigations of the materials Li14SiPs and Li1sGePs are addressed
in Chapter 3 of this work.

As mentioned above, an increased ionic conductivity can be expected for the lithium
phosphidotetrelates LisTtPs (Tt=Si, Ge, Sn), when compared to LisPSs. In fact, the Li*
conductivity reported for LisSiP4 is with ¢.i=6x10°®Scm™ at RT more than one order of
magnitude higher than the corresponding value determined for LisPSs (o1i=3 x 107" Scm™ at
RT).[69 134]

15



Introduction

b ;
a) B » LI5TtP3
dea t o .OT ) disordered cations
® o
oP ‘ .
®LiTt . » l LigTtP,
(5:1) s isolated [SiP, -
tetrahedra
2x2x2
superstructure B-LigTtP,
b G-LithP4

oo o

@Li
@7t
®PF

b)

Li1oTtoPg
isolated [Si,P¢]0-

Lio TtP, LiTt,P3
network of corner-sharing network of corner-sharing
T2 supertetraeder T4 and T5 supertetraeder

Figure 1.4. Structural overview of selected lithium phosphidotetrelates. a) Unit cell of LisTtP; (Tt = Si,[2°]
Ge,1'291 5n, 1390 top), a-LigTtP4 (Tt = Si,[*4 left) and B-LisTtP4 (Tt = Sn,[*3Y right) based on isolated [TtP4]*
tetrahedra. b) Unit cell of LioTt:Ps (Tt = Sil*¥")) based on isolated [Tt,Ps]'*" dimers. c) Unit cell of Li,TtP;
(Tt = Si,134 Ge, '8 |eft) based on two interpenetrating networks of corner-sharing T2 supertetrahedra and
LiTt.Ps (Tt =Si, right) based on two interpenetration networks of corner-sharing T4 and T5
supertetrahedra. P, Tt (or mixed Tt/Li), and L. sites are depicted as pink, teal, and gray spheres, respectively.
[TtP4]* 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 LisP and the hypothetical silicon phosphide “SizP4”.
The distance — along this line — between two adjacent materials is equal to x equivalents of LizP
with x = 1, 2 (Figure 1.5b).

b) Li,P Li P

NN

Li,,SiPs  LigSiP, LisSiP;  Li,SiP,  LiSi,Ps

N %

Li,P Li,P

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 LisP and the hypothetic “SizP4”. 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 LisP and the hypothetic “SisP4”. The corresponding phases are derived by

adding or subtracting of x equivalents of LisP (x = 1, 2).
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By formally reducing one equivalent of LisP starting from the aforementioned compound LigSiP4
we obtain the composition LisSiPs. Although the compound was reported by Juza et al.[*?! 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 Li1oSi2Ps
which corresponds to the occurring [SizPs]'® units. The material Li10Si2Ps crystallizes in the
monoclinic space group P2i/n (no. 14) with lattice parameters a =7.2293(3), b = 6.6055(3),
c=11.7018(5) A, and S =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 [SizPs]'*" 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
(E1S) measurements to determine the ionic conductivity of this phase are still pending.[*3"]
Subtraction of another equivalent of LisP results in the composition Li>SiP2 which also represents
a lithium phosphidosilicate that was reported recently. The compound crystallizes in the tetragonal
space group 141/acd (no. 142) with lattice parameters a = 12.1529(2) and ¢ = 18.6383(4) A at RT.
In accordance with LigSiP4 and Li1oSizPs, Li2SiP2 is also exclusively constructed from [SiP4]
tetrahedra which contain only heteroatomic covalent Si—P bonds. But as indicated in the case of
Li10Si2Ps, the extraction of Li (on the form of LisP) results in a higher condensation of the [SiP4]
building blocks in order to retain electron precise. Thus, the structure of Li»SiP2 can be described
by two interpenetrating diamond-like tetrahedral networks consisting of corner-sharing T2
supertetrahedra (Figure 1.4c, left).[*3* 1391 With the decreasing concentration of Li* the ionic
conductivity of Li2SiP; is with a.i =4 x 107" Scm™ at RT about one order of magnitude lower
than the reported value for LigSiP4.[*34

The last lithium phosphidosilicate within this row is the compound LiSi2Ps resulting from the
formal removal of one equivalent of LisP from LisSi2P4 (2xLi2SiP2). The compound crystallizes
in the tetragonal space group l4i/a (no.88) with lattice parameters a =18.4757(3) and
¢ = 35.0982(6) A 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).[*

Regarding the formula Li>TtP2, isovalent substitution of all Si atoms by Ge, results in the

corresponding lithium phosphidotetrelate LioGeP2 which is isotypic to Li>SiP, but is measured
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with o1i = 1.5 x 1077 S cm ™t at RT, a slightly lower ionic conductivity. The material crystallizes in
the tetragonal space group 141/acd with a = 12.3482(1) and ¢ = 19.0319(1) A at RT.[*%

Lithium phosphidosilicates and -germanates that are located off the pseudo binary line between
LisP and “TtsP4” (Tt = Si, Ge) have also recently been discovered (e.g., LisSisP7,/37) LiGesP3[3)).
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 LisAlPs. This compound exhibits o1i=3x1023Scm™ at RT, an ionic
conductivity that is approximately three orders of magnitude higher than the pristine material
LisSiP4. As mentioned above, aliovalent substitution of Si** by AIP* requires an additional Li* to
preserve electronic preciseness of the structure.°! The compound LisAlP4 is isotypic to LigSnPa,
and thus, homotypic to LigSiP4, but due to the higher amount of Li* the occupation factors of the
partially occupied Li sites are increased.[*3: 1* The material crystallizes in the cubic space group
P43n (no. 218) with a cell parameter of a = 11.87419(5) A at RT. Similar to LigSnPa, the structure
represents a 2x2x2 superstructure when compared to the aristotype LisSnPs 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 AP
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.*4

An overview of the aforementioned lithium phosphidotetrelates located on the pseudo binary line
between LisP and the (hypothetic) TtsPs (Tt=Si, Ge, Sn) as well as the closely related
phosphidotrielate LisAlP4 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 LisP and the (hypothetic) TtsP4 (Tt = Si, Ge, Sn) as well as the closely related phosphidotrielate

LigAlP,4. Cell parameters that are reinvestigated within this work are marked by (*).

crystal

cell parameter / A

compound volume / A3 structure motive
system angle/ °
Li14SiPglt3]  _ a=59422(1) (%)  209.814(5) [TtP4]38: tetrahedra

. [135] cubic, Fm3m . and P
(a-)LigSiP4*4 a=11.7035(2) (*)  1603.06(2)

I [135] . - _ . isolated [TtP4]®
a-LigGeP4 cubic, Pa3 a=11.80146(4) (*) 1643.64(1) tetrahedra
a-LigSnP,13%] a=12.0031(1) (*) 1729.34(1)

S-LisGeP4] cbic paan - 11.7831(1) (*)  1635.98(4) isolated [TtPs]*
B-LigSnP,[1%] ’ a=11.9794(1) (*) 1719.12(4) tetrahedra

i [140] . DI _ isolated [AIP4]*~
LioAlP, cubic, P43n  a=11.8742(1) 1674.22(2)  (robodr
LisSiP3lt2] a=5.852 200.4(1)

LisGeP3[t?l cubic, Fm3m  a=5.892 204.5(1) mixed cations
LisSnP3t%l a=5.97 (*) 212.8(1)
a=7.2293(3)
i o [137] monoclinic, b = 6.6055(3) isolated [Si2Ps]'*"
Li10Si2Ps P24/n ¢ = 11.7018(5) 558.8(4)  imers
S = 90.485(3)
a=12.1529(2),
LizSiP2 tetragonal, ¢ = 18.6383(4) 2752.74(1) 3D Cfintne%teg T2
Li,GeP,L38! 141/acd a=12.3482(1) 2901.97(3) e
2er2 : : of TtP4 units
¢ =19.0319(1)
3D connected T4 &
- tetragonal, a=18.4757(3) T5
[139]
LiSi2Ps 141/a c = 35.0982(6) 11980.8(1) supertetrahedra of
SiP4 units
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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 LigSiPs and the sulfide-based LisPSs, 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 Li14SiPs 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 Lii4TtPe 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 LigTtP4 are addressed in Chapters 5.3 and 5.4. With the thorough characterization of
a- and S-LigGePs as well as a- and S-LisSnP4 the family of lithium phosphidotetrelates LigTtP4 is
completed. Similar to the elaboration of structure-property relationships within the compounds
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Li14TtPs (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 LisSnP3 and the comparison
of the obtained results with corresponding findings concerning the aforementioned phases a- and
S-LigSnP4 as well as Li1sSnPs. The structure of LisSnP3 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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Synthesis

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 P2Os 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 25x10 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 Preq 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 3x15 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/O> 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/O- 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

Synthesis

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

author affiliation

publication (Chapter no.)

contribution

Volodymyr Baran

Volker L. Deringer

Christian Dietrich

Henrik Eickhoff

Holger Kirchhain

Tobias Kutsch

David Miller

Gabriele Raudaschl-Sieber

Christian SedImeier

Anatoliy Senyshyn

Li14SiPs (5.1)
a- & f-LigSnP4 (5.4)

Li14SiPs (5.1)
a- & f-LigGeP4 (5.3)

Li14SiPs (5.1)

Li14GePs & LiwSnPs (5.2)
o- & p-LisGePs (5.3)

a- & f-LigSnP4 (5.4)

Li14SiPs (5.1)

Li14GePs & LiwSnPs (5.2)
o- & p-LisGePs (5.3)

a- & f-LigSnP4 (5.4)
LisSnPs (5.5)

a- & f-LigSnP4 (5.4)
Li14SiPe (5.1)
LisSnPs (5.5)

Li14SiPe (5.1)

Li14sGePs & Li14SnPe (5.2)
a- & B-LigSnP4 (5.4)
LisSnPs (5.5)

Li14SiPe (5.1)
Li1aGePs & Li14SnPg (5.2)

Li14SiPe (5.1)
a- & B-LigSnP4 (5.4)

powder neutron diffraction

DFT calculations

impedance spectroscopy

synthesis and structural
elucidation

static temperature-dependent
NMR spectroscopy

impedance spectroscopy

impedance spectroscopy

MAS NMR spectroscopy

impedance spectroscopy

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 Il (Bruker AXS) and a StadiVari (STOE & Cie) device,
use Mo K radiation (4 = 0.71073 A) and allow active sample cooling with an N2 gas jet.

Data collection on the D8 Kappa Apex Il (Bruker AXS), equipped with a FR591 rotating anode
and an Apex Il detector, is executed applying the Bruker Apex software package,? containing the
program Saint!®! for data integration and reduction as well as Sadabs!! 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 F? with the program ShelXL.[! The shown crystal structures are graphically
illustrated implementing the Diamond 3! or Vestal” 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 Kau (4=1.54056 A) and Mo Ku radiation
(1=0.71073 A), 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!® 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 Ilithium
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 VVolodymyr Baran on the high-
resolution powder diffractometer SPODI at the research reactor FRM-11 (Garching, Germany).™
Monochromatic neutrons with a wavelength of 4=1.5482 A are obtained using the (551)
reflection of a Ge monochromator. A multidetector consisting of 80 *He 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 cm® 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 “He 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.ld 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 or Vestal“l

software packages.
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2.2.5 Analysis of Lithium-lon 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.®! 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.®! Evaluation and visualization of the OPP data are carried out using
VESTA.[

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™,

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 Muller 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~ and an Ar flow of

75 mL min~L,
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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 °Li, Li, 2°Si, 3P, and °Sn
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 ZrO; 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 ¢ are given in Table 2.3.

Temperature-dependent static Li 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 Willen on an Avance I11 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 2°’Pb NMR shift of Pb(NO3).

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

corresponding chemical shift J(ref.).

nuclei RF reference o(ref.) /ppm
LiCl (1 M, a 0.0
SLi 44.2 MHz _( P
LiCl (s) -1.15
Li 116.6 MHz LiCl (9.7 M, aq) 0.0
295 59.6 MHz tetrakis(trimethylsilyl)silane —9.84
31p 121.5 MHz (NH4)H2PO4 (s) 111
198n  111.9 MHz Sn0O: (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 Muller, 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 3t
(~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. Sedimeier and H. A. Gasteiger or D. Muller, 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. Sedimeier 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. Mller 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!*¥! and DFT-based
molecular dynamics simulations using cp2k!** 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

See Chapter 5.2

See Chapter 5.3

See Chapter 5.4

See Chapter 5.5
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Results and Discussion

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 Si** within LigSiP4 by AI** resulting in LisAlP4.[: 21 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 LisP to the lithium phosphidosilicate
LigSiP4, resulting in the compound Li14SiPs, is validated. The compound is also located on the
pseudo binary line between LisP and hypothetical “SizP4”. Applying the concept of substitution
also the heavier homologues Li1sGePgs and Li1sSnPs 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.

0.0
1.0

. (Tt=Si)
Li, TtP, |

(Tt = Si, Ge)

\\Li5TtP3 (Tt=Sn)
(a-IB-)LigTtP, (Tt = Si, Ge, Sn)
Li14TtP6 (Tt= SI, Ge, Sn)

0.0 0.2 0.4 0.6 0.8 1.0
Tt

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 LisP and the (hypothetic) TtsP4 (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 LigTtPs with Tt = Si, Ge, and Sn are

investigated. Since the compound LisSiP4 solely crystallizes in the a-type,!*! whereas LisGeP4 and
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LisSnP4 have been found to crystallize also in the s-type,[*® a detailed structural (re-)investigation
of these compounds is carried out. The occurrence of two structural modifications for the
compositions LigTtPs 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 Lis-4xSni+P4 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 LisSnP3z. 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 Lii4TtPs (Tt =Si, Ge, Sn),
(a-1p-)LigTtPs (Tt=Si, Ge, Sn) and LisSnPs 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 Li14SiPs, Li1aGePs, and Li1aSnPs are isotype and can be derived either
from to the antifluorite or the LisBi type of structure (Figure 3.2, left).l’l The compounds crystallize
in the highly symmetric cubic space group Fm3m (no.225) with lattice parameters of
a =5.93927(1), 5.95667(3), and 6.01751(3) A at RT (for Li14SiPs, Li1aGePs, and Liz4SnPs, 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]*
tetrahedra as well as non-bonded P*~ 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 Li1sSnPs and LisSnP3 is addressed below in combination with the

discussion of the associated data from the reinvestigation of LisSnPs.

a-Lig TtP4 (Pa3)

L.

®P
QLT (11:1)
oLi

superstructure

h L|/Tr (5:1)
LisBi Aristotype \ / CaF, Aristotype

B- L|3TtP4 (P43n)

Figure 3.2. Structural overview of the lithium phosphidotetrelates (re-)investigated within this work. Unit
cell of LiwaTtPs (Tt = Si, Ge, Sn, left), a-LisTtP4 (Tt = Si, Ge, Sn, top, including all occurring octahedral
voids independent of their occupation), S-LisgTtP. (Tt = Ge, Sn, bottom, including all occurring octahedral
voids independent of their occupation), and LisTtPs (Tt = Sn, right). P, Tt (or mixed Tt/Li), and L.i sites are
depicted as pink, gold, and gray spheres, respectively. [TtP4]*" tetrahedra are highlighted in gold.

In addition, the recently discovered phases according to the composition LisTtP4 (Tt = Si, Ge, Sn)*
681 are further investigated. In this context, the structures of (a-)LisSiPas, a-LisGePa, a-LigSnPa, S-
LigGeP4 and S-LigSnP4 are investigated in more detail.

Both modifications (a- and p-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 LisBi type,”) and as a consequence,
the a-type as well as the f-modification can be derived from the crystal structure of the compounds
Li14TtPe, which represent the corresponding aristotype (Figure 3.2, center). The a-phases (LT
phases) crystallize in the cubic space group Pa3 (no. 205) with cell parameters of a = 11.70737(7),
11.80203(7), and 11.97626(6) A at RT (for (a-)LisSiP4 and a-LisGeP4 based on PXRD data and
for a-LigSnP4 based on PND data, due to X-ray absorption), whereas the g-modifications (HT
phases) crystallize in the cubic space group P43n (no.218) with cell parameters of
a=11.77294(6) and 11.99307(6) A at RT (for S-LisGeP4 based on PXRD data and for S-LisSnPs
based on PND data, due to X-ray absorption). In comparison to the just described phases Li14TtPs,
the cell parameters of the compounds LigTtP4 are more or less doubled, indicating the formation
of a 2x2x2 superstructure due to ordering of the cations within the cubic structure. All five
structures contain isolated [TtP4]® 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 a-type seems to be completely different
from the arrangement of the [TtP4] tetrahedra in the S-type. The ordering in the latter, corresponds
to the CrsSi type of structure, which is also reported for the so-called A15 phases.®! 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 a-LigTtP4 into S-LisTtP4 and vice versa
(Figure 3.3).

In this context also a crystallographic group-subgroup analysis is compiled (Chapter 5.3). The
obtained Barninghausen tree shows that the two modifications are closely related via the cubic
space group Fm3m (no. 225) and can be derived from the LisBi-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 (a-)LigSiP4, a-LigGePs, and a-LigSnP4 all tetrahedral voids are fully occupied in an ordered
manner by Li and Tt in aratio of 7:1. The remaining Li atoms occupy 25% of the octahedral voids.
In (a-)LigSiP4 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 a-LisGePs and a-LisSnP4, 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 -LisGePs and f-LisSnPs. In analogy to the a-modifications, all

tetrahedral voids in p-LigSnP4 are fully occupied in an ordered manner by Li and Tt in a ratio of
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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 f-LigGePs 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 LisAlP4 is also isotype to f-LisGePs and S-LisSnP4 but, as already mentioned
in Chapter 1.4, slightly differences regarding the occupation of tetrahedral and octahedral voids
are observed.[? 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 a- and p-LisTtP. (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 a-LisgTtP4 (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 «- and #-LisTtP4. Dashed
colored lines indicate the movement of the corresponding atoms during phase transition of a- to S-LigTtPs
and vice versa. c) Tt atoms within the unit cell of 5-LigTtP4. 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 LisP and SnsP4 in the composition triangle towards compounds
with lower Li* concentration leads to the phase LisSnPs. The crystal structure also represents an
aristotype of the two polymorphs of LisSnP4 as the material crystallizes in the highly symmetric
cubic space group Fm3m (no. 225) with the lattice parameter of a =5.98715(5) A at RT. In
analogy to the aforementioned compound Li14SnPs 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 [Sn2Ps]!" 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.

Li;SnP,
(2x2x2)
(o-)LigSiP,
a-Li;GeP,
a-LigSnP,
B-LigGeP,
B-LigSnP,
Li,, TtPg
(2x2x2)

T, voids with Tt O,, voids with Li
T4 voids with Li Wyck. site multiplicity

number of atoms per Wyck. site

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 LisSnPsz and Lii is expanded according to a 2x2x2 superstructure.

However, applying the formula Lig-4xSn1+P4 (x = —0.33 to +0.33) allows for a direct comparison
of the lithium phosphidostannates LisSnPs (with number of chemical formula units per unit cell
Z =1.33, or Lies7Sn133P4 (Z = 1) with x = +0.33), (a-/#-)LigSnP4 (Z = 8 with x = 0) and Li14SnPs
(Z=0.67, or Lig.33Sno.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 LisSnP3 to (a-/$-)LisSnP4 to Li1aSnPe. More specific, the cell parameter of
Li1aSnPs (a=6.01751(3) A at RT) is found to be approximately 0.5% larger than the
corresponding value for LisSnP3. Due to the formation of superstructures in (a-/4-)LisSnP4 the cell
parameters have to be halved, resulting in a=5.98813 A (at RT, +0.02%) for a-LisSnPs and
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a=5.99654 A (at RT, +0.16%) for S-LisSnP4. Consequently, the cell parameters are slightly
enlarged when compared to LisSnP3 but smaller than in Li1aSnPs. Regarding the two polymorphs
of LigSnP4 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 p (from powder data obtained at RT) of the lithium

phosphidotetrelates investigated within this work.

plgcm LisTtP3 a-LigTtPs  p-LisTtP4 Li1aTtPs

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 Fm3m (no. 225) with a lattice parameter of approximately
a=6.0 A (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
“LiwaSnPg”, “LigSnP,” and “LisSnP3”. The calculated diffraction pattern of crystalline LisSnPs
(a=5.98715(5) A) is shown in red, reflections of the side products 5-Sn and LisP are indicated by * and +,
respectively. b) Powder X-ray diffraction pattern of phase pure samples of Li1«SnPs, a- and S-LisSnP4 and

Li58nP3.

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 Liw4TtPs with Tt = Si, Ge and Sn, the DSC experiments show

that these compounds are metastable and tend to decompose into a mixture of (a-)LisTtP4 (Tt = Si,
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Ge and Sn) and two equivalents of LisP. 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 Li1aSnPe in comparison with the lighter
homologues Li14SiPe and Li14GePs 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 Li14SiPs in the temperature
range between 623 and 673 K. The relatively high intensity indicates the formation of large
crystalline domains of LigSiP4 and LisP. Further heating of the sample above 873 K finally results
in the re-formation of the initial material Li14SiPs. 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 Li14SiPs during thermal treatment can be also
described as an order—disorder transition.

a) Li, SiP, In(Intensity)
10004 800.0
900 590.3
800

435.6

X 700
500 237.2
4003 175.0

b) 20 40 20/(30 80 100\ _,

& . . . . . I(lntensity)

0_301888 750.0

-

e 524.1

X 700 366.3

~ 600 256.0

o 500 |

& 400 \ 178.9

3 125.0

20 40 60 80 100
201° Nb=e

Figure 3.6. 2D plot of the data of temperature-dependent PND diffraction measurements from 323 to
1023 K in a 26 range from 10° to 100° (samples sealed under Ar). The ampule material Nb is indicated
with solid circles. a) With increasing temperature Li14SiPs decomposes into LigSiP4 and LisP and is re-
formed again. b) In the temperature range between 673 and 723 K a-LigSnP4 transforms into S-LigSnPa.

The change of the superstructures clearly visible in the range between 12-15° 26.
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The lithium phosphidotetrelates (a-/f-)LigTtPs (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 (a-)LigSiPa4, a-LigGeP4, and a-
LisSnP4, 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 a-LigGePs and a-LigSnP4 undergo a phase transition process
resulting in the aforementioned g-type. Since -LigGeP4 and S-LisSnP4 represent high temperature
modifications, which are metastable at room temperature, fast cooling of the samples is required
to suppress the phase transition into the a-modification. The DSC thermograms of the reactive
mixtures with the composition of LigTtP4 (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 LigSiPs is
reported, whereas in the systems Li/Ge/P and Li/Sn/P two crystallographic phases are found. In
both systems the a-type modification, which is isotype to the structure of LigSiPa, 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 p-modifications of LisGePs and LisSnPs. Isothermal annealing experiments confirm the
reversibility of the phase transitions, but the conversion of the f-type into the a-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 Li14SiPs also the
phase transition of a-LigSnPs4 into p-LigSnPs 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 p-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 Li14SiPs. The cell parameter of both materials increases linearly with
the rising temperature, but during the phase transition an additional expansion of approximately
0.0073 A 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 2°Si as well as the
1199n spectrum of Li14SiPs and Li14SnPs, respectively, show only one resonance with a chemical
shift that is characteristic for the presence of the corresponding isolated [TtP4]® 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.*® Similarly, a strong broadening is
observed for the resonances in the 3'P NMR spectra of Li14SiPs, Li1aGePs, and Li1aSnPe.

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. LisSiPs,[M ZnSnP,1* or LisP2 131y, 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.[!% The plot of the recorded 3P spectra of Li14SiPs,
Li1aGePs, and Li1aSnPs next to each other (Figure 3.7.a) allows for a detailed evaluation of the
bonding situation within the structures. The signals in the 3P spectrum of Li14«GePs exhibit almost
no superimposition, this indicates a clear separation of the covalent bonding situation within the
[GeP4]® tetrahedra and the isolated P*~ anions since Ge possesses the highest electronegativity of
the three tetrel elements. Accordingly, the resonances in the 3!P spectrum of Li14SiPe are less
distinct. The corresponding signals in the 3P spectrum of Li1sSnPs 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 SLi/’Li, 2°Si or 1°Sn, and 3P MAS NMR shifts (& / ppm) of compounds in the Li/Tt/P
phase system (Tt = Si, Ge, Sn). The occurring 3P resonances are categorized depending on the bonding

situation and the resulting formal charge, respectively.

chemical shift 6 / ppm

compound

5Li /7L i 295 119gy, P> P P>
(isolated)  (TtPsunit)  (TtP2 unit)
o 10.4 -316.8 ~226.9
LiwaSiPs - 54748 40ad) (broad)  (broad)
Li14GePs 43/5.0 -310.3 -173.9
LiuSnPs  4.6/4.4 (bigél G 25 2w
o _ —225.3
LigSiP41 3.3 ("Li) 11.5 2513
o-LigGePs 4.5 ("Li)
—252.2
) (s-d-pair)
o-LigSnPs  4.0/4.1 107.7 (dq) 255 1
(s-d-pair)
p-LisGePs 3.3 (L)
103.1 —248.7
uint s-d-pair
p-LigSnPs  4.0/3.7 (322 1) (_25'[; 8)
(quint) (s-d-pair)
~188.4
Li1oSi2Ps™ 2.1 ("Li) 1905 —124.1
. 124.6 -220.3
LisSnPs 42139 (broad) (broad)
o _ -129.1
LizSiPo 2.1 ("Li) -14.8 oals
-59.9
LiGeP™! 2.4 (5Li) ~164.8
~178.4
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Figure 3.7. a) Overview of **P MAS NMR resonances of Li14SiPs (violet), Li1aGePs (green), and LisSnPs
(olive). b) Overview of 3P MAS NMR resonances of LisSnPs (teal), a-LisSnPa (blue), 8-LisSnP4 (red), and
Li14SnPg (olive). c) Overview of 11°Sn MAS NMR resonances of LisSnP; (teal), a-LisSnP4 (blue), B-LisSnPs
(red), and Li1aSnPs (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 3'P and
the 1°Sn spectra of the compounds Li14SnPs, a- and B-LisSnP4 and LisSnP3 are shown next to each
other in Figure 3.7.b and c, respectively. Analogously to Li14SnPs, the 3P as well as the *°Sn
spectrum of the compound LisSnP3z shows only one extremely broadened signal since the structure
also contains mixed cations within the tetrahedral sites. The ordered arrangement of the [SnP4]®
tetrahedra within the structures of the two polymorphs of LigSnP4 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 LisSnP3 and Li1sSnPe. However, the chemical shifts observed for the
different lithium phosphidostannates reveal a distinct trend. The downfield resonance in the 3P
spectrum of Li1aSnPs, which is assigned to the [SnP4]®" tetrahedra, shows a chemical shift that is
within the range of the occurring resonances of a- and S-LigsSnP4. As already mentioned above,
the upfield shifted signal of Li1aSnPs is dedicated to the P*~ anions, whereas the signal observed
for LisSnP3 is assigned to the [SnzPs]'*" units as the signal shows the highest downfield shift.
Consequently, the 1°Sn NMR spectra reveal an increasing shielding effect with increasing formal
charge per formular unit, regarding the series LisSnP3, LigSnP4, Li14aSnPe.

Concerning the executed °Li (or ’Li) 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 LisSnP3) 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-lon 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 ‘Li 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 o determined by EIS at 298 K as well as the activation
energies Ea obtained by temperature-dependent EIS and static ‘Li 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 x 1072 and 3.2x 107 Scm™.
Accordingly, the corresponding EX® ranging from 31.8 to 47.6 kJ mol™* (0.33 to 0.49 eV) are

consistent with the estimated values from NMR data (EXM}).

Table 3.3. Overview of the ionic and electronic conductivities o (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 | eLi/Scm™ 6 /Scm™  EXS/kImol? (ev) EXMR/ kI mol (eV)
Li14SiPs 1.1x10°%  16x10" 32.2 (0.33) 30 (0.31)
Li14GePs 1.7x10°  1.7x107 31.8 (0.33) 30 (0.31)
Li14SnPs 93x10* 41x107 33.8 (0.35) 28 (0.29)
e 45x10°  6.0x108% 39 (0.40)*
(a-)LigSiP4 ~
8.4 x10°°
_ 1.8x10°%  7.2x10% 42 (0.44)} 35 (0.36)
o-LigGePy
1.1x10*
_ 8.6x10°% 42x107"* 38 (0.39)* 34 (0.35)
[-LigGePy ~
2.1x10*
a-LigSnPy 12x10* 1.37x107 36.0 (0.37) 34 (0.35)
B-LigSnP4 6.6x10*  6.1x10" 32.4 (0.34) 28 (0.29)
LisSnP3 32x107 28x10° 47.6 (0.49) > 47 (0.49)

For the compounds LigSiP4 and a- and f-LisGeP4 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 LigAIP4,1?! and a comparison with the highest ionic conductivities reported

for oxides and sulfide-based materials are depicted in Figure 3.8.

107 ]
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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. [ 15171 \alues 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 LizSiP2!* to LigSiP4 to Li14SiPg) as expected. Accordingly, the compounds Li14SiPs,
Li1sGePs and Li1sSnPe feature the highest ionic conductivities within the family of lithium
phosphidotetrelates, and thus, meet the anticipated conductivity of approximately 1 x 1073 S cm™
at RT. The high disorder within the structure of the Li14TtPs phases is assumed to boost the ionic
conductivity next to the high percentage of mobile charge carriers. Secondly, the phases LigTtP4
(Tt = Si, Ge, Sn), which form two polymorphs based on differently ordered cations, offer ionic
conductivities of up to 6.6 x 104 S cm™ (for p-LigSnP4). Furthermore, the corresponding values
reveal a lower ionic conductivity of the a-polymorphs, when compared to the g-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 LisSnPs is with 3.2 x 1077 S cm™! approximately three
orders of magnitude lower than the ionic conductivity of a-LigSnP4. 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 (a-)LigSiP4 the ionic conductivity increases in conjunction with the increasing cell
parameter by introduction of larger and more polarizable cations via substitution of Si** by Ge**
and Sn** (Table 3.4). In this specific case, the substitution of the relatively small Si** 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.!*®! However, regarding the compounds (a-)LisTtP4 (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 (a-)homologues
reveals, that the range of the P—P distances Ad(P—P) decreases from (a-)LigSiP4 to a-LigGePs to a-
LigSnP4 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 Ge** by Sn** in case of the g-modifications
as the ionic conductivity increases in accordance with the cell parameter. In contrast, the
aforementioned inductive effect is dominantly present regarding the phases Li14TtPs (Tt = Si, Ge,
Sn). The cell parameters of the compounds increases analogously to the phases (a-/8-)LigTtP4
(Tt = Si, Ge, Sn), but whereas the ionic conductivity increases when substituting Si** by Ge**, it
decreases by introducing Sn**. The faster ionic motion in LizaGePs in comparison to Li14SiPs can
be assigned to the higher electronegativity of Ge (y(Si) = 1.74, y(Ge) = 2.02, Allred—Rochow scale
of electronegativity),[* which leads to stronger Ge—P and weaker Li—P interactions. On the other
hand, the relatively low electronegativity of Sn (y=1.72, Allred—Rochow scale of
electronegativity)™*®! 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 Li1sSnPs. The
two different trends regarding the compositions LigTtP4 and LiwsTtPs 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 Ad(P-P) and ionic conductivity o1 (at 298 K; cell setup used by Gasteiger et al.) of the
compounds (a-/-)LisTtP4 and LisTtPg (Tt = Si, Ge, Sn).

compound alA V/IA3 da(P-P)/A Ad(P-P)/A oLi/mScm

o 11.70737  1604.64
(a)LisSiPs | 5 g5360) (20058) 4149 0.648 0.08

. 11.80203 1643.88
a-LigGeP4 (2 x5.90102) (205.49) 4177 0.435 0.11

. 11.97626 1717.77
a-LigSnP4 (2x5.98813) (214.72) 4.236 0.342 0.12

. 11.77294 1631.75
B-LisGePs4 (2 x 5.88647) (203.97) 4174 0.464 0.21

. 11.99307 1725.01
B-LisSnP4 (2 x 5.99654) (215.63) 4.247 0.293 0.66

Li14SiPs 5.93927 209.507 4.200 0 1.09
Li1sGePs 5.95667 211.354 4.212 0 1.71
Li14SnPs 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 Li14SiPe is more than one order of magnitude higher than the
value determined for LigSiPs despite their close structural relationship. The most important
difference is the high cation disorder in Li14SiPs, 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, Li14SiPs contains more
charge carriers in both types of vacancies as already mentioned above (Figure 3.4). The detailed
analysis of diffusion pathways in Li14SiPs is addressed in the next chapter. Analogously the higher
ionic conductivity of Li1aGePs in comparison to the two polymorphs of LigGeP4 can be explained.
The varying properties of a- and j-LigGeP4 are investigated in more detail in the next chapter
together with the heavier homologues a- and f-LigSnPa.

The data of the lithium phosphidostannates also confirm the aforementioned correlations.
Furthermore, regarding the extremely low ionic conductivity of LisSnP3 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 LisAlP4 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 Li14SiPs and
a- and p-LigSnP4 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
Li.S (chapter 1.3), the very same pathways are imaginable in Li14SiPs 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 Li14SiPg 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™2). 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 3.9¢). Since the Li* diffusion does not occur along the straight line between the Wyckoff
positions Lil and Li2, the distance for diffusion is larger than the interatomic distance of Lil and
Li2 (> 2.5718 A). 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 A) next to the stronger Li—P

interactions.

Figure 3.9. Overview of diffusion pathways in Li14SiPs evaluated by MEM analysis. a) and b) Selected
structure section of Li14SiPs with negative nuclear density distribution (surface threshold —0.01 fm/A3)
represented by green isosurfaces. ¢) Selected structure section of Liw4SiPs with diffusion saddle points
(green spheres) connected via green lines indicating the diffusion pathways of Li*. (Li/Si)P, tetrahedra and

LiP¢ octahedra are highlighted in yellow and blue, respectively.
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The analog evaluation of the negative nuclear density distribution of a- and f-LisSnPs 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 a-LigSnP4
stays vacant — even at 673 K — the occupied octahedral voids form a network of corner-sharing
LiPs-octahedra (Figure 3.10a), whereas the partial occupation of all octahedral sites in S-LigSnP4
leads to a network of edge-sharing LiPe-units similar to the connectivity in the structures of
Li14SiPe 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 a-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 g-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 a-
LigSnP; — as the Li* motion within this modification do not involve the vacant octahedral site
24d.

Finally, the reason for the higher ionic conductivity of s-LigSnP4 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 LigAlP4
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.

Based on the data concerning a- and S-LisSnP4 analogously diffusion pathways are assumed for
(a-)LigSiPs and the two polymorphs of LigGePs (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 a- and S-LisSnP4 responsible for the different ionic
conductivities. a) Network of octahedral sites in a-LisSnPs. 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 S-LisSnP,4. Partially occupied octahedral voids Li6 (8c) and Li7 (24i) are depicted in
green and blue, respectively. ¢) Unoccupied octahedral site (24d), blocking Li* diffusion via face-sharing
tetrahedral and octahedral voids in a-LisSnP4. 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 S-LisSnPs. 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 a-LigSnPs. Occupied
tetrahedral voids Lil (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 S-LisSnP4 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 LisAlP4 exhibits a super ionic conductivity of 3 mS cm™
at ambient temperature.l!l After the previously published findings regarding the lithium
phosphidosilicate (a-)LisSiP4[?l as well as the lithium phosphidostannates (8-)LisSnPs4 and
LisSnP3,1>® 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 (a-
)LigSiP4, (8-)LisSnP4 and LisSnP3 are reinvestigated and the corresponding results are compared
with the findings regarding the new phases Li14SiPe, Li1aGePe, Li1aSnPe, a-LigGePas, a-LigSnP4,
and fS-LigGeP4. 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,
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that the three compounds Li14SiPe, Li1aGePe and Li14SnPe meet the requisite ionic conductivity of
approximately 1 mS cm™ 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 Li14SiPs 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 a- or S-LigTtP4 (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 x 107° S cm™ for a-LigSiPs to 1.1 x 104 S cm™? for a-LisGePa
to 1.2 x 10* S cm™ for a-LisSnP4 and from 2.1 x 10 S cm™ for p-LisGeP4t0 6.6 x 10 Scm™
for 5-LigSnP4. 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 f-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 a-LisSnP4 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 a-LigSnP4 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 x107Scm™
determined for LisSnP3, 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
Li1sSiPe. 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
Li14SiPs 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 Li14SiPs were determined by static ‘Li 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 Muller and Christian Sedlmeier. The MAS NMR experiments were performed by Dr.
Gabriele Raudaschl-Sieber and the static ‘Li 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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ABSTRACT: Solid electrolytes with superionic conductivity are
required as a main component for all-solid-state batteries. Here
we present a novel solid electrolyte with three-dimensional
conducting pathways based on “lithium-rich” phosphidosilicates
with ionic conductivity of 6 > 107> S cm™" at room temperature
and activation energy of 30—32 kJ mol™" expanding the recently
introduced family of lithium phosphidotetrelates. Aiming toward

higher lithium ion conductivities, systematic investigations of

lithium phosphidosilicates gave access to the so far lithium-
richest compound within this class of materials. The crystalline
material (space group Fm3m), which shows reversible thermal
phase transitions, can be readily obtained by ball mill synthesis

T/K

m(2) / kQ

Re(2) / kQ

from the elements followed by moderate thermal treatment of the mixture. Lithium diffusion pathways via both tetrahedral and
octahedral voids are analyzed by temperature-dependent powder neutron diffraction measurements in combination with
maximum entropy method and DFT calculations. Moreover, the lithium ion mobility structurally indicated by a disordered Li/
Si occupancy in the tetrahedral voids plus partially filled octahedral voids is studied by temperature-dependent impedance and

"Li NMR spectroscopy.

1. INTRODUCTION

All-solid-state battery technology is currently attracting
considerable interest, as such batteries possess a number of
potential advantages over liquid electrolyte systems, including
energy density gains and improved safety. As a consequence, a
large number of inorganic materials with both crystalline and
amorphous structures as well as their composite structures have
been investigated experimentally and theoretically as potential
solid electrolyte candidates."” In particular the investigation of
lithium ion solid electrolytes in lithium ion batteries (LIBs) has
increased rapidly in order to improve the performance of
electrochemical energy storage systems.”

In order to achieve a significant ionic conductivity in a
crystalline solid, at first a high charge carrier density should
coincide with a large number of available lattice sites. Second,
solid electrolytes require a low activation energy for lithium
mobility as it is found in materials in which cation sites are
arranged in face-sharing polyhedra that are formed by anions.*
For example, for garnet-type solid electrolytes the effect of
polyhedral connectivity on the ionic conductivity has been

v ACS Pub“cations © 2019 American Chemical Society
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shown recently.” A large polarizability of the anions has been
suggested as another factor for lowering the activation barrier for
Li* mobility,® and accordingly sulfides, thiophosphates, and
materials containing iodine such as Li-argyrodites are inves-
tigated as superionic conductors.””'* For example, Li;PS, shows
an ionic conductivity that is several orders of magnitude higher
than that of Li;PO,, and the same applies for LigPS;Cl versus
LigPO;CL'>'® The best superionic conductors are found if a
combination of several of these aspects appear as observed, for
example, in Li(GeP,S;, (LGPS), which can formally be
regarded as a variation of pristine Li;PS,, combined with the
Li-richer Li,GeS, [Li,o(GeS,)(PS,), = 2 LiyPS, + Li,GeS,], or
in the argyrodites LicPS;X, which formally represent a
combination of Li;PS,, Li,S, and LiX [Lis(PS,)(S)X = Li;PS,
+ Li,$ + LiX].%'°

Following these concepts we recently started to reinvestigate
the ternary phase systems Li/Si/P and Li/Ge/P'” and found
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ionic conductivities up to 107* S cm™" at room temperature for
pure LigSiP, and LigGeP,.'"™"? LigSiP,, comprising discrete
[SiP,]*~ tetrahedra, fulfills most of the criteria mentioned above:
(a) It has more than twice the Li* concentration of Li;PS,; (b)
the higher formal charge of minus two at the P atoms in the
[SiP,]*" units hints at a higher polarizability than the formally
one-fold negatively charged sulfur atoms in PS,*~; and (c) most
intriguingly, the crystal structure of LigSiP, is closely related to
the anti-structure type of CaF,. The atom packing of LigSiP,
derives from cubic close packing (ccp) of the P atoms, which in
consequence creates eight tetrahedral and four octahedral voids
per formula unit. Out of these 12 voids only one tetrahedral site
is filled by a Si atom, which can be considered as covalently
bound to the four P atoms. In addition eight Li atoms per
formula unit can be distributed within the remaining 11 voids,
and, thus, numerous empty vacancies for a possible Li* hopping
are present. As an additional advantage in the ccp, tetrahedral
and octahedral voids share common faces, a fact that enlarges
the window for diffusion pathways, compared to edge-sharing
polyhedra.”®*' This concept of cation disorder in lithium
phosphidotetrelates should create a promising opportunity to
get access to high-performance lithium ion conductors, which
has already been successfully applied to the Li/Ge/P system, as
indicated by the close structural relationship between LigSiP,
and a- and f#-LiGeP,."”

However, the Li” conductivity can even be further increased
by using different or disordered anions. The presence of
differently charged anions may allow for a fine-tuning of the Li*
concentration within the compound, and a disorder may reduce
the activation barrier.””** A well-established example for lithium
ion conductors in which all these concepts are realized is the
recently discovered class of Li-argyrodites Li;PS;X (X = Cl, Br,
I). Their cubic crystal structure (F43m) consists of two different
types of anionic building blocks, tetrahedral [PS,]* units and
isolated S*~ or X~ ions in the ratio 1:2, separated by lithium ions.

We now apply the concept of increased disorder over a larger
number of polyhedral voids on one hand and of an increased
overall Li" mobility on the other, to lithium phosphidosilicates
(LSiP). The formal addition of more Li-rich Li;P to one
equivalent of LigSiP, corresponds to a line through Li;P and
LigSiP,"" in the ternary composition diagram Li/Si/P (Figure
1). Interestingly, at the Li-poor side along this line several
compounds such as LijSi,Pe,”* Li,SiP,,' > and LiSi,P,™* are

075 100  Si

Figure 1. Composition triangle of the ternary system Li/Si/P with
formulas of known compounds. The new compound Li,SiP4 is
highlighted in red.

already known. The line hits the binary border at a nominal
stoichiometry of “Si;P,”.

Here we report on a new compound with a higher Li content
than LigSiP, obtained by a formal addition of Li;P. Based on the
crystal structures of LigSiP, and LisP, one might expect the
presence of [SiP,]*~ and P*~ as anionic building units similar to
the simultaneous appearance of [PS,]*” and $*” in Li-
argyrodites. We found a straightforward and simple synthesis
route for the new phosphidosilicate Li ,SiPs, which shows the
highest Li' density among the more complex lithium ion
conductors. This route leads to a crystalline material and
comprises mechanochemical ball milling of the elements with
subsequent annealing of the mixture. The crystal structure was
determined by single crystal and by powder X-ray, as well as by
powder neutron diffraction methods. The purity of the samples
was confirmed by elemental analyses as well as by solid state °Li,
8i, and *'P MAS NMR spectroscopy. The thermal properties
of the material were studied by differential scanning calorimetry
and temperature-dependent powder neutron diffraction experi-
ments. Finally, the Li" migration has been investigated by
electrochemical impedance spectroscopy, temperature-depend-
ent 'Li NMR spectroscopy, high-temperature neutron diffrac-
tion measurements (maximum entropy method), and density
functional theory calculations.

2. EXPERIMENTAL METHODS

Synthesis. All syntheses were carried out under an Ar atmosphere in
gloveboxes (MBraun, 200B) with moisture and oxygen levels below 0.1
ppm or in containers, which were sealed under an Ar atmosphere and
vacuum (<2 X 107> 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 carried out in
small amounts at a time and under proper ventilation.

Synthesis of Polycrystalline Li;;SiPs. The synthesis route
includes two steps, using stoichiometric amounts of lithium (Rockwood
Lithium, 99%), silicon (Wacker, 99.9%), and red phosphorus (Sigma-
Aldrich, 97%) aiming for the compositions Li;;SiPs, Li,,SiPg, Li;;SiP5,
and LiySiPy. In the first step a reactive mixture (m = 1.5-5.0 g) is
prepared by mechanochemical milling using a Retsch PM100 planetary
ball mill (350 rpm, 36 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 3.0 g in carbon-coated silica glass
ampules, and heated in a muffle furnace (Nabertherm, L5/11/P330) to
973 K (heating rate: 4 K min™") followed by quenching of the hot
ampules in water. Annealing times between 6 and 18 h yielded products
with high purity. The sample used for determination of the ionic
conductivity was quenched after 9 h.

Powder X-ray Diffraction. Data were collected at room temper-
ature on a STOE Stadi P diffractometer (Ge(111) monochromator, Cu
Ka, radiation, A = 1.540 56 A or Mo Ka, radiation, 4 = 0.709 32 A) with
a Dectris MYTHEN 1K detector in Debye—Scherrer geometry.
Samples were sealed in glass capillaries () 0.3 mm) for measurement.
Raw data were processed with WinXPOW"® software prior to further
refinement.

Powder Neutron Diffraction. Elastic coherent neutron scattering
experiments were performed on the high-resolution powder diffrac-
tometer SPODI at the research reactor FRM-II (Garching,
Germany).”” Monochromatic neutrons (4 = 1.5482 A) were obtained
at a 155° takeoff angle using the (551) reflection of a vertically focused
composite Ge monochromator. The vertical position-sensitive multi-
detector (300 mm effective height) consisting of 80 *He tubes of 1 in. in
diameter and covering an angular range of 160° 26 was used for data
collection. Measurements were performed in Debye—Scherrer
geometry. The powder sample (ca. 2 cm® in volume) was filled into a
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Nb tube container (10 mm diameter, 0.5 mm wall thickness) under
argon and welded using an arc-melting apparatus. The Nb container
with the sample was mounted in the top-loading closed-cycle
refrigerator. *He was used as a heat transmitter. The instantaneous
temperature was measured using two Cernox thin film resistance
cryogenic temperature sensors and controlled by a LakeShore340
temperature controller. Two-dimensional diffraction data were
collected at fixed temperatures in the range of 4—300 K using 20 K
temperature steps upon heating and then corrected for geometrical
aberrations and the curvature of the Debye—Scherrer rings.

For measurements at high temperature the Nb container with the
sample was mounted in the vacuum furnace equipped with Nb heating
elements. Measurements and temperature control were carried out
using two Type L thermocouples and a Eurotherm 2400 controller. The
data were collected in the temperature range 297—1023 K using a
temperature increment of S0 K. At temperatures below 573 K, *He was
used as a thermal exchange medium, whereas at higher temperatures
the furnace regulation was achieved using an isolation vacuum.

Rietveld Refinement. The data analysis was performed using the
full profile Rietveld method implemented in the FullProf program
package.23 For the shaping of the peak profile, the pseudo-Voigt
function was chosen. The 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, and fractional coordinates of atoms and their displacement
parameters were varied during the fitting.

In accordance with the composition gained from elemental analyses
the stoichiometry was set to Li|,SiP, (Z = 0.67) or Li, 33Si,;-P (Z =4),
respectively. Besides the Nb reflections only reflections consistent with
cubic symmetry and face centering, according, for example, to the space
group Fm3m (no. 225) of antifluorite, are present in the neutron
diffraction patterns. The diffraction intensities of Li;;SiPs have been
modeled with the P atoms located at the 4a site and a mixed Li/Si site
occupation of the residual 4b and 8¢ sites. Constraining the overall Li
and Si concentrations to the ones from elemental analyses, along with
the assumptions of full 8¢ site occupation it can be concluded that the 8¢
site is fully occupied by Si and Li and that there is no Silocated on the 4b
site.

A joint Rietveld refinement of the powder neutron diffraction data at
300 K and of the Mo powder X-ray diffraction data at the same
temperature with a single structural model was carried out, proving the
accuracy of the two methods. All structures were visualized using
VESTA.”

Single Crystal X-ray Structure Determination. Single crystals of
Li;4SiPs were obtained by a high-temperature reaction of the reactive
mixture in a corundum crucible, which was sealed in a steel ampule
under Ar. The pressed sample was annealed for 6 h at 1273 K (heating
rate: 4 Kmin™"), slowly cooled to 973 K (cooling rate: 0.05 K min™'),
and quenched after another 8 h in water.

A single crystal of Li,,SiP, was isolated and sealed in a glass capillary
(0.1 mm). For diffraction data collection, the capillary was positioned in
a 150 K cold N, gas stream. Data collection was performed with a STOE
StadiVari (Mo Ka, radiation) diffractometer equipped with a
DECTRIS PILATUS 300 K detector. The structure was solved by
direct methods (SHELXS-2014) and refined by full-matrix least-
squares calculations against F* (SHELXL-2014).*°

Elemental Analyses. Elemental analyses were performed by the
microanalytical laboratory at the Department of Chemistry of the
Technische Universitit Miinchen. The amount of lithium in the
samples was analyzed via atomic absorption spectroscopy using a 280FS
AA spectrometer (Agilent Technologies). The amount of phosphorus
was determined by photometry applying both the vanadate method and
the molybdenum blue method, leading to almost identical values. The
amount of silicon was also determined photometrically via silicon
molybdate. To overcome disturbances of phosphorus and lithium,
blank tests have been applied to calculate occurring deviations. The
corresponding photometric analyses were carried out using a Cary
UV —vis spectrometer (Agilent Technologies).

70

The analyses reveal the following composition: lithium 29.4%, silicon
8.23%, and phosphorus 57.89% (vanadate method) or 57.68%
(molybdenum blue method). The observed overall loss of about 5%
may be caused by abrasion of small amounts of WC during ball milling
and impurities within the educts (e.g., purity of Li > 99% or P > 97%)
or formation of volatile decomposition products. Conversion and
scaling of the determined values result in a stoichiometry of
Liy3 545ig.94Pe-

Differential Scanning Calorimetry (DSC). For the 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 a reference.
Measurements were performed under an Ar flow of 75 mL min~" and a
heating/cooling rate of 10 K min~". Data collection and handling was
carried out with the Proteus Thermal Analysis program.‘”

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 ZrO, rotor. The resonance
frequencies of the investigated nuclei are 44.167, 59.627, and 121.495
MHz for °Li, **Si, and *'P, respectively. The rotational frequency was
set to 8 kHz (*%Si), 12 kHz (*'P), and 15 kHz (°Li and *'P). The MAS
NMR spectra have been acquired at room temperature with recycle
delays from 10 to 45 s and 200 to 1064 scans. All spectra regarding °Li
were referenced to LiCl (1 M, aq) and LiCl (s), offering chemical shifts
of 0.0 and —1.15 ppm, respectively. Tetrakis(trimethylsilyl)silane was
used as an external standard for the **Si spectra, showing a chemical
shift of —9.84 ppm referred to tetramethylsilane. The *'P spectra were
referred to ammonium dihydrogen phosphate (s) with a chemical shift
of 1.11 ppm regarding concentrated H;PO,. All spectra were recorded
using single pulse excitation.

Static 'Li single pulse acquisition 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 frequency of the measured "Li nucleus is 116.642 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 207ph NMR shift of
lead nitrate as chemical shift thermometer, which has also been
measured in a sealed glass tube. The static 'Li NMR measurements
were carried out in the temperature range from room temperature to
147 K with recycle delays from 1 to 60 s and 4 scans. All spectra were
referenced to LiCl (9.7 M, aq), for "Li.

Impedance Spectroscopy and DC Conductivity Measure-
ments. The ionic conductivity of Li,,SiPs was determined by
electrochemical impedance spectroscopy (EIS) in an in-house-
designed cell. The setup consists of two stainless-steel current
collectors, a stainless-steel casing, a PEEK tube, hardened stainless-
steel dies, and pistons comprising a gasket for tightening the cell as well
as six screws for fixing the cell (see Figure S12). Powdered samples of
Li,,SiPs (510 mg) were placed between two 8 mm dies, and the screws
were fastened with a torque of 30 N m (corresponding to a theoretic
pressure of 480 MPa), compressing the samples to 79% of the crystal
density. For the determination of the compressed pellet thickness, six
holes in a symmetric configuration were drilled into the current
collectors, and the distance in between was measured using a precision
caliper. Impedance spectra were recorded on a Bio-Logic potentiostat
(SP-200) in a frequency range from 3 MHz to 50 mHz at a
potentiostatic excitation of +50 mV. Data were treated using the
software EC-Lab (V 11.26). The measurements were performed in an
Ar-filled glovebox at 298 K. The electronic conductivity was
determined with the same setup using a potentiostatic polarization
applying voltages of 50, 100, and 150 mV for 16 h each. For the
determination of the activation energy of the lithium ion conduction,
the cell temperature was set to 273, 298, 313, 333, and 353 K using a
climate chamber (ESPEC, LU-114). The exact temperature profile is
described in the Supporting Information as well as in Figure S13. Prior
to EIS measurements, the cell rested 120 min to allow for thermal
equilibration. EIS measurements were performed at both heating and
cooling cycles. Temperature-dependent measurements were conducted
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outside the glovebox, and the pistons were additionally greased to
ensure a tight sealing of the cell from the ambient environment.

DFT Simulations. Density functional theory (DFT) total energy
computations and DFT-based molecular dynamics (MD) simulations
were carried out to complement the experimentally derived structures.
Comparable DFT-MD techniques were recently used to study the
related Li,SiP, sysl:em.'u Here, however, the presence of sites with
fractional occupations make it necessary to construct a supercell model
in which all atoms are located on discrete sites (Supporting
Information). Such a supercell provides an approximant for the
disordered structure but incurs substantial computational cost.
Specifically, we used a 3 X 3 X 3 expansion of the conventional unit
cell, ensuring an approximately isotropic distribution of Si atoms on the
8¢ position (such as to avoid close Si-Si contacts) and assessed
different discrete occupation models for the Li-containing sites. Total-
energy computations using CASTEP™ confirmed that a full occupation
of the position 8¢ and a vacancy formation on 4b is preferred over the
alternative scenario of vacancy formation on 8¢ (“vacancy formation”
here being equivalent to a fractional occupation of that site), by up to
~10 kJ mol™' in static computations (Figure S16), qualitatively
corroborating the experimental refinement results. For the final 378-
atom supercell model, high-temperature DFT-MD simulations were
carried out using cp2k.>* The system was gradually heated to 1300 K
(30 ps), held at 1023 K (2.5 ps), followed by a production run at that
temperature (5 ps), all with a time step of 0.5 fs. Details of the protocol
are provided as Supporting Information.

3. RESULTS AND DISCUSSION

Syntheses and Structure of Li;4SiPs. For the search of
novel Li-rich compositions we investigated stoichiometric ratios
along the line connecting Li;P and LigSiP, in the composition
triangle of the ternary system Li/Si/P (Figure 1). Extrapolation
of this sequence to higher amounts of lithium by the formal
addition of “Li;P” units results in the nominal compositions
“Liy;SiPs”, “LipgSiPg", “Li;;SiP;", and “LiySiPg”". Materials of
these compositions were prepared applying a recently described
preparative route for phosphidotetrelates starting from mechan-
ical alloying of the elements in stoichiometric amounts, followed
by a high-temperature reaction of the mixtures in sealed, carbon-
coated silica glass ampules.'” After the mechanical alloying
process, powder X-ray diffraction (PXRD) data reveal the initial
formation of a cubic anti-fluorite structure type. However, the
extremely broadened reflections indicate small crystal sizes.
Additionally, at that stage an intense and broad X-ray
amorphous halo implies the presence of large amounts of glassy
phases. The microcrystalline, single-phase Li,,SiPg is obtained
by quenching the hot ampule with the ball-milled product in
water after 6—18 h of annealing at 973 K. Variation of annealing
time within that frame does not lead to detectable differences in
the crystal structure or sample purity. Simultaneous refinement
of powder Mo X-ray and neutron diffraction shows a high
agreement of the two methods and confirms the structure model
(Figure 2). Details of the Rietveld refinements are shown in
Table 1.

Experiments with the nominal stoichiometry of “Li;;SiP5” in
analogy to Li;4SiP4 reveal a mixture of Li;,SiPs and LigSiP,,'*
whereas investigations of compositions with a higher amount of
lithium and phosphorus (“Li;;SiP;” and “Li,SiPg") lead to a
mixture of Li,SiPs and Li;P (Figure S3 in the Supporting
Information). According to these results, Li ,SiP is assumed to
be the lithium-richest compound on the quasi-binary line
between Li;P and “Si3P,”. Moreover, no significant phase width
according to “Lij4_4,Si;,Ps” is found at the Li;P-rich side, while
at the LisP-poor side a Si-enriched composition “Li;_4,Si;,,Ps”
seems to exist (Supporting Information).
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Figure 2. Results from the joint Rietveld refinement of Li,SiP,. (a)
Rietveld analysis of the powder neutron diffraction pattern (4 = 1.5482
A) of Li;,SiP; at 300 K. (b) Rietveld analysis of the powder X-ray
diffraction pattern (4 = Mo Ka,) of Li;,SiPs at 300 K. In both
diffraction patterns red circles indicate observed intensities Y, black
lines show calculated intensities Y, blue lines reveal the difference
between observed and calculated intensities, and green marks indicate
Bragg positions of Li;4SiPs and Nb (ampule) or Li;,SiPg, Si (added as
internal standard to the PXRD sample) and WC (abrasion),
respectively.

Table 1. Details of the Joint Rietveld Structure Refinement of
Li,4SiP4 from Neutron and X-ray Diffraction Measurements
at 300 K

empirical formula  Li; 33Sig 7P (neutron diffr.)  Li, 33Siy 5P (X-ray diffr.)

T/K 300

fiv/g mol ™! 51.86

space group (no.) Fm3m (225)

unit cell params/A a=593927(1)

Z 4

V/A3 209.507(1)

Peac/gem™ 1.644

diffracted beam neutrons X-rays

A/A 1.5482 0.70926

20 range// deg 9.0000—151.9000 10.0000-89.7860

R‘P 4.62% 4.79%

R, 6.16% 6.71%

Rey 2.37% 3.82%
6.73 3.07

GOF 2.6 1.8

R 9.12% 4.64%

R 5.79% 14.8%

depository no. CSD-1915806 CSD-1915824

The lithium-rich compound Li;48iP; crystallizes in the Li;Bi
structure type”” with the cubic space group Fm3m (no. 225) and

DOI: 10.1021/jacs.9b05301
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a lattice parameter of 5.91566(6) A at 4 K (Figure 3). The
crystal structure was determined from the data of a single crystal

@Li
@Si
@eP

Figure 3. Structure of Li 4SiPg at 4 K. P atoms, mixed Li/Si sites, and
partially occupied Li sites are depicted as pink, gray/indigo, and gray/
white displacement ellipsoids, respectively, set at 90% probability. Black
lines mark (Li/Si)—P bonds resulting in (Li/Si)P, tetrahedra.

X-ray diffraction measurement at 123 K, from temperature-
dependent powder neutron diffraction measurements between 4
and 1023 K, and from a simultaneous refinement of powder
neutron and X-ray diffraction patterns obtained at 300 K.
Atomic coordinates and anisotropic displacement parameters as
well as the results from the powder neutron diffraction
measurement at 4 K and from the single crystal X-ray diffraction
at 123 K are given in the Supporting Information.

The unit cell of Li;,SiP contains three crystallographic atom
positions (P1, Lil/Sil, and Li2). The structure is closely related
to the anti-fluorite type of structure, as it is based on a cubic close
packing (ccp) of P atoms on the 4a site, with all tetrahedral voids
(8c site) fully occupied by Lil and Sil atoms in a mixed
occupancy ratio of 11:1. Additionally, all octahedral voids (4b
site) are occupied by Li atoms (Li2) with a probability of 50%.
All interatomic Si—P (2.561 6(1) A; due to symmetry identical:
Lil—P, Li2—Si, Lil—Li2), Li2—P (2.969 64(1) A), and P—P
distances (4.199 70(1) A) are within the range of those found
for related ternary or binary compounds such as LigSiP,,""
Li,SiP,,"** LiSi,Py,™ LijoSi,Pe,”* LisP,* and Lij;Si,.”" As a
consequence of the occupational disorder of Lil and Sil, the
structure contains [SiP,]*” tetrahedra (ortho-phosphidosili-
cate) and P’ ions in a ratio of 1:2; the negative charge is
compensated by 14 lithium ions located in close vicinity.

Despite the structural similarity of Li,SiP4 to the LiBi
structure type, the compositionally related compound LiP
crystallizes in a different structure type (space group: P6;/mmc).
Whereas Li ,SiP4 derives from a ccp of P atoms, Li;P can be
derived from a hexagonal close packing of P atoms. In this
structure the tetrahedral voids and the trigonal faces shared by
octahedral voids are occupied with Li. In Li ,SiPg, Li also fills
tetrahedral voids, but is additionally centered in octahedral
voids. The variances in the structure suggests a stabilization of
the cubic phase by the introduction of Si atoms that covalently
bind to four P atoms. Due to the conservation of charge balance,
the incorporation of Si (or formal Si*") reduces the amount of
Li* by a factor of 4, which in consequence leads to a partially
filled Li position (8c site).

In Li;,SiPy, the presence of isolated tetrahedral SiP, anions is
confirmed by the **Si MAS NMR spectrum showing one distinct
resonance at 10.4 ppm (Figure S8 in the Supporting
Information), which is rather close to the value of 11.5 ppm

72

observed for discrete [SiP,]*" tetrahedra in LigSiP,, whereas the
signals of covalently connected tetrahedra occur in the range
from —3.3 to —14.8 ppm as observed for Li,SiP, and
Li,Si,P,.

Although the crystal structure contains only one crystallo-
graphic P site, two broad, distinct signals are detected in the 3p
MAS NMR spectra at —226.9 and —316.8 ppm (12 kHz, Figure
59 in the Supporting Information). In spite of the disorder of Li
and Si, the P atoms are situated in different chemical
environments—surrounded by either eight Li atoms or by one
Si atom and seven Li atoms in the neighboring tetrahedral
voids—and by a different number of atoms in the six, partially
filled octahedral voids. These considerably different chemical
environments lead to a strong broadening of the signals.’ As
observed in the P MAS NMR spectra of related com-
pounds,"*** a covalent Si—P bond has a significant effect on the
chemical shift: the lower the number of neighboring Si atoms
and thus the higher the negative partial charge of the P atom, the
stronger the upfield shift of the signal. Consequently, the signal
at —226.9 ppm can be assigned to the terminal phosphorus
atoms in the covalently bound [SiP,]*” units that matches well
the characteristic range of terminal phosphorus atoms of
[SiP,]%" tetrahedra in LigSiP,'® and Li;Si,P;,”* whereas the
signal at —316.8 ppm is assigned to the isolated P* units
without covalent bonds and surrounded by eight lithium ions in
a cubic arrangement.

According to the ratio of one [SiP,]*~ tetrahedron containing
four P atoms and two P*~ anions, the ratio of the total integrated
intensity of the two *'P NMR signals should be 2:1. The slightly
higher experimental ratio of 2.3:1 (12 kHz) either results from
an overlap of the signals with the spinning sidebands of the
respective adjacent signals, as their accessible spinning
frequencies are in the range of the chemical shift difference of
the two signals, or indicates the additional presence of bridging P
atoms between edge- or corner-sharing SiP, tetrahedra. Such
bridging P atoms might cause a larger shift between —120 and
—240 ppm,"***** which could overlap with the signals of
terminal P atoms. However, the probability of a subsequent
occupation of neighboring tetrahedral voids by Si atoms leading
to sharing corners or edges of SiP, tetrahedra should be rather
small, owing to the electrostatic repulsion of the formally 4-fold
positively charged Si atoms.

As known from all other lithium phosphidosilicates, the °Li
MAS NMR spectrum of Li;,SiP¢ shows only one signal at 5.4
ppm (Figure S7 in the Supporting Information).'%****

Thermal Properties of Li;4SiPs. In order to apply the
maximum entropy method at 1023 K, Li,,SiP¢ was studied by
temperature-dependent powder neutron diffraction experi-
ments. Within the investigated temperature range from 4 to
1023 K, the unit cell parameter increases from 5.9158(1) to
6.0785(3) A in the lower temperature range. Between 623 and
673 K Li,4SiP4 decomposes entirely, indicating a fast transition.
The phase mixture is thermodynamically stable up to temper-
atures between 873 and 923 K. The lithium-rich phase Li,,SiP
reappears at 923 K with a proportion of about 80% and is
completely converted at 973 K (Figure 4). During these
transition processes all Bragg reflections of the involved
compounds remain distinct with narrow line widths, suggesting
the formation of large crystal domains. The transition temper-
atures are confirmed by DSC of Li;,SiPg, and the corresponding
evaluation is given as Supporting Information.

The supplementary evaluation of the executed Rietveld
refinements from temperature-dependent neutron diffraction

DOI:10.1021/jacs.9b05301
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Li;4SiPg Intensity
LigSiP, 1000
& LigP
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Figure 4. 2D plot of the data of temperature-dependent neutron
diffraction measurements from 4 to 1023 K in a 26 range from 5° to
160° (sample sealed under Ar). With increasing temperature Li,,SiPg
decomposes into LigSiP, and LiyP and is re-formed again. The ampule
material Nb is indicated with solid circles.

experiments exhibited a nonlinear increase of the lattice
parameters of Li,SiP; upon heating (Figure 5). Furthermore,

6.10
»
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'; 6.00 1 0 200 400 600 80D 1000 ./'
TIK o
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Figure 5. Thermal dependence of the lattice parameters a and of the
thermal expansion coefficient (calculated as a,(T) = din/(T)/dT)
(inset) of the Li,,SiP; sample upon heating under Ar. The normalized
a/2 lattice parameters for the intermediate phase LigSiP, are shown by
red points.

the quasi-linear trend of increasing lattice parameters observed
prior to the phase transition is continued at 973 and 1023 K,
indicating a complete recovery of the initial structure obtained
via quenching. The lattice dimension of LigSiP,, as normalized to
formula units, has been found systematically smaller and is
characterized by a lower thermal expansion rate than that of
Liy,SiPg.

Similar to other thermodynamic quantities, the temperature
evolution of the lattice dimensions and, correspondingly, the
thermal expansion can be modeled. As it has been shown in
previous studies,” "' the thermal dependency of the lattice
parameter can be modeled by means of the first-order Griineisen
approximation:

V(T) = (T))’ = ¥ + -U(T)

3
T O/ T
— fn X dx
7] 0 et — 1

D

;l
= Vy + —|9Nk,T
0 Ky ?

(1

where V,, denotes the hypothetical cell volume at zero
temperature, y is the Griineisen constant, Ky is the bulk
modulus, and U is the internal energy of the system. Both y and
Ky are assumed to be temperature independent, and the use of
the Debye approximation for the internal energy U in eq 1 with
the characteristic temperature &y, usually provides a reasonable
description.

The least-squares minimization fit of the experimental
temperature dependence of cell volumes by eq 1 yields
207.093 + 0.066 A%, 2507 x 107* + 37 x 107" Pa™" and 659
+ 31 K for Vj, the y/Kr ratio, and &, respectively. The fit was
characterized by a high coefficient of determination, 0.999965,
and the graphical results are shown in Figure 5 by dashed lines.

The linear thermal expansion coeflicient was calculated from
the thermal evolution of the lattice parameter via a,(T) = dln/
(T)/0T, and the result is shown in the inset of Figure 5. The
thermal expansion of Li},SiP4 grows upon heating from 0 K to
ca. 27.5 x 107° K' and becomes almost temperature
independent, a; = 32 X 107 K7, above 500 K, which is
corresponding to ca. 0.8 6, indicating a quasi-classical behavior
of Li;,SiP; at these temperatures.

Lithium lon Mobility. The dynamic behavior of the lithium
ions was investigated via the temperature-dependent evolution
of the static 'Li NMR line width in the relevant temperature
range. Since the central transition of the I = 3/2 nucleus "Li is
only broadened by the homo- (’Li—"Li) and heteronuclear
(here: "Li—*'P) dipolar couplings, and both types of interactions
scale with the second Legendrian (3 cos® # — 1), any dynamic
process should produce a (partial) averaging of the orientational
dependence and hence entail a narrowing of the NMR line.

The temperature-dependent evolution of the "Li NMR
spectra is shown in Figure 6a. Only one Lorentzian-shaped
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Figure 6. (a) "Li NMR spectra of Li;;SiPs recorded at different
temperatures. (b) Evolution of the temperature-dependent "Li line
widths of Li ,SiPg. The solid line serves only as a guide to the eye.

signal at 4.8 ppm is visible at room temperature with a line width
of 523 Hz. Upon cooling of the Lij,SiP4 sample, this signal
gradually broadens and develops a Gaussian line shape with a
line width of 10.2 kHz at 147 K. Figure 6b shows the
temperature-dependent evolution of the line width (fwhh) of
the static "Li measurements. A rough estimation of the activation
energy can be done by the empirical Waugh—Fedin relation,
ERMR = 0.156 T, The onset temperature was determined to
be 190 K, which leads to an activation energy of 30 k] mol™
(~0.31 eV).

In addition, the lithium ijon conductivity of Li,,SiP; was
determined from impedance measurements in a blocking
electrode configuration. Impedance spectra at different temper-
atures (273, 298, 313, 333, and 353 K, according to the
temperature profile shown in the inset) are displayed in Figure
7a, featuring a semicircle at high frequencies and a low-
frequency tail. The semicircle can be described as parallel circuit
element of a resistor and a constant phase element (R/Q), with
R representing both intragrain and grain boundary contributions
to the lithium ion transport, which could not be resolved, and
thus only the total ionic resistance of the sample could be
determined. The fitted a values (>0.98) of the constant phase

14205 DOI: 10.1021/jacs.9b05301
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Figure 7. (a) Nyquist plot of Li,SiP; measured under blocking
conditions, with spectra recorded at temperatures between 273 and 353
K during a heating cycle, according to color coding of the inset, which
shows the temperature profile of a cycle for these temperature-
dependent measurements. Colored dots indicate the temperatures at
which impedance was measured. (b) Arrhenius plot of the product of
conductivity and temperature (6;; T) obtained in the heating as well as
in the cooling branch, with error bars for each based on the standard
deviation from independent measurements with three cells; the shown
linear fit through both branches was used to obtain the activation
energy E5°%. Since the differences of the average (&1; T) values obtained
during heating vs cooling are very small, they are marked by the orange
and green arrows, respectively.

elements are reasonable close to 1; hence, the constant phase
exponent was neglected, in which case the Q parameter becomes
essentially equivalent to a capacitance, with a value of ~4.2 X
10~"° F for 298 K. This value lies in between the typical range for
intragrain (~107'% F) and grain boundary (~10~° F)
capacitances.” The ionic conductivity was determined to be
o1:(Li 4SiPg) = (1.09 + 0.06) X 107> S cm ™" at 298 K (obtained
from three independently measured cells). The activation
energy for lithium ion transport (Figure 7b) is investigated by
temperature-dependent impedance measurements in a range
from 273 to 353 K, yielding an E}™™ of 32.2 + 0.6 kJ mol™
(~0.33 eV); this was determined from three independently
measured cells, using the oy; T'values of only the first heating and
cooling cycle of each sample. The temperature ramp of a heating
and cooling cycle is displayed in the inset of Figure 7a. Colored
dots indicate at which temperatures PEIS measurements were
performed. In this context it shall be mentioned that
conductivities (and thus the product of oy; T) for heating and
cooling differ by less than 5% at 298 and 333 K, whereas at 313 K

the oy; T values obtained in the cooling branch are clearly higher
than those obtained in the heating branch (by ~58%), although
the cell was in thermal equilibrium. This hysteresis was
reproducibly observed for all measured cells of this compound
(three independently built and measured cells) and hence is no
artifact, but rather must be a compound-related phenomenon.
The exact reason for the observed hysteresis is still under
investigation. Error bars are calculated separately for heating and
cooling steps by taking the mean of three independent
measurements, DC polarization measurements in the range
from 50 to 150 mV reveal an electronic conductivity of (1.64 +
0.04) X 10778 cm™" at 298 K (based on the standard deviation
of three cells).

Lithium Diffusion Pathways in Li;;SiPs. In Li,,SiP4 only
lithium (in its natural isotope composition) possesses a negative
scattering length (by; = —1.9 fm). This is very beneficial, since
the study of experimental lithium diffusion pathways may be
limited to the analysis of the distribution of negative
components in nuclear density maps. Accurate nuclear density
maps were extracted from the experimental structure factors and
phases measured at 1023 K by the maximum entropy method
(MEM). This method in general is based on the estimation of
3D scattering densities from a limited amount of information by
maximizing information entrop¥ under restraints, consistent
with experimental observations.*’ Compared to Fourier analysis
the MEM often delivers more accurate electron/nuclear density
maps from powder diffraction data sets having “limited”
statistics; that is, termination effects and artifacts of various
kinds often occur to be less pronounced in MEM evaluations.

Negative nuclear density maps for Li4SiPs reconstructed
from experimental structure factors using the program
Dysnomia™* are plotted in Figure 8. The MEM analysis of the
nuclear densities yields 3D lithium diffusion pathways in
Li4SiP4 involving both of the lithium sites 4b and 8c. Large
sphere-like volumes on negative nuclear density maps
correspond to the lithium location and are connected by well-
resolved necks, which define the energy barrier for lithium
diffusion in Li,,SiP,. As illustrated, it is obvious that there is a
connection between face-sharing tetrahedral and octahedral
voids. Thus, neither lithium diffusion via edge-sharing
tetrahedral voids nor a lithium ion hopping mechanism between
edge-sharing octahedral voids could be ascertained for Li;,SiPs.
The latter is also hindered by the large interatomic distances of
the adjacent Li2 atoms centered in the octahedral voids (4b).

(100), 0.0

(100), 1/8

(100), 1/4

(100), 3/8 (100), 1/2

(110), 0.0 (110), 1/4

(110), 1/2

(110), 3/4 (110), 1.0

Figure 8. Negative nuclear density distribution in Li,,SiP reconstructed from experimental structure factors at 1023 K using the maximum entropy
method (surface threshold —0.01 fm/A%, cell grid 256 X 256 X 256) for various lattice planes defined by Miller indices (h, k, 1) and number of position.
Li, P, and mixed Li/8i sites are shown as gray, pink, and dark blue spheres, respectively.
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The lithium motion, which is visualized in Figure 9a, occurs
from the 8c site (Lil) to a vacancy on the 4b site. Interestingly

Figure 9. (a) Sketch of diffusion pathways in Li,,SiPs between face-
sharing tetrahedral (8c) and octahedral voids (4b) indicated by white
lines going straight through the neck @ at the general position (0.40276
| 0.59724 |1 0.30S). Li and P are shown as gray and pink spheres,
respectively. (b) The 2D section cut (110, d = 1.0 plane) of the lithium
one-particle-potential (OPP, red £ low, blue £ high) and its schematic
1D section along dashed lines connecting five Li atoms in a chain Li2-
©-Lil-@-Li2-@®-Lil-@®-Li2, where @ corresponds to the neck
connecting neighboring sites with partial Li occupations. Li, P, and
mixed Li/Si sites are shown as gray, pink, and dark blue spheres,
respectively.

the diffusion does not occur along the direct connection
(shortest distance) between the two adjacent sites 8c and 4b, but
proceeds via a well-defined neck (i.e, @) with the lattice
coordinates of 96k (0.40276 | 0.59724 | 0.305) and ..m site
symmetry.

Assuming a quasi-classical behavior of Li ,SiP4 at temper-
atures above 500 K, the experimental nuclear/probability
densities can be analyzed in the form of an activation energy
landscape. Since the lithium is the only negative scatterer in
Li4SiP, the one-particle potential (OPP) for lithium was
recalculated from negative nuclear densities. Its 2D distribution
in the (110, d = 1.0) plane is shown in Figure 9b. The direct
Lil—Li2 pathway is characterized by an activation barrier larger
than 1.4 eV (~135 kJ mol™) at 32f (0.36 | 0.64 | 0.36). A
sufficiently lower activation barrier of 0.44 eV (~42 kJ mol™")
occurs along the pathway involving the previously mentioned
neck at 96k, i.e., Lil-@-Li2. The small activation barrier at the
Li2 site is considered as an artifact of the data evaluation.

While it is not feasible for DFT simulations to map out all
atomistic diffusion pathways in the system, due to the presence
of disorder (which formally makes all pathways inequivalent and
requires a supercell approximant; Methods section), we did
perform DFT-based MD simulations at high temperature that

qualitatively corroborate the mechanism for lithium diffusion in
the title compound. At a simulation temperature around that of
the MEM analysis (1023 K), the Li atoms are seen to be highly
mobile and frequently change positions (Figure 10a,b); several

SO S S

Figure 10. DFT-MD modeling of Li* dynamics in Li,SiPq. (a)
Snapshots from a trajectory at around 1023 K, showing atoms as
partially translucent spheres (Li/Si, smaller; P, larger) and overlaying
100 equidistant images to provide an impression of the atomic mobility.
The cell has been shifted by (a/4, a/4,0) to ease visualization. (b) Final
image of the simulation, showing the Li atoms only and indicating the
boundaries of the simulation cell by a thin line. (c) Same but showing
only the Si atoms and the P atoms in their direct vicinity; the tetrahedral
[SiP,]*" units remain intact during the simulation, as emphasized by
shading. Structures were visualized using VMD** and VESTA.”” Details
of the supercell model construction are provided as Supporting
Information.

instances of Li atom motion across the 8¢ and 4b sites were
observed in the DFT-MD trajectory. On the other hand, the
heavier Si and P atoms show thermal vibrations, but the ccp-like
anion sublattice and the [SiP,]®” units remained intact
otherwise during our simulation, providing further evidence
for the validity of the structural model (Figure 10c). At such high
temperature, the structure could be viewed as a framework of
isolated [SiP,]®" and P>~ units between which the Li atoms are
readily moving in all directions, consistent with the exper-
imentally observed Li mobility even at much lower temperature.

4. CONCLUSION

The so far lithium-richest phosphidosilicate Li,,SiP¢ crystallizes
in the highly symmetric space group Fm3m (no. 225). The
compound combines structural simplicity with P atoms forming
a simple ccp atom arrangement with an intriguing degree of
complexity, specifically mixed occupations, and high mobility of
Li atoms. The formation of a cubic structure starts already
during the mechanical milling process, as the powder X-ray
diffraction experiments reveal the corresponding admittedly
broadened but evident reflection pattern, and is finished upon a
heat treatment at 973 K. DSC analyses and temperature-

DOI: 10.1021/jacs.9b05301
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dependent neutron diffraction experiments revealed a remark-
able thermal behavior of the novel compound. Li,,SiP is a high-
temperature phase and decomposes at temperatures below 973
K into LigSiP, and Li;P. The decomposition and re-formation
proceeds within a distinct temperature range, and, therefore, in
order to obtain pure Li},SiPy, rapid cooling of the samples after
the heat treatment is essential. Structural analysis combining
both neutron and X-ray diffraction methods as well as static and
MAS solid-state NMR spectroscopy reveals a disorder of Si and
Li atoms within the tetrahedral voids of the ccp of P atoms. An
investigation of the negative nuclear density distribution via
MEM affords a clearer understanding of the lithium ion motion
within the crystal structure. The data show that the 3D lithium
ion diffusion involves both 4b and 8¢ lithium sites and that it
occurs preferably between face-sharing tetrahedral and octahe-
dral voids. The material shows an ionic conductivity of about 1.1
X 107 S cm™" at 298 K, an electronic conductivity of 1.6 x 1077
S em™ at 298 K, and an activation energy of 30—32 kJ mol™".
Hence, compared to the related compound LigSiP,, the
incorporation of supplementary lithium ions as well as the
structural change and the occurring cation disorder within the
structure result in considerably increased ionic conductivity,
higher mobility, and lower activation energy.'®"”

Since the first report of Li ion conductivity in lithium
phosphidotetrelates,'® the ionic conductivity in Li ,SiPs
reported here marks an increase over 2 orders of magnitude in
this system within three years. With only a moderate number of
known examples in hand, the reported conductivities almost
match those of well-established crystalline lithium ion
conductors,'® and a further enhancement of the jonic transport
via manipulation by chemical, electronic, and structural means is
anticipated. Further investigations on the electrochemical
stability and performance of Lij,SiPs and future, related
materials are necessary to provide information if this material
class is conceivable for application in all-solid-state batteries.
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Details of the crystal structure determination of Li4SiPs

Table S1. Atomic coordinates for Li114S1Ps from co-refinement at 300 K.

Table S2. Anisotropic displacement parameters (A?) for Li14SiPs from co-refinement at 300 K.

wyckoff
atom N x ¥y z s.o.f.
positions
Pl da 0 0 0
Sil 8¢ /4 1/4 1/4 0.08329(1)
Lil 8¢ /4 1/4 1/4 091527(1)
Li2 4b 172 0 0 0.50264(1)

atom Un Un Uss Us Ui Un
P1 0.04001(1) 0.04001(1) 0.04001(1) 0.0 0.0 00
Sil 0.04957(1) 0.04957(1) 0.04957(1) 0.0 0.0 0.0
Lil 0.04957(1) 0.04957(1) 0.04957(1) 0.0 00 0.0
Li2 0.12027(1) 0.12027(1) 0.12027(1) 0.0 00 00

Table S3. Selected interatomic distances in L114SiPs from co-refinement at 300 K.

atom pair d/A atom pair di A
Pl | Sil/Lil 8< 2.5718(1) | Sil/Lil | P1 2.5718(1)
Li2 6% 2.9696(1) Li2 2.5718(1)
Li2 | Sil/Lil 8% 25718(1) Sil/Lil 2.9696(1)
Pl 6% 2.9696(1)
S2
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Results of the Rietveld structure refinement of Li114S1P¢ via powder neutron diffraction at 4 K

R =8.74
i _ ° Yobs
Rexp =2.39 Y.,
RBragg = 11.5 | Bragg Position
GOF =36 T Yobs~Yearc

intensity / a.u.

T T T T T T N
10 20 30 40 5 60 70 80 9 100 110 120 130 140 150

201°

Figure S1. Rietveld analysis of the powder neutron diffraction pattern of Li114SiPs at 4 K. Red circles
indicate observed intensities Yobs, black lines show calculated intensities Ycaic, blue lines reveal the
difference between observed and calculated intensities, and green marks indicate Bragg positions of

L114S1Ps and Nb (ampoule).
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Table S4. Details of the Rietveld structure refinement

measurements at 4 K.

Fast lonic Conductivity in the Most Lithium-Rich Phosphidosilicate Li14SiPe

of Li11aSiPs from powder neutron diffraction

empirical formula

Li2.33S10.17P

T'/'K

formula weight / g mol™
space group (no.)

unit cell parameters / A
VA

v/ A3

Peale. | g cm ™

20 range / deg

Ry

Rup

Rexp

X2

GOF

RBragg

Ry

depository no.

4
51.86

Fm3m (225)
a=15.91566(6)

4

207.019(3)
1.664
9.0000-150.0000
0.0609

0.0874

0.0239

13.4

3.6

11.5

5.79
CSD-1915817
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Table S5. Atomic coordinates for L114S1Ps at 4 K.

wyckoff
atom N x bY z s.o.f.
positions
Pl 4a 0 0 0
Sil 8¢ /4 1/4 1/4 0.0834(2)
Lil 8¢ /4  1/4 1/4 0916(2)
Li2 4b 172 0 0 0.505(7)

Table S6. Anisotropic displacement parameters (A?) for Li14SiPs at 4 K.

atom Un U2 Uss Uns Uis U
Pl [ 0.0256(6) 0.0256(6) 0.0256(6) 0.0 0.0 0.0
Sil 0.040(2) 0.040(2) 0.040(2) 0.0 0.0 0.0

Lil 0.040(2)  0.040(2)  0.040(2) 00 00 00
Li2 01319 01319  0131(9 00 00 00

Table S7. Selected interatomic distances in L114S1Ps at 4 K.

atom pair d/A atom pair d/ A
P1 Sil/Lil  8x  2.5616(1) | Sil/Lil | P1 4% 2.5616(1)
L2 6x  29578(1) L2 4x  2.5616(1)
Li2 | Sil/Lil 8x 2.5616(1) Sil/Lil 6x 2.9578(1)
P1 6 2.9578(1)
S5
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Results of the single crystal structure determination of Li114S1Ps

diffraction measurements at 123 K.

Table S8. Crystallographic data and refinement parameters of Lii4SiPs from single crystal X-ray

empirical formula

Li2:33Si0.17P

formula weight / g mol ™
crystal size / mm?
crystal color

/'K

crystal system

space group (no.)

unit cell parameters / A
Z

VA

Peale. / g cm™
u/mm™!
1(000) / e

9 range / deg

index range (hkl)

reflections collected

independent reflections

Rint

reflections with 7 > 2o(/)
absorption correction

data / restraints / parameters
goodness-of-fit on /2

Ri1, wR2 (all data)

Ri, wR2 [ > 20(])]

largest diff. peak and hole (e A ™)

depository no.

51.86

0.05 x 0.045 = 0.03
orange

123(2)

cubic

Fm3m (225)
a=15.9253(7)
4

208.03(7)
1.655

1.347

146

5.963 —40.236
-10=h <10,
-10<k<10,
-10=7<10
554

54

0.0146

48

multi-scan
54/0/5

1.191

0.0513, 0.0900
0.0401, 0.0856
0.442/-0.528
CSD-1915822

S6

83



Publications and Manuscripts

Table S9. Atomic coordinates for Li14SiPs.

wyckoff
atom o X h% z s.o.f.
positions
Pl 4a 0 0 0
Sil 8¢ 1/4  1/4 1/4 0.0833
Lil 8¢ /4  1/4 1/4 09167
Li2 4b 172 0 0 0.5
Table S10. Anisotropic displacement parameters (A?) for Li14SiPe.
atom Un U Uss Us Ui Un
Pl 0.0267(7) 0.0267(7) 0.0267(7) 00 00 00
Sil 0.019(1) 0.019(1) 0.019(1) 00 00 00
Lil 0.019(1) 0.019(1) 0.019(1) 00 00 0.0
Li2 0.09(2) 0.09(2) 0.09(2) 00 00 00
Table S11. Selected interatomic distances in L114S1Ps.
atom pair d/ A atom pair d/ A
P1 Sil/Lil  8x  2.5657(3) | Sil/Lil | P1 4% 2.5657(3)
Li2 6% 2.9627(4) Li2 4% 2.5657(3)
Li2 | Sil/Lil  8x  2.5657(3) Sil/Lil 6%  2.9627(4)
P1 6x  2.9627(4)
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Coordination polyhedra of Li4SiP;

In L114SiPs the disordered atoms (Li11/Si1) are tetrahedrally coordinated by four P1 and four Li2 atoms,
each building up a cubic coordination sphere. The atoms Li2 are centered in a perfectly cubic arrangement
of mixed atoms Li1/S11. In the second coordination sphere Li2 is octahedrally coordinated by six atoms

P1.

Figure S2. Coordination polyhedra of Si and Li atoms in the crystal structure of Li14SiPs according to a
single crystal structure determination at 123 K. The nearest neighbors of the atoms Si1/Li1 and Li2 are
arranged in a highly symmetric cubic coordination. In the next nearest coordination sphere Li2 is

surrounded by P atoms in an octahedral arrangement.
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Phase width analysis

To investigate a possible phase width regarding the amount of lithium and silicon, respectively, a series
of powder X-ray diffraction measurements (Figure S3) followed by Rietveld refinements of the recorded
diffraction patterns were carried out. The stoichiometry of the compounds should correlate with the
applied amounts of the used reagents, and thus, are expected to be 1:1 (Li14SiPs : LisSiP4) for “LinSiPs”,
1:1 (Li14SiPs : LisP) for “L117S1P7” and 1:2 (Li114SiPs : Li3P) for “Li20SiPs”. The obtained values of the
corresponding primary-phase-to-side-phase ratios are in good agreement with the expected results. The
observed deviation could either be the result of various uncertainties during the measurement or the
refinement, or a phase width or solid solution may be present (Table S12). Considering the latter cases, a
high amount of Si within the structure causes a lower absolute number of atoms per formula unit and
entails additional short, covalent Si-P bonds, both resulting in a smaller unit cell. The cubic cell parameter
for L114S1Ps refined for the aforementioned samples is the largest in pure Li14SiPs, but slightly smaller for
the remaining three samples. Therefore a phase width at the LisP-rich side can be excluded, while at the
LizP-poor side a Si-enriched composition “Liis-4xSi1+xPs” seems to be possible. However, the extent of Si
enrichment without structural changes must be small, because even in “Li11SiPs” the lattice parameter is
close to that of Li114S1Ps. It is also considerably larger than half of the LisSiP4 cell parameter, which would

correspond x = 0.5 in the composition stated above.

Analogous to the annealed samples the corresponding cell parameters of the reactive mixtures after ball
milling have been indexed. The cell parameters of the reactive mixtures are in general distinctly larger
than the corresponding parameters of the annealed samples. In combination with the crystalline, elemental
Si in the sample this could be a hint for a metastable solid solution with an even higher amount of lithium.
During the following annealing process the elemental Si is incorporated into the structure ending up in a

smaller unit cell caused by the emerging covalent Si-P interactions (Figure S4 and Table S13).
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Powder X-ray diffraction patterns and Rietveld refinement results
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Figure S3. Powder X-ray diffraction patterns of the reactive mixtures “Li20SiPs” (cyan), “L117Si1P7

(navy)”, “L114S1Ps” (black) and “Li11SiPs” (dark yellow) after annealing at 973 K for 6 h and subsequent

quenching. LisP (*), LisSiPs (°) and WC (#) occur as side-phases. The calculated reflex positions and

corresponding intensities of Li114SiPs are shown in red.

Table S12. Rietveld refinement results of the reactive mixtures after annealing.

nominal product after relative portions of the

compositions | annealing obtained compounds

LinSiPs Li14SiPs + LisSiPs | 1.00(1) : 0.73(1); expected 1:1

Li1sSiPs Li14SiPs 1.00(2)

Li17SiP7 L114SiPs + LisP 1.00(1) : 1.10(3); expected 1:1

Li20S1Ps L114SiPs + L3P 1.00(1) : 2.33(2); expected 1:2
S10
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Figure S4. X-ray powder diffraction patterns of the reactive mixtures “Li208iPs” (cyan), “Li17SiP7
(navy)”, “L114SiPs” (black) and “Li11SiPs” (dark yellow) obtained via ball milling of the elements. LisP
(*), Si (+) and WC (#) occur as side-phases. The calculated reflex positions and corresponding intensities

of L114S1Ps are shown in red.

Table S13. List of refined cell parameters of the reactive mixtures “Li11SiPs”, “L114S1Ps”, “L117S1P7” and

“Li20S1Ps” before and after annealing,

The cell parameters of the reactive mixtures have been evaluated via the “Index and Refine” WinXPOW

software-tool, and the cell parameters of the annealed samples have been determined by Rietveld

nominal cell parameter cell parameter
composition after BM after annealing
Li11S1Ps 5.947(2) A 5.93291(8) A
Li14S1Ps 5.957(3) A 5.9380(2) A
L117SiP7 5.956(2) A 5.9361(1) A
Li20SiPs 5.961(2) A 5.9356(1) A

refinement executed with FullProf,
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Differential scanning calorimetry (DSC)

DSC analysis was carried out from room temperature to 1023 K. Starting from the crystalline, disordered
phase Li14SiPs leads to a strong and exothermal signal with an onset temperature of 790.9 K (Figure S5),
indicating the formation of LisSiP4 as seen during powder neutron diffraction at elevated temperatures.
However, the effect occurs at a much higher temperature compared to the above mentioned neutron
diffraction data. Hence, also the second, endothermal thermal effect with an onset temperature of 936.6 K
representing the reformation of Li14SiPs appears deferred. As observed during supplementary
experiments, slow cooling of the sample induces the decomposition of the high-temperature phase into
LisSiPs and LisP. However, in the DSC measurement, due to the relatively high cooling rate of 10 K min™
the decomposition of Li114SiPs is eluded, which was also observed in the neutron diffraction experiments.
This leads to a reappearance of the decomposition (onset temperature 746.2 K) as well as of the formation
signal (onset temperature 935.8 K) during the second heating cycle. The diffraction pattern of Li14SiPs
after the DSC measurement shows the preservation of almost phase-pure Li14SiPs. Only extremely weak

reflections of LisP and LisSiPs are observed (Figure S6).
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Figure S5. DSC thermogram of Li14SiPs. The arrows and numbers indicate the onset temperatures of the

corresponding thermal effects.
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Figure S6. Powder X-ray diffractogram of crystalline L114SiPs (black) after DSC measurement. LisP (*)
and LisSiPs (°) occur as side phases. The calculated reflex positions and corresponding intensities of

L114S1Ps are shown in red.
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Li, Si, and 3'P MAS NMR spectroscopy
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Figure S7. °Li MAS NMR spectrum of Li14SiPs. Spinning sideband marked by *.
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Figure S8. Si MAS NMR spectrum of Li14SiPs.
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Figure S9. *'P MAS NMR spectrum of Li1sSiPs (12 kHz). Spinning sidebands marked by *.

Regarding the *'P MAS NMR spectrum recorded at 15 kHz the two broad, distinct signals are slightly
shifted (—227.3 and —314.9 ppm), and the ratio of the total integrated intensity of the two signals is 2.5:1
(Figure S10). These deviations are assumed to be a consequence of the extreme broadening of the signals,
The low intense signal at —272.7 ppm indicates the presence of small amounts of LisP (—278 ppm) in both
spectra.[1, 2]
The *'P MAS NMR spectrum of LiuuSiPs after impedance spectroscopy and DC conductivity

measurements shows an additional signal at 9.9 ppm indicating the formation of phosphates during data
collection,[3-5]
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Figure S10. *'P MAS NMR spectrum of Li14SiPs (15 kHz). Spinning sidebands marked by *.
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Figure S11. *'P MAS NMR spectrum of LisSiPs (15 kHz) after impedance spectroscopy. Spinning
sidebands marked by *.
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Electrochemical impedance spectroscopy (EIS)

Cell setup

The impedance measurements were carried out using an in-house designed cell. The corresponding cell

setup is shown in Figure S12.

pelletized sample

piston
gasket
dies upper current collector

PEEK tube

casing
lower current collector
screw nuts

Figure S12. Explosion view of the cell assembly consisting of two stainless-steel current collectors, a
stainless-steel casing, a PEEK-tube, hardened stainless-steel dies and pistons, each comprising a gasket
for tightening the cell. The pressure is applied by fastening the six screws (including screw nuts) with a
certain torque. The screws are electrically insulated from the upper current collector by PEEK-insulation

tubes and PTFE coated fabrics (Fiberflon, Germany). The stainless-steel cap is for protecting the PTFE

coated fabrics (Fiberflon, Germany) from abrasion by the screws.
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Procedure and examination of cell tightness

The impedance analysis approach in this work comprises two different measurement types for each cell.
First, lithium ion conductivity at room temperature was measured inside an Ar filled glovebox. Secondly,
the cell was taken out of the glovebox and temperature dependent measurements were performed in a

climate chamber in order to determine EgE

15 Thereby, one cycle comprises heating the cell from 298 K
to 353 K and a subsequent cool down to 273 K. During a cycle, the impedance was measured two times
each at 298, 313 and 333 K (once during heating and once during cooling) and one time each at 353 and
273 K, as shown in Figure S13a. One complete measurement comprises four experimental steps: cycle 0,
which is the measurement at 298 K inside the glovebox, followed by cycles 1, 2 and 3, which are
temperature dependent measurements outside the glovebox according to the described temperature ramp.
The quality of the sealing of the cell against ambient air was evaluated by comparing ionic conductivities
of cycle 0 taken at 298 K inside the glovebox with the first 298 K measurement points of cycles 1-3 taken
outside the glovebox, marked by the red diamonds in Figure S13a. Comparing the thus obtained
conductivities, a slight decrease in conductivity is observed when operating the cell outside the glovebox
(= 8% over the course of ~ 34 h; see Figure 13b), presumably due imperfect cell sealing against ambient
air which might lead to the decomposition reactions of the solid electrolyte with ambient air. Hence, for
determining EiEIS only cycle 1 of three independent measurements was used. In this case, the
experimental error in the conductivity due to cell leakiness was estimated to be approximately 8%,

compared to measuring under inert gas atmosphere.
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Figure S13. a) Temperature versus time profile of the lithium ion conductivity of Li14SiPs in order to
assess the sealing quality of the cell against ambient air. Black diamonds represent impedance
measurements during heating and cooling cycles, red diamonds mark the points taken at 298 K, either still
within the Ar-filled glovebox (cycle 0) or at the beginning of subsequent temperature cycles (cycles 1-3)
during which the cell is exposed to ambient air. Individual cycles are indicated by numbers and separated

by dashed lines. b) Lithium ion conductivity progression from cycle 0-1 (at 298 K), including the relative

conductivity loss from cycle to cycle over the specified amount of time.
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Scanning electron microscopy (SEM)

In order to get an impression of the morphology of the material a Scanning electron microscope (JEOL
JSM-5900 LV) was employed. Both samples, a pellet fragment obtained by compressing of Li14SiPs in
the cell setup shown above (Figure S12) as well as a powdered sample, were fixed on a conductive carbon
tape (Plano GmbH) mounted on an aluminum stub. Preparation and transport to the device were carried
out under Ar. Only the transfer from the airtight container to the SEM vacuum chamber brought the

samples in contact with air for a short time. However, to minimize damage to the samples this unavoidable

step was performed as quickly as possible.

) —tis 100 pm ¥ e 0 pirr & 2%
PC-high  #15 KV { 3 8 peiigh - ETExve O o g‘ #

Figure S14. SEM images of Li114SiPs. a) Pellet compressed in the cell setup (Figure S12) and b) powdered

sample.
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DFT simulations (I): A supercell model for Li4SiPs

Despite 1ts formally simple crystallographic description (three Wyckoff sites in the highly symmetric
space group Fm3m), the title compound has a rather intricate structure, because two of the sites show
mixed and/or partial occupations. In the conventional unit cell (as given by the refinement of the
diffraction data; Table 1), there are four formula units of Li233Si017P. However, to carry out first-
principles computations one needs to construct a discrete structural model in which all atomic positions
are fully occupied (thereby lowering the symmetry of the simulation cell to P1). We decided to construct
a 378-atom cell based on a 3%3x3 expansion (with a resulting lattice parameter of 17.74698 A), which
preserves the cubic cell shape and allows us to achieve an approximately even distribution of Si atoms.
The process is illustrated in Figure S15.

The distribution of Li atoms on the 4b and 8c sites was evaluated based on single-point DFT computations
(Figure S16), performed using CASTEP 8.0[6] and on-the-fly pseudopotentials. The Perdew-Burke-
Ernzerhof (PBE) functional[7] was employed to treat exchange and correlation. Reciprocal space was
sampled at the I' point, and a Gaussian smearing scheme with width 0.2 eV was applied. The electronic
convergence criterion was 1077 eV per atom. The cut-off energy was 500 eV, and an extrapolation scheme
was used to counteract finite-basis effects[8]. The most favorable occupation model (set as energy zero

in Figure S16) was used as a starting point for subsequent DFT-MD simulations.

S21

98



Fast lonic Conductivity in the Most Lithium-Rich Phosphidosilicate Li14SiPe

a experimental structure
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Figure S15. The construction of a discrete structural model to enable the computational modeling of
L114SiPs. a) The experimental structure, in which the 4a (occupied by P), 4b (half-occupied by Li) and 8¢
(mixed occupation of Li/Si1) sites are relevant. b) Sketch of the three separate sublattices. The 4a site is
taken to be fully occupied (/eff), and for the moment we assume a fully random occupation on 4b (right),
using a random number generator. The 8c site is the most challenging one, as we need to distribute Li and
Si atoms on it, in a way that preserves the stoichiometric composition. ¢) Using a 3x1x1 expansion, the
correct composition (22 Li sites and 2 Si sites) can be achieved. d) In order to arrive at a cubic and more

isotropic structural model, we create a 3x3x3 expansion of the conventional unit cell as shown.
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Figure S16. Probing possible 8¢ — 4b intermixing of Li atoms, which is not observed in the refinement
at 7'=4 K, but which is needed for the proposed conduction mechanism. a) Energy per atom from DFT
total-energy computations, given relative to the most stable structure, for an ensemble of 7 x 10 randomly
occupied structural models that differ in how the Li atoms are distributed on the 8¢ and 4b sites. b)

Simplified sketch rationalizing the preference for vacancies on 45 rather than 8c in the ground state.
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DFT simulations (IT): Molecular dynamics simulations

MD simulations in the NVT ensemble were carried out using the mixed Gaussian and plane-wave DFT
approach as implemented in cp2k / Quickstep[9]. We used Goedecker-Teter-Hutter pseudopotentials[10]
and the local density approximation. The time step was 0.5 fs throughout. The temperature was controlled
using the canonical sampling through velocity rescaling thermostat[11].

Starting from the most favorable structural model determined by total-energy computations (see above),
MD simulations were performed subsequently at 300, 500, 700, 900, 1100, and 1300 K. These initial
simulations were run for 6 x 10000 steps (30 ps total), using single-( basis sets and a cutoff energy of
200 Ry, and serve only to provide a reasonable initial structure for the subsequent simulation at 1023 K.
For the latter, we switched to optimized (“Molopt-SR”’) double-{ basis sets[12] and increased the cutoff
energy to 300 Ry. The system was thermostatted with a small time constant (t =10 fs) for 5000 steps
(2.5 ps), and a final production run was then performed with T= 100 fs for 10000 steps (5 ps).

Figure S17. Isosurface plot for mass density maps of Si (blue) and Li (gray) atoms. To obtain this
visualization, all atomic coordinates from the DFT-MD trajectory were translated back into the
conventional unit cell and collected over 100 equidistant snapshots. Periodic boundary conditions have
been switched off; therefore, only diffusion paths from and to the central 45 position are seen. The Si
density isosurface is shown with arbitrary scaling and centered on (% % ), the position on which Si
atoms are introduced in the computational structural model (Figure S15¢). The positions of P atoms in the

idealized model (4a) and the boundaries of the conventional unit cell are shown as a guide to the eye

(purple).
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Content and Contribution

With respect to the thorough evaluation of the structure and properties of Li14SiPe the isovalent
substitution of Si by Ge and Sn was the scope of this work. The resulting compounds Li1sGePs
and Li14SnPs 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 ‘Li NMR and EIS
measurements. The comparison of the data thus obtained with the corresponding results for
Li14SiPe revealed a higher conductivity for Li1sGePs and a lower value for Li1aSnPs. 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 ‘Li NMR spectroscopy

was carried out by Dr. Holger Kirchhain. The publication was written in course of this thesis.
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ABSTRACT: A broad repertoire of potential solid-state electro-
lytes is a prerequisite for the development and optimization of
high-energy-density all-solid-state batteries. An isovalent substitu-
tion of suitable elements is a very successful tool to get access to =
new materials with improved properties, which allow for a detailed
investigation of structure—property relationships. Here, we present
the two new lithium phosphidotetrelates Li;;GeP4 and Li;;SnPg L sip
with ionic conductivities of & ~ 1 mS cm™' at room temperature. Li:GQ;B \A
To evaluate the rules for the structure—property relationships, all Li, SnP,
experimental data of lithium phosphidogermanate Li;;GeP4 and 7Li NMR
lithium phosphidostannate Li,SnPy are compared to the recently
reported lithium phosphidosilicate Li,,SiPs. The isotypic com-
pounds Li;,TtPs (Tt = Si, Ge, Sn) are accessible via a
straightforward and simple synthesis, starting from ball milling of the elements, followed by annealing of the obtained mixtures.
Because of the high Li and low Tt content, all of these compounds are considered as lightweight materials with a density of 1.644—
2.025 g cm >, The materials were analyzed applying powder X-ray diffraction, differential scanning calorimetry, °Li, *'P, and '"?Sn
solid-state magic angle spinning NMR as well as temperature-dependent 'Li NMR experiments, and electrochemical impedance
spectroscopy.

PEIS
Liy,SiPg

Li,,GeP;
Liy,SnP; |

In (o, T S-cm™K)

fwhh / a.u.

1000{7 "/ K"

B INTRODUCTION more a tailoring technique to design the material properties as
demanded. For example, the polarizability as well as the

The increasing use of portable electronic devices and the
divergent—predominantly covalent or ionic—bonding char-

contemporary changes in the field of mobility within the past

decades require a further development of energy storage acter of different elements or ions strongly influences the
media."” To overcome most of the shortcomings of state-of- lattice dynamics of a compound and in consequence the Li*
the-art Li" batteries (LIBs), all-solid-state batteries (ASSBs) conductivity as well as further material properties.”**™** For
were identified to be very promising candidates for the next- example, with regard to Li;¢GeP,S;, (LGPS) and its related
generation battery technology, as they would be able to compounds, both isovalent and aliovalent substitutions of
provide the required improvement in performance, gain, cost, several elements have been used to study the structure—
and safety. Replacement of the liquid organic electrolyte in property relationship of SSEs. The substitution of elements
LIBs by a well-performing solid-state electrolyte (SSE) is one results in ionic conductivities ranging from 0.03 to 33 mS$

of the fundamental requirements for the successful manufac-
ture of high-energy-density ASSBs.”" However, the discovery,
characterization, and optimization of promising materials with
suitable properties for application in ASSBs is a demanding
task.’

In this context, several classes of new solid-state Li*-
conducting materials have been explored recently, offering a
great variety of potential SSEs.° > Moreover, with regard to Received:  May 15, 2020
the systematic exploration of new solid-state Li* conductors, Revised:  July 22, 2020
the substitution of suitable elements within a certain class of Published: July 22, 2020
materials is a powerful tool for new material discovery.”*"™*

The substitution of elements with varying ionic radii or
valences not only extends the number of SSEs but is much

em™!, which is even higher for LGPS-related com-
pounds.'®”"®*® Comparable findings were also reported for
most of the other known families of SSEs, for example, lithium
superionic conductors (LISICONs and thio-LISI-
CONs)," " garnet-type structures,"* ™" Tithium argyro-

H H © 2020 American Chemical Societ https://dx.dei.org/10.1021/acs.chemmater.0c02052
v ACS Publications Y go2s Chem. Mater. 2020, 32, 6925-6934
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dites,”***" = Jithium halides,”***"*” and lithium phosphido-
tetrelates.”*"**

Despite the tremendous effort that has been spent on the
detection of the fundamental origin of the varying Li"
conductivity, there is a controversial discussion about the
degree of influence of the involved elements and the
corresponding structure—property relationships within a
given material class. In this context, several questions
concerning the changes on the Li* conductivity and thus on
the diffusion pathways are still to be answered, that is, the
effect of the lattice parameters, the diffusion channel size (esp.
bottlenecks), the differences of anion and cation substitutions,
or the influences of the synthesis Erocﬁfr:giurer as well as
structural defects or site disorder.”****#%%%*9=% 1n grder to
be able to clarify these questions, it is important to have a
broad repertoire of suitable electrolytes and electrode materials
available to get access to an overall understanding of the
different structure—property relationships of the corresponding
materials and an optimal working ASSB.'!'%3%%¢

Superionic conductors should coincidentally possess a high
charge carrier concentration and thus a large number of mobile
ions besides unoccupied adjacent crystallographic sites
available for ion migration. In addition, ion diffusion is
enhanced, if the activation energy is low and if neighboring
sites have similar potential energies.”” Such conditions are, for
example, realized in structures based on a cubic or hexagonal
close packing (ccp or hep) of spheres (B), which allow for the
maximum occupation of two tetrahedral sites and one
octahedral site by another type of spheres (generally smaller
cations A). Because of this, the number of face- and edge-
sharing polyhedra hosting the cations is very high. Considering
the maximum number of three cations A per anion B, the
formula A;B results. We recently discovered a new compound
family that is based on this fundamental concept of sphere
packing and which has, because of its simplicity, a tremendous
potential for structural variation.

Concerning the stoichiometry, Li;P corresponds to the
derived formula A;B, even though the Li* and P*~ ions form a
different packing.”® However, the incorporation of a small
amount of silicon induces the formation of structures based on
a ccp of P atoms hosting Si atoms on P, tetrahedral voids,
forming localized covalent Si—P bonds. According to the
valency of Si and P atoms, the SiP, units possess an eightfold
negative charge which is compensated by the appropriate
number of Li*. In this context, we successfully introduced the
novel phosphide-based superionic conductor LigSiP,,** where-
by it should be noted that most families of solid-state ion
conductors are so far based on oxide or sulfide materials.

Whereas in LigSiP, all P atoms are involved in covalent Si—P
bonds, we can further increase the Li* ratio by a formal mixing
of [SiP,]*" tetrahedra and P’ anions. As a variation of the
composition, we found the ratio of 1:2 for [SiP,]*~ and P*~ at
very low Si content, resulting in (Li%),,(SiP,*7)(P*7), "
whereas (Li*)4(SiP,*") corresponds to a higher amount of
$i.*" Si is naturally located at tetrahedral sites and is not mobile
because of the covalent Si—P bonds, whereas Li* occupies the
remaining tetrahedral and octahedral voids, which have a high
connectivity. Hence, the mixing of the two anions allows for a
gradual occupation of the remaining voids: in LigSiP, and in
Li;,SiPs, 8 of 11 and 14 of 17 residual empty voids are
occupied by Li', respectively. Thus, 21.4 and 17.6% of these
voids remain unoccupied in the first and in the latter
compound, respectively, and allow for ion migration. Recently,
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we reported on the so far lithium-richest phosphidosilicate
Li,SiPy, featuring an ionic conductivity of 1.1 X 107 § cm™
at 298 K. Compared to LigSiP, (6 X 107 S cm™ at 298
K),”® the ionic conductivity within this family could be
increased by more than 2 orders of magnitude via the
introduction of supplementary P>~ anions. In this context, the
Li* diffusion pathways were also investigated by temperature-
dependent powder neutron diffraction measurements in
combination with the maximum entropy method and density
functional theory calculations, revea[inﬁg) an ionic diffusion via
both tetrahedral and octahedral voids.”

Moreover, the Li* conductivity of LigSiP, could also be
increased via both isovalent substitution of silicon by
germanium®’ and aliovalent substitution of silicon by
aluminum, eventuating in pristine Li,AIP,.” The phosphidoa-
luminate LigAIP, shows with 3.0 X 1072 S cm™' (at 298 K) the
so far highest Li* conductivity of phosphide-based superionic
conductors.”

Here, we report on our systematic investigation of material
properties depending on the isovalent substitution of silicon in
the lithium-rich phosphidosilicate Li,,SiP¢®® by germanium
and tin, resulting in the slightly heavier homologues Li;,GePy
and Li;,SnP4. Moreover, the gathered analytical data of the
three phosphidotetrelates and the resulting structure—property
relationships allow for a direct comparison. The isotypic
compounds Lij,TtPs (Tt = Si, Ge, Sn) are accessible via a
straightforward and simple synthesis route starting from ball
milling of the elements, followed by annealing of the obtained
reactive mixture, The crystal structure determination was
realized by powder X-ray diffraction and Rietveld refinement
using the structural model of Li ,SiPs. °Li, *'P, and ***Sn solid-
state magic angle spinning (MAS) NMR measurements were
executed, confirming the structure as well as the purity of the
samples. The thermal properties of Li,TtP, (Tt = Ge, Sn)
were investigated, applying differential scanning calorimetry
(DSC) experiments. Finally, the Li* conductivity and the
corresponding activation energy of the title compounds were
determined via electrochemical impedance spectroscopy (EIS)
and temperature-dependent "Li NMR spectroscopy.

B EXPERIMENTAL SECTION

All syntheses were carried out under Ar atmosphere in gloveboxes
(MBraun, 200B), with the moisture and oxygen levels below 0.1 ppm,
or in containers which were sealed under Ar atmosphere and a
vacuum (<2 X 107% mbar). Lithium phosphidotetrelates are sensitive
to oxygen and moisture; in particular, contact with water results in a
vigorous reaction, including the formation of flammable and toxic
gases (eg, phosphine). Therefore, disposal must be addressed in
small amounts at a time and under proper ventilation.

Bulk Synthesis via Ball Milling and Annealing. The synthesis
of both compounds, Li;;GePy and Li ,SnPy, proceeds analogously to
the isotypic Li;;SiPs, which was reported recently.”” The synthesis
includes two steps, using stoichiometric amounts of lithium
(Rockwood Lithium, 99%), germanium (EVOCHEM GmbH,
99.999%), or tin (Merck, 99.9%), respectively, and red phosphorus
(ChemPUR, 99.999%). In the first step, a reactive mixture (m = 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, the final products are obtained by annealing the
pellets of the reactive mixture, sealed in batches of 0.3—0.6 g in
carbon-coated silica glass ampoules, in a muffle furnace (Nabertherm,
L5/11/P330) at 973 K (heating rate: 4 K min™'), followed by

https://dx.doi.org/10.1021/acs.chemmater.0c02052
Chem. Mater. 2020, 32, 6925-6934
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quenching of the hot ampules in water. The reaction time was 18 h for
Li;;GePg and 9 h for Li;,SnPy.

Powder X-ray Diffraction and Rietveld Refinement. Data
were collected at room temperature on a STOE Stadi P diffractometer
[Ge(111) monochromator, Cu K, radiation, 4 = 1.54056 A, or Mo
Ka, radiation, 4 = 0.70932 A] with a Dectris MYTHEN 1K detector
in Debye—Scherrer geometry. The samples were sealed in glass
capillaries (@ 0.3 mm) for measurement. Raw data were processed
with WinXPOW™" software prior to refinement. The data analysis was
performed using the fullvproﬁle Rietveld method implemented in the
FullProf program package To model the peak profile shape, the
pseudo-Voigt function with axial divergence asymmetry was chosen.
The background contribution was determined using a linear
interpolation between the selected data points in nonoverlapping
regions. The scale factor, zero angular shift, profile shape parameters,
asymmetry, and lattice parameters, as well as the fractional
coordinates of atoms and their displacement parameters, were varied
during the fitting,

The structural refinement of the phases L, TtPs (Tt = Ge, Sn) was
implemented based on the crystal structure of the related compound
Li,,SiPg (single crystal data as well as the joint Rietveld refinement of
powder neutron diffraction data and Mo powder X-ray diffraction
data). According to this, the diffraction intensities of Li,,TtP¢ (Tt =
Ge, Sn) have been modeled with the P atoms located at the 4a site
and a mixed Li/Tt site occupation of the residual 4b and 8¢ sites.
Constraining the overall Li and Tt concentrations, along with the
assumptions of full 8¢ site occupation, it can be concluded that the 8¢
site is fully occupied by Tt and Li and that there is no Tt located on
the 4b site, as described for Li,SiPs’" In accordance with the
composition of the lighter homologue Li,,SiP;, the resulting
stoichiometry (in the range of the specified standard deviations)
amounts to Liy 33Tt ;P (Z = 4) or Li,TtP, (Z = 0.67). All structures
were visualized using DIAMOND.””

Differential Scanning Calorimetry. For the 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 the reference.
Measurements were performed under an Ar flow of 75 mL min~" and
a heating/cooling rate of 10 K min™'. Data collection and handlmg
were carried out with the Proteus Thermal Analy51s program,’ * and
visualization was realized using OriginPro 2020.™

Solid-State NMR Spectroscopy. MAS NMR spectroscopy was
performed using a Bruker Avance 300 NMR device operating at 7.04
T by the use of a 4 mm ZrO, rotor. The resonance frequencies of the
measured nuclei are 44.2, 121.5, and 111.9 MHz for °Li, *'P, and
'"98n, respectively. The rotational frequency was set to 15 kHz. The
MAS spectra have been acquired at room temperature with recycle
delays of 10 s (°Li and '**Sn) and 30 s (*'P) averaged over 160 to
13,020 scans. All spectra with regard to °Li were referenced to LiCl (1
M, aq) and LiCl (s), with chemical shifts of 0.0 and —1.15 ppm,
respectively. The 3p spectra were referred to (NH,)H,PO,(s)
(ammonium dihydrogen phosphate) with a chemical shift of 1.11
ppm with respect to concentrated H,PO,(aq) (phosphoric acid).
SnO,(s) (cassiterite) was used as a secondary standard for the 198n
spectra, showing a chemical shift of —604.3 ppm,”*’® referred to
(CH;),Sn(1) (tetramethylstannane). All spectra were recorded using
single-pulse excitation.

Low-temperature Li solid-state NMR experiments have been
performed at a resonance frequency of 116.6 MHz using a Bruker
AVANCE III spectrometer operating at a magnetic field of 7.04 T and
employing a 4 mm WVT MAS probe. The samples have been sealed
in a 4 mm glass tube to avoid contact with air and moisture.
Temperature calibration for "Li measurements has been carried out
employing the temperature-dependent shift of the Pb(NO‘)Z(s) (lead
nitrate) 2O’Pb signal as a chemical shift thermometer, "~ which has
also been measured in a sealed glass tube. Typical measurement
conditions were four repetitions with relaxation delays between 1 and
40 s for Li4SnPy in the single-pulse excitation spectra. For Li;,GePg, a
saturation comb with a relaxation delay of 10 s has been used prior to
data acquisition at the lowest recorded temperatures between 125 and
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174 K. The spectra were referenced to 9.7 M LiCl(aq) (lithium
chloride).

Impedance Spectroscopy and DC Conductivity Measure-
ments. The ionic conductivity of Li,,TtP, (Tt = Si, Ge, Sn) was
determined by potentiostatic electrochemical impedance spectroscopg
(PEIS) using an in-house designed cell which was reported recently.’
The setup consists of two stainless steel current collectors, a stainless
steel casing, a polyetheretherketone tube, hardened stainless steel dies,
and pistons comprising a gasket for sealing the cell as well as six
screws for tightening the cell. Powdered samples of Li,,TtP4 (410—
510 mg) were placed between two 8 mm dies, and the screws were
fastened with a torque of 30 Nm (corresponding to a theoretical
pressure of 480 MPa), compressing the samples to 79—91% of their
crystal density. The resulting thickness of the thus compressed
samples ranged between ~5.5 and 6.5 mm and was determined with a
precision caliper by measuring the distance between both current
collectors using six holes in each current collector, which are
orientated in a symmetric configuration. Note that the pistons were
additionally greased to ensure a tight sealing of the cell from the
ambient environment. Impedance spectra were recorded on a Bio-
Logic potentiostat (VSP-300) in a frequency range from 3 MHz to 10
mHz at a potentiostatic excitation of 10 mV. Data were treated
using the software EC-Lab (V 11.31). The measurements were
performed in an Ar-filled glovebox at 299 + 0.5 K. The electronic
conductivity of the samples was determined with the same setup using
a potentiostatic polarization of 50, 100, and 150 mV for 15 h each.

For the determination of the activation energy of the Li*
conduction, the cell temperature was set to 273, 298, 313, 333, and
353 K using a climate chamber (ESPEC, LU-114). The exact
temperature profile is described in the Supporting Information
(Figure S11). Prior to EIS measurements, the cell was held at the
desired temperature for 120 min to allow for thermal equilibration.
EIS measurements were performed during both the heating and
cooling cycles. These temperature-dependent measurements were
conducted outside the glovebox.

B RESULTS

Syntheses and Structure of Li,;TtP (Tt = Si, Ge, Sn).
After the recent introduction of Li 4SiPy4 as the lithium-richest
phosphidosilicate featuring fast ionic conductivity, we ex-
panded the synthesis to the heavier homologues Li;;GePg and
Li;4,SnPg, applying the prewously established synthesis of the
lighter homologue Li,SiP4." " Microcrystalline, single-phase
samples of the respective compounds are obtained via
mechanical alloying of the corresponding elements in
stoichiometric amounts, followed by annealing of the ball-
milled product at 973 K and quenching of the hot ampule in
water after 9 and 18 h for the Ge and Sn compounds,
respectively.

According to DSC experiments, Li,GePy is metastable at
room temperature and decomposes during heatmg above 663
K into a mixture of a-Li;GeP,’” and Li,P, % a5 indicated by
powder X-ray diffraction experiments. Reformation of the high-
temperature phase occurs at an onset temperature of 866 K.
Applying an intermediate cooling rate of 10 K min™" again
results in a decomposition of the high-temperature phase into
a-LigGeP, and Li;P, including small amounts of residual
Li;4GePg. In contrast, the corresponding data with regard to
Li;4SnP, reveal a much better thermal stability under the same
conditions, as the thermogram only shows a very small thermal
effect during heating up to 1023 K, and almost no
decomposition products are detected via the powder X-ray
diffraction experiments. The corresponding thermograms and
their interpretation as well as the resulting powder X-ray
diffraction patterns of the samples after the DSC measure-
ments are presented in the Supporting Information. Compar-

https://dx.dei.org/10.1021/acs.chemmater.0c02052
Chem. Mater. 2020, 32, 6925-6934

107



Publications and Manuscripts

Chemistry of Materials

pubs.acs.org/cm

ison of these results with the data reported for Liy,SiPs"”
reveals differences with regard to the thermal properties of the
homologues: Li;;GeP4 and Li;,SiPs are metastable at room
temperature, whereas Li;,SnPs possesses a good thermal
stability.

The structural characterization was executed using powder
X-ray diffraction experiments and Rietveld analyses (Figure 1).
Details of the Rietveld refinements are shown in Table 1.
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Figure 1. Results from the Rietveld structure refinements of Li;, TtPg
(Tt = Ge, Sn). (a) Rietveld analysis of the powder X-ray diffraction
pattern of Li;;GeP, at 293 K. (b) Rietveld analysis of the powder X-
ray diffraction pattern of Li,SnPg at 293 K. In both diffraction
patterns, red circles indicate the observed intensities Y.y, black lines
show the calculated intensities Y, blue lines reveal the difference
between the observed and calculated intensities, and green marks
indicate the Bragg positions of the corresponding phase Li,, TP, (Tt
= Ge, Sn).

Table 1. Details of the Rietveld Structure Refinements of
Li,,TtPg (Tt = Ge, Sn)

empirical formula Li, 33Gey P Li, 335n,,,P
T/K 293 293
formula weight/g mol™ 59.275 66.955
space group (no.) Fm3m (225) Fm3m (228)

unit cell parameters/A a = 5.95667(3) a = 6.01751(3)

z 4 4

7N 211.354(2) 217.896(2)
Pee/g cm ™ 1.860 2.025

20 range/deg 5.006—89.885 5.006—89.885
R, 3.13% 1.89%

Ry 3.95% 2.47%

Ry 3.99% 2.58%

X 0.98 0.92

GOF 1.0 1.0

Riagg 1.52% 1.07%

R¢ 1.10% 1.07%

depository no.

CSD-2002754

CSD-2002755

Lij,GePs and LiSnP4 are crystal chemicals isotypic to

Li;,SiP¢” and derived from the Li;Bi structure type, ? with the
cubic space group Fm3m (no. 225) and lattice parameters of
5.95667(3) and 6.01751(3) A for Li,GePy and Li,,SnP; at
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298 K, respectively (Figure 2). The unit cell of Li,,TtP (Tt =
Si, Ge, Sn) is based on a ccp of P atoms on the 4a site. The

o & P

| b
| c
|
I o
Li1/TH (8¢c) ’ gt!m
|

91.7/8.3%|
|

P (4a)

Li2 (4b) 50%

Figure 2. Structure of Li,, TtPs (Tt = Si, Ge, Sn). P atoms, mixed Li/
Tt sites, and partially occupied Li sites are depicted as pink, teal, and
gray spheres with a consistent radius of 0.4 A, respectively. Black lines
mark (Li/Tt)—P bonds resulting in (Li/Tt)P, tetrahedra.

atoms Lil and Tt1 fully occupy all tetrahedral voids (8¢ site) in
a mixed occupancy ratio of 11:1. Additionally, all octahedral
voids (4b site) are occupied by Li atoms (Li2) with a
probability of 50%. The atomic coordinates and anisotropic
displacement parameters of the three crystallographic atom
positions, as well as the interatomic distances of Li, ;GePg and
Li;4SnPg, are given in the Supporting Information.

In accordance with the unit cell parameters, all interatomic
distances of the compounds increase with the substitution of Si
by the heavier tetrel elements Ge and Sn. Whereas the increase
of bond lengths and lattice parameters from Si to Ge is
comparably small (+0.29%), the increase from Ge to Sn is
approximately 3.5 times higher (+1.02%). This might originate
from the fact that the higher electronegativity of Ge
compensates the larger atomic radius of Ge compared to Si.
All interatomic distances follow the trend of the lattice
parameters (Table 2).

Because of the high symmetry of the cubic space group, the
interatomic distances Tt1—P as well as Lil—P, Tt—Li2, and
Lil—Li2 are identical. All these values as well as all other
occurring interatomic distances (P—Li2 and P—P) are in a
reasonable range in related compounds, for example, a- and -
LigGeP,, " LisGeP5,” Li,GeP,,™® LiGeyPs,™ LisP,® Liy Tt
(Tt = Si, Ge, $n),”' ™ TtP, (Tt = Ge, Sn),” and ZnTtP, (Tt =
Si, Ge, Sn).*

MAS-NMR Spectroscopy of Li,,TtP (Tt = Ge, Sn). The
3IP spectra investigated here show both rather broad and more
or less overlapping signals. This appears at first counter-
intuitively, as the structure contains solely one crystallographic
P site. However, the same effect was recently reported and
elucidated for the isotypic compound Li,,SiPs.*” Deconvolu-
tion of the particular pairs of signals (at —173.9 and —310.3
ppm for Tt = Ge and at —244.2 and —285.5 ppm for Tt = Sn)
exhibits a ratio of the total integrated intensity of about 2.2:1
(15 kHz) for the corresponding resonances occurring from the
P atoms located in [TtP,]* units toward the signals
originating from the presence of P*~ jons in both compounds
Li;4GePg and Li ,SnPy (Figures S8 and S9 in the Supporting
Information). The calculated ratios almost match the expected
value of 2:1 (one [TtP,]*" unit containing four P atoms and
two P*~ anions per formula unit Li;, TtP;), although it is only a
rough estimation as there are several uncertainties regarding
the peak area, such as broadening and superimposition of the

https://dx.doi.org/10.1021/acs.chemmater.0c02052
Chem. Mater. 2020, 32, 6925-6934
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Table 2. Cell Parameters and the Corresponding Interatomic Distances of Li,, TtP, (Tt = Si, Ge, Sn) as Well as the Relative

Increase of the Cell Parameters upon Substitution (A,,,)

empirical formula

a/A

A /%

d/A Tt1/Lil—P/Li2 8x
Li2-P 6x
P—P 12x

L, SiP, Li ,GePy Li;4SnPy
5.93927(1) 5.95667(3) 6.01751(3)
+0.29 +1.02
2.5718(1) 2.5793(1) 2.6057(1)
2.9696(1) 2.9783(1) 3.0088(1)
4.1997(1) 4.2120(1) 4.2550(1)

signals and/or their corresponding spinning side bands. Details
of the data evaluation and deconvolution are provided in the
Supporting Information.

Comparing the abovementioned results with the data
reported for Li,SiPs each of the compounds shows one
high-field signal at —316.8, —310.3, and —285.5 ppm for
Li 4SiP Li;,GePy, and Li;,SnPy, respectively. The assumption
that these signals arise rather from the P*~ ions than from the
covalently connected TtP, tetrahedra is supported by the
similar chemical shift observed for P*~ in Li;P (—278
ppm)***” and from the rather small influence of the Tt atom
on the chemical shift (A = 31.3 ppm), as the Tt atoms do not
occur in the first coordination sphere. In contrast, the low-field
signals at —173.9, —226.9, and —244.2 ppm for Li;,GePg,
Li 4SiP and Li;,SnPy, respectively, show a clearer dependency
on the Tt atom and a larger shift range (A = 70.3 ppm) and
thus are attributed to the P atoms in the TP, tetrahedra. For
Li;4SnPy, the low-field signal shows the strongest upfield shift
toward the resonance of the P*~ species, which can be
interpreted as a higher formal negative charge or a higher P*"-
like character of the P atoms located in the [SnP,]* units.
These results confirm the intuitively assumed higher covalent
bond character of Si—P and Ge—P interactions as well as a
more ionic bond character of Sn—P interactions. Notice that
the low field signal of Li;,GePg4 shows the strongest downfield
shift, which correlates with the higher electronegativity of Ge
and thus a reduced electron density at the P atoms compared
to Si and Sn.

The "9Sn MAS NMR spectrum of Li,SnP4 (Figure S10)
shows one broadened but distinct signal with a chemical shift
of 98.1 ppm, which is assigned to the isolated tetrahedral
[SnP,]®" units. Comparable values for the chemical shift of Sn
atoms surrounded by four P atoms in a tetrahedral arrange-
ment are reported for the compounds ZnSnP, [5('Sn) = 45
ppm] and CdSnP, [6('Sn) = 125 ppm].** However, a more
detailed evaluation of the spectrum is not possible, as the
extreme broadening of the signal (~100 ppm or ~11 kHz)
exceeds the common values for a coupling constant Jg, p by a
factor of 10.*® Presumably, the broadening is caused by the
cation disorder within the tetrahedral sites.

Additionally, the ®Li and *'P MAS NMR spectra of Li;;GePy
and Li;,SnPg are in good agreement with the data reported for
Li;,SiP.% The occurrence of a single resonance in the °Li
(and "Li) MAS NMR spectra at 4.3 and 4.6 ppm for Tt = Ge
and Sn, respectively, is characteristic for compounds
appertaining to the material class of lithium phosphidote-
trelates such as Li;,SiPs (5.4 ppm) (Figures S6 and S7 in the
Supporting Information).”****” The presence of only one
signal in the Li NMR spectra despite the fact of two
crystallographically independent lithium positions within the
structure points toward a high Li* mobility even at room
temperature.
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Lithium-lon Mobility by Means of Static ’Li NMR and
Impedance Spectroscopy. As the diffusion pathways of the
lithium ions in Li ,SiP4 have recently been analyzed via both
experimental and computational approaches, and because of
the isotypic crystal structures, the same diffusion pathways via
face-sharing tetrahedral (8c) and octahedral voids (4b) are
assumed for Li;,GeP, and Li,,SnPs."

To study the dynamic behavior of the lithium ions by solid-
state NMR, static low-temperature “Li spectra have been
recorded. Generally, the central transition of the I = 3/2 "Li
nucleus is broadened by ("Li—’Li) homonuclear dipolar
couplings and ("Li—*'P) heteronuclear dipolar couplings,
both of which scale with the second Legendrian (3 cos® § —
1). Any dynamic process leads to a (partial) averaging of this
orientational dependence and thus to a narrowing of the NMR
line.

The temperature-dependent evolution of the ’Li NMR
spectra of Lij4GePs is depicted in Figure 3a. Only one
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Figure 3. (a) Static "Li spectra of Li;,GeP, at various temperatures.
(b) Evolution of the "Li line width in the measured temperature range
from 125 K to room temperature for Li;;GePs. The solid line serves
only as a guide to the eye. (c) Static Li spectra of Li;,SnP,. (d) Line
width of the 7Li spectra of Li;;SnP, plotted as a function of
temperature between 140 K and room temperature. The solid line
serves only as a guide to the eye.

Lorentzian-shaped signal at 5.0 ppm is visible at room
temperature, with a line width of 675 Hz. Upon cooling of
the Lij;GePs; sample, this signal gradually broadens and
develops a Gaussian line shape with a line width of 9.5 kHz
at 125 K, with the shape of the signal being heterogeneous
between 174 and 212 K. Figure 3b shows the temperature-
dependent evolution of the line width (full width at half-
height) of the static "Li measurements. A rough estimation of
the activation energy is obtained by the empirical Waugh—

https://dx.dei.org/10.1021/acs.chemmater.0c02052
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Fedin relation, EXM* = 0.156 T,...... The onset temperature

was determined by halving the distance between the motional
narrowing plateau line width and the rigid lattice plateau line
width, for example, 4.4 kHz. The temperature at which the
rigid lattice line width decreased by this value is reached at 193
K, which leads to an activation energy Ex "~ of ~30 kJ mol™".
In Figure 3c, the 7Li spectra of Li;,SnP; are presented. At
room temperature, a single Lorentzian line was obtained at 4.4
ppm, with a line width of 622 Hz. Freezing of the Li* dynamics
upon cooling causes the spectra to adopt a Gaussian line shape
with a line width of 10.3 kHz at 140 K. Between 140 and 200
K, the shape of the signal again appeared heterogeneous. The
estimation of the activation energy from the temperature-
dependent evolution of the “Li line width in this sample
(Figure 3d) leads to an onset temperature T, . of 179 K,
which translates to an activation energy E\™" of approximately
~28 kJ mol™". The values determined here are in the range of
the observed activation energy for Li;,SiPg (Topee = 190 K,
ENMR 2 30 kJ mol™!).””

In order to determine the Li* conductivity of Li,, TtP (Tt =
Si, Ge, Sn), impedance measurements in a blocking electrode
configuration were used. The impedance spectra of Li,,SiPg
(dark blue), Li,GeP; (teal), and LiSnP; (dark yellow)
normalized to the pellet thickness are displayed in Figure 4a.
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Figure 4. (a) Nyquist plots and the corresponding fits of Li,GePg
(teal), Li;4SnP4 (dark yellow), and Li,,SiP4 (dark blue), 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 (o, 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 ESEIS for the

compounds Li, TtPg (Tt = Si, Ge, Sn).””

All three spectra feature a semicircle at high frequencies and a
low-frequency tail. The semicircle can be described by a
parallel circuit of a resistor and a constant phase element (R/

Q), in which R is a superposition of both intragrain and grain
boundary Li* transport. However, these two contributions
could not be resolved, so only the total ionic resistance could
be determined. The fitted a values of the constant phase
element are >0.98 for LiSiPs and Li,GeP4 and 0.91 for
Lij4SnP4 The corresponding capacitances are approximately
04 x 107 F s for Tt = Si and Ge and 1.6 x 10~ F s~
for Sn. Typical values for such a system are in the range of
~107"* F for grain and =107° F for intragrain boundary
capacitances.”’ The ionic conductivities at 299 + 0.5 K
determined from these impedance data are oy;(Li 4SiPg) =
(1.09 + 0.06) x 107 8 cm™}, 6,,(Li,,GePy) = (1.71 + 0.14) X
107 S em ™, and oy;(Li;4SnPg) = (0.93 + 0.01) X 107* S cm ™.

All experimentally determined values and their standard
deviations are obtained from three independently assembled
and measured cells and are listed in Table 3. For calculating
the ionic conductivities, Ohm’s law for porous media (eq 1 in
the Supporting Information) was used, neglecting the /-
term, in which 7 is the tortuosity and & the porosity, as it is
usually done in the literature for samples that were compressed
to high pellet densities referenced to the crystal density (p,q)
in the present study.”*”'™" The resulting values for Li*
conductivity reveal that an isovalent substitution of Si in
Li4SiP4 with its heavier homologues Ge and Sn leads to an
increase for Ge and to a decrease in case of using Sn. As these
conductivities deviate by less than a factor of 2, the above
conductivity trend for the isovalent substitution might be
affected by even minor changes in the cell assembly (e.g., small
variations p. of the pellets; see Table S7 in the Supporting
Information). This is further elaborated in the Supporting
Information. DC polarization measurements in the range from
50 to 150 mV reveal an electronic conductivity of (1.7 + 0.6)
X 1077 S em™ ! at 299 + 0.5 K (based on the standard deviation
of three cells) for Li;;GePg, which is similar to the electronic
conductivity of Li ;SiPs [(1.6 £ 0.04) X 1077 S cm™'], whereas
Li,,SnPg displays a slightly higher value of (4.1 + 0.08) x 1077
Sem™,

The activation energy for Li* transport (Figure 4b) is
investigated by temperature-dependent impedance measure-
ments in a range from 273 to 353 K, yielding an E{™" of 31.8 +
0.4 kJ mol™" (~0.33 eV) and 33.8 + 0.1 k] mol™" (~0.35 eV)
for Li,,GeP; and Li,,SnP, respectively, compared to the 32.2
+ 0.6 kJ mol™ (~0.33 V) for Li;,SiP, that we had reported
earlier.”” These values were determined using the oy; T values
of only the first heating and cooling cycle for each sample. The
temperature ramp of a heating and cooling cycle is displayed in
Figure S11 (colored diamonds indicate the temperatures at
which PEIS measurements were performed). These activation
energies determined by impedance spectroscopy are in

Table 3. Comparison of Li,,TtP; (Tt = Si, Ge, Sn) with Regard to Li* Conductivity (6y;), Fitted Q Elements, and Electronic

Conductivity (6,) at 299 + 0.5 K“

empirical formula Li ,SiPy

6,/S em™! (1.09 + 0.06) x 107°
Q/F ste Y (0.42 + 0.01) x 107°
64/8 cm™! (1.6 £ 0.04) x 107
E,PF5 /K] mol™ 322 + 0.6

EXMR/K] mol™ 30

Li,,GePy
(171 + 0.14) x 1073
(044 + 0.03) x 1077
(1.7 + 0.6) x 1077
31.8 + 0.4
30

Li,,SnPg
(0,93 + 0.01) x 1073
(1.6 + 09) x 107
(4.1 + 0.08) x 1077
338 + 0.1
28

“The activation energy of Li* conduction (E;*") was determined from temperature-dependent PEIS measurements. The indicated standard
deviations are based on three independently assembled cells for each material.
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reasonably good agreement with the values determined by
NMR.

Bl DISCUSSION AND CONCLUSIONS

The complete isovalent substitution of silicon in Li ,SiP; with
germanium and tin expands the number of potential SSEs by
the two lithium phosphidotetrelates Lij,GeP4 and Lij,SnPg.
The phases Li,,TtP; (Tt = Si, Ge, Sn) are appropriate
candidates for the investigation of the influence of structure-
dependent properties, as the three phases are isotypic and
crystallize in the highly symmetric space group Fm3m (no.
225). The cubic symmetry as well as the high disorder of the
cations within the structure is a beneficial feature,”**"* which
allows for Li* conductivities of about 1 mS cm™ at room
temperature. As a logical consequence of the implementation
of larger atoms into the structure, the unit cell parameters and
all interatomic distances of the phases increase from Li,,SiPy
over Li;;GePj to Li;,SnPg. Because of the high Li and low Tt
content, all of these compounds are considered as lightweight
materials with a density of 1.644—2.025 g cm™.

Additionally, the exchange of the tetrel element affects the
thermal and electric properties of these materials. The onset
temperature for the formation of Li;;TtPs decreases linearly
with the use of heavier tetrel elements. Further investigations
with regard to the thermal properties of the three homologues
reveal a good thermal stability for Li;,SnPg, whereas Li;,SiPg
and Lij,GePg are metastable at room temperature.

The increase of the lattice parameter follows the trend in the
ionic radii of the present tetrel element (r(Tt") = 0.26, 0.39,
0.55 A for Tt = Si, Ge, Sn, respectively).””® Comparing the
ionic conductivity of the three homologues in conjunction with
the increasing lattice parameters or the ionic radii, respectively,
and the resulting diffusion pathways, indicates a nonlinear
correlation of the atomic size and the electric properties.
Because of this, more effective parameters must be considered.
For example, the influence of lattice polarizability on the ionic
conductivity is a well-established concept for sulfide-based
superionic conductors and was recently studied in detail for
LigPSX argyrodites (X = Cl, Br, I). A larger lattice
polarizability (e.g.,, because of substitution) allows for similar
diffusion pathways but has been suggested to lower the
activation barriers,10/15=17,21,33,38.96,97

Applying this concept to the title compounds, Ge features
the highest electronegativity of the tetrel elements (y(Si) =
1.74, (Ge) = 2.02, y(Sn) = 1.72, ¥(P) = 2.06, Allred—Rochow
scale of electronegativity),” hence the smallest difference in
electronegativity compared to P. As a consequence, the lowest
charge on the P atoms coordinated to Tt and thus the weakest
Li—P bonds or Coulomb interaction are expected for Ge.”’
This conclusion is also supported by the differences with
regard to the experimentally determined chemical shifts in the
3'P MAS NMR spectra of the three homologues. The low-field
resonance in the spectrum of Li;,GeP; shows a downfield shift
of about 50 and 70 ppm compared to the corresponding
signals in the spectrum of Li;,SiP4 and Li;,SnPg, respectively.
Finally, the increasing Li* conductivity caused by the
substitution of silicon with germanium confirms the
assumption that the ionic conductivity of lithium phosphidote-
trelates can be enhanced by introducing _lar%er and more
polarizable elements, as mentioned above.’ 3,36,3

Li;;SnP4 allows for another interesting result. The
incorporation of the Sn atoms enlarges the cell parameter
and coincidentally—because of the high cubic symmetry—all
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of the interatomic distances by a factor of about 3.5 compared
to the relative increase caused by the substitution of Si by Ge.
This, however, does not simply lead to an increased ionic
conduction. Moreover, the influence of the electronegativity
and thus the polarization of the Tt—P bond seems to influence
the Li* mobility as well, leading in sum to decreasing Li*
diffusion in Li,,SnP,, as indicated by EIS.***?7

Further investigation of lithium phosphidotetrelates and
other related compounds offers a great potential to get access
to SSEs suitable for application in ASSBs. Above all, a detailed
investigation of the electrochemical stability and performance
of the so far known materials is part of current research.
Additionally, tailoring of the properties by mixing or partial
isovalent and aliovalent substitution of the corresponding
elements will be part of prospective research studies.
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Details of the crystal structure determination of Li477Ps (7t = Ge, Sn)

Results of the Rietveld structure refinement of Li14GePs via powder X-ray diffraction at 293 K

Table S1. Atomic coordinates and isotropic atomic displacement parameters for Li14GePe.

Wyckoff

atom ositions y z s.o.f.
P 4a 0 0 0
Gel 8¢ 1/4 1/4 1/4 0.0829(2)
Lil 8¢ 1/4 1/4 1/4 0.915(2)
T2 4b 1/2 0 0 0.504(7)

Table S2. Anisotropic displacement parameters (A?) for LijsGePs from Rietveld refinement at 293 K.

atom Un U2 Uss Uz Ui Un
P 0.0166(5) 0.0166(5) 0.0166(5) O 0 0
Gel 0.0173(8) 0.0173(8) 0.0173(8) O 0 0
Lil 0.0173(8) 0.0173(8) 0.0173(8) O 0 0
Li2 0.22(2) 0.22(2) 0.22(2) 0 0 0
Table S3. Selected interatomic distances in Lij4GePs.
atom pair d/ A atom pair d/A
P Gel/Lil 8x  2.5793(1) | Gel/Lil | P 4x  2.5793(1)
Li2 6x  2.9783(1) Li2 4x 2.5793(1)
Li2 | Gel/Lil 8x 2.5793(1) Gel/Lil 6x  2.9783(1)
P 6x  2.9783(1)
S2
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Li1/Get
(8c)

Li14SiPs, Li1aGePs, and Li1aSnPg

Figure S1. Structure of LisGePs at 293 K. P atoms, mixed Li/Ge sites and partially occupied Li sites arc

depicted as pink, aqua and gray displacement cllipsoids, respectively, set at 90% probability.

Black lines mark (Li/Ge)-P bonds resulting in (Li/Ge)P; tetrahedra.

Results of the Rietveld structure refinement of Li14SnPs via powder X-ray diffraction at 293 K.

Table S4. Atomic coordinates and isotropic atomic displacement parameters for Li;4SnPs.

Wyckoff
atom - y z s.o.f.
positions
P da 0 0 0
Snl 8¢ 1/4 1/4 1/4 0.0832(2)
Lil 8¢ 1/4 1/4 1/4 0.917(2)
Li2 4b 12 0 0 0.501(7)
S3
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Table S5. Anisotropic displacement parameters (A?) for Li;sSnPs from Rietveld refinement at 293 K.

atom Un Un Uss Uz Ui Un
P 0.0076(6) 0.0076(6) 0.0076(6) 0.0 0.0 0.0
Snl 0.012(1)  0.012(1) 0.012(1) 00 0.0 00
Lil 0.012(1)  0.012(1) 0.012(1) 00 0.0 0.0
Li2 0.21(2) 0.21(2) 0.21(2) 00 00 0.0
Table S6. Selected interatomic distances in LijsSnPe.
atom pair d/ A atom pair d/A
P Snl/Lil  8x 2.6057(1) | Snl/Lil | P 4% 2.6057(1)
Li2 6x  3.0088(1) Li2 4% 2.6057(1)
Li2 | Snl/Lil 8x 2.6057(1) Snl/Lil  6x  3.0088(1)
P 6x  3.0088(1)
Li1/Sn1

Figure S2. Structure of Li1sSnPs at 293 K. P atoms, mixed Li/Sn sites and partially occupied Li sites are

depicted as pink, gold and gray displacement ellipsoids, respectively, set at 90% probability.
Black lines mark (Li/Sn)-P bonds resulting in (Li/Sn)P4 tetrahedra.
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Coordination polyhedra of LiyyT1Ps (Tt = Ge, Sn)

The interatomic distances as well as the resulting polyhedra within the structure of Li1s77Ps
(7t = Ge, Sn) are analog to those in Li14SiPs' as the structures are isotypic. The structure of the
three homologues comprise two different coordination environments (cubic and octahedral). The
atoms on the mixed site (Lil/7¢1) and the atoms Li2 are surrounded by eight atoms in a cubic
coordination sphere. The atoms Lil/7%1 are surrounded by two distinct tetrahedra built up by four
P atoms and four Li2 atoms, each, whereas the atoms Li2 are centered in a perfectly cubic
arrangement of atoms Li1/771. In the second coordination sphere Li2 is octahedrally coordinated

by six P atoms.

a) b) c} ‘ P1
LTt
P1
P1 .\ Li2

P P1

Li1/Tt1

@

Figure S3. Coordination polyhedra of 7t (77 = Ge, Sn) and Li atoms in Li;s77Ps at 293 K. a) and b) The
nearest neighbors of the atoms 771/L1l and Li2 are arranged in a highly symmetric cubic coordination. ¢) In

the second coordination sphere Li2 is surrounded by P atoms in an octahedral arrangement.
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Differential scanning calorimetry (DSC)

DSC analyses, carried out from room temperature to 1023 K, starting from the crystalline phases
Li14GePs and Li14SnPs, respectively, exhibit thermodynamic effects comparable to the isotypic
Li14SiPs! With this in regard, the observed signals and their interpretation are in good agreement
with the anticipated thermal effects and the corresponding data from powder X-ray diffraction
executed after the DSC measurements. During the first cooling cycle a device-dependent artefact
appears in both thermograms at about 650 to 750 K. Upon heating, Li14GePs shows a relatively
weak but elongated exothermal signal with an onset temperature of 663 K indicating the
decomposition into a mixture of a-LisGePs?> and LisP? as analogously ascertained for Li14SiPs via
temperature-dependent neutron scattering and corresponding DSC experiments.! According to this,
we attribute the strong and relatively narrow, endothermal effect with an onset temperature of
866 K to the re-formation of Li14GePs. This phase is thermodynamically stable during cooling until
the exothermal decomposition reappears again at an onset temperature of 796 K.

In the second heating cycle only the re-formation signal of L114GePs appears as the decomposition
already took place during the first cooling cycle (Figure S4a). The corresponding powder X-ray
diffraction pattern of the sample after the second cooling cycle confirms the interpretation of the
thermogram just mentioned above as it shows the presence of LiisGePs as well as the two
decomposition products a-LisGePs? and LisP? (Figure S5a), although at least the decomposition of
Li14GePs during the cooling procedure is incomplete.

The thermogram of Li14SnPs shows no endothermal effect, indicating the decomposition of this
phase. In consequence, the decomposition is assumed to proceed too slow to be detected since the
thermogram shows a very small exothermal effect with an onset temperature of 836 K indicating
the (re-)formation of Li14SnPs (Figure S4b). Moreover, comparing these results with the
corresponding powder X-ray diffraction data leads to the assumption that Li14SnPs is more stable
during cooling than the lighter homologues, as the diffraction pattern reveals the presence of only

marginal amounts of LisSnP4* and LisP? (Figure S5b).
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Figure S4. a) DSC thermogram of phase-pure Li;4GePs. b) DSC thermogram of phase-pure Li;4SnPs. The

arrows and numbers indicate the onset temperatures of the corresponding thermal effects.
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Figure S5. a) Powder X-ray diffractogram of Li;4GePs (black) after DSC measurement. The diffractogram
reveals the formation of a-LisGeP,? and LisP (°)° during the DSC measurement at simultaneous presence of
Li1sGePs (*). The calculated diffraction pattemn of @-LisGePs® is shown in red. b) Powder X-ray
diffractogram of Li14SnP¢ (black) after DSC measurement. In the diffractogram Li14SnPg is detected as main
phase, except for marginal amounts of LisP (°)* and LisSnPs (*)°. The calculated diffraction pattern of

Li14SnPs 1s shown in red.
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SLi, 3'P, 1”Sn MAS NMR Spectroscopy

°Li MAS NMR Spectra of Liis71Ps (7t = Ge, Sn)

4.3
4.3

I T 1
300 250 200 150 100 50 0 -50 -100 -150 -200 -250 -300
5/ ppm

Figure S6. °Li MAS NMR spectrum of LijsGePs. The inset shows the proximity of the signal and its shape.
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Li14SiPs, Li1aGePs, and Li1aSnPg
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Figure S7.°Li MAS NMR spectrum of LijsSnPs. The inset shows the proximity of the signal and its shape.
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3P MAS NMR Spectra of Li1a7tPs (7t = Ge, Sn)

In order to distinguish the different signals and their integrals the *'P spectrum of Li1sGePs as well
as of Li14SnPs was evaluated in greater detail using the peak-fitting-function implemented in the
OriginPro 2020 software.® All signals were fitted applying the Gaussian peak type.

In the case of Li14GePs, the two signals with a chemical shift of —173.9 and —310.3 ppm are almost
separated and do barely interfere. The third signal with a chemical shift of —273.0 ppm reveals the
presence of marginal amounts of LisP,”® but due to superposition, the fitting of this signal was not
possible (Figure S8).

Due to their close structural relationship the spectrum of Li14SnPs also shows three signals (—244.2,
—272.5 and —285.5 ppm) analogously to the above-mentioned spectrum. In spite of a strong
superposition deconvolution of the three peaks could be realized by fitting of the corresponding
signals. The data show a minor impurity since about 0.7% of P is part of LisP.”® Furthermore, the
signal at a chemical shift of 11.2 ppm reveals the formation of very small amounts of phosphates

during data collection (Figure S9).>!!

3P MAS (exp.)
Fitting curve 1 (68.9%)
[ | Fitting curve 2 (31.1%)

o Fitting curve (cumulative)

-273.0
-310.3

*
s

r N T T T T i T & T T T T T T T T = T

—— . —
50 0 -50 -100 -150 -200 -250 -300 -350 -400 -450 -500 -550
5/ ppm

Figure S8. 3'P MAS NMR spectrum of Li;4GePs (15 kHz). Spinning sidebands indicated by *. Fitting of
the broad signals between —400 and —100 ppm (red) results in two different curves (yellow and green) with

aratio of about 2:1.
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Figure §9.*'P MAS NMR spectrum of Li;4SnPs (15 kHz). Spinning sidebands indicated by *. Fitting of the

broad signal between —350 and —175 ppm (red) results in three different curves (vellow. green and blue)

with a ratio comparable to those in Figure S8.
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119%Gn MAS NMR Spectra of Li14+SnPs
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Figure $10, 'Sn MAS NMR spectrum of Lij4sSnPs (15 kHz). The inset shows the proximity of the signal
and its shape.
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Electrochemical Impedance Spectroscopy (EIS)

All impedance measurements in this work were carried out using an in-house designed cell, which
was published recently.! One complete measurement comprises three experimental steps for each
cell. First, Li" and electronic conductivity were measured at 299 + 0.5 K inside an Ar-filled glove

box (Figure S11, step 0). Secondly, the cell was taken out of the glove box, and temperature-

EPEIS )

dependent PEIS measurements were performed in a climate chamber in order to determine £,

Thereby, a complete cycle comprises heating the cell from 298 K to 353 K and a subsequent cool-
down to 273 K (Figure S11, step 1). During a cycle, the impedance was measured two times each
at 298 and 333 K (once during heating and once during cooling) as well as one time each at 353,
313, and 273 K, as shown in Figure S11. Lastly, another impedance measurement at 298 K was
performed (step 2) in order to assess the cell tightness by comparing the obtained conductivities
from step 1 and 2, indicated by the red diamonds. The compared conductivities differ by less than
6% for all measured samples over the course of 16 h when operating the cell outside the glove box,
presumably due to imperfect cell sealing against ambient air, which might lead to decomposition
reactions of the solid electrolytes with ambient air.

Recently, we reported a repeatedly observed hysteresis of the conductivity measured at 313 K
during heating and cooling of Li14SiPs.! We attributed this to a compound-related phenomenon.
Indeed, the observed hysteresis arose from an artifact of the temperature chamber during the
temperature ramp. Re-evaluating these data, the error caused by the artifact was around
0.03 kJ mol !, which corresponds to a deviation of 1%o for the calculated activation energy, when
not taking the 313 K cooling point to account. For determining E&EIS of L114GePs and L114SnPs, the

313 K cooling point was therefore also not considered for the sake of better comparability.
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Figure S11. Schematic representation of the temperature versus time profile from the temperature-
dependent measurements of Lij477Ps (17 = Si, Ge. Sn), in order to determine the activation energy of Li*
conduction. Black diamonds represent impedance measurements during heating and cooling cycles, red
diamonds mark the points taken at 298 K, either still within the Ar-filled glove box (step 0) or at the
beginning (step 1) and at the end of the temperature ramps (step 2) during which the cell is placed in ambient

air. The tightness of the cell was assessed by comparing the determined Li* conductivities at step 1 and 2.

In the context of this study, the isovalent substitution of Si in L114S1Ps with its heavier homologues
Ge and Sn and the resulting impact on the ionic conductivity was investigated. When comparing
the Li* conductivities of pelletized samples, the pellet density p is an essential parameter, especially
when different materials are compared amongst each other. Mathematically this is reflected by the
geometric factors & and 7, which are the porosity and tortuosity, respectively, in Ohm’s law for

porous media (Eq. 1)

where d represents the sample pellet thickness, R is the measured ionic resistance, and A is the
cross-sectional area of the pellet. The tortuosity, and thus the exact conductivity, can
experimentally not be determined in such a setup. For this reason, the commonly used approach
taken in the literature is to determine the ionic conductivity at very high relative pellet densities

(pre1, referenced to the crystal density), at which the geometric factors become negligible (i.e.,
S14
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where /¢ = 1), which in the literature is generally assumed to be the case for pres values of near or
above 90%. 2

Looking at the relative pellet densities referenced to the crystal density (pri1 see Table S7), different
degrees of sample pellet densification were obtained, although all samples were compressed
identically. For the compounds Li14GePs and L114SnPs, an essentially equal relative pellet density
within the measurement error range could be achieved. However, the previously reported
conductivity of Li114SiPs was determined at a roughly 10% lower pre/ value (see second column in
Table S7) and therefore is not directly comparable with those taken for Li14GePs and Li14SnPs at
higher relative pellet density. Thus, the conductivity of another Li114SiPs sample for which a higher
and now comparable prvalue of 88% £3% could be obtained, yielding a conductivity of
(1.18£0.07) - 107 S cm™!. This confirms the observed trend of the isovalent substitution, i.e.,
oLi(L114GePs) > oLi(L114S1P6) > ovi(L114SnPs).

Table S7. Comparison of Liw7tPs (1= Si, Ge, Sn) regarding Li" conductivity at 299 + 0.5 K taken at

different degrees of pellet densification.

empirical formula  Li1sSiPs

L114S1Ps Li14GePs L114SnPs
(see Ref. 1)
oni/ 107 Sem™! (1.09 + 0.06) (1.18 £0.07) (1.71 £ 0.14) (0.93 £ 0.01)
pret [ — 79% + 1% 88% + 3% 91% + 1% 87% =+ 4%
S15
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The aim of this work was the investigation of the structure and properties of the lithium
phosphidogermanates - and f-LigGePs. The structure of the two polymorphs as well as the
associated group-subgroup relationships (Barnighausen 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 LigSiPa.
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 Barnighausen 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.
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ABSTRACT: To utilize all-solid-state batteries as high power and
energy density energy storage devices it is necessary to improve the
current electrolyte materials and the cell architecture. In this work,
we present @- and fJ-LigGeP, as potential compounds for the use in
cathode composites of solid-state batteries because of their ability to
conduct both Li* ion and electrons. Each polymorph was
synthesized via mechanical alloying of the elements and subsequent
annealing. Structural analysis of a- and f-LigGeP, via X-ray
diffraction reveals isolated [GeP,]®” tetrahedra. a-LizGeP, (Pa3)
and fi-LigGeP, (P43n) are isotypic with LizSiP, and LigSnP,,
respectively. The lithium ion mobility indicated by partially filled

octahedral voids was investigated by temperature-dependent nuclear
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magnetic resonance and electrochemical impedance spectroscopy and reveals low activation energies for lithium hopping in the

range from 34 and 42 kJ mol™ as well as high ionic conductivities of up to 8 X 107 § cm

~! and electronic conductivities of up

to 4 X 1077 S em™ at 293 K. These results combine a new substance class with a systematic synthesis approach for materials

with high ionic carrier densities.

B INTRODUCTION

The investigation of solid Li ionic conductors has been rapidly
increased in recent years, because of their promising great
potential to improve the safety and performance of state-of-the
art battery technology. All-solid-state batteries (ASSB) are
thought to excel as advanced electrochemical energy-storage
systems.' " While a lot of work is done to optimize solid ion
conductors, which are typical electronically insulating as solid
electrolytes, such as optimizing the lattice softness, width of
diffusion pathways, and changes in the carrier densities,4_12 it
is also necessary to include these materials in composite
cathodes to obtain high power and energy densities."*'* On
one hand, coating of active material particles has been proven
to be necessary to decrease interfacial resistances.'> On the
other hand, besides a high ionic conductivity for thick
electrode configurations,'® fast electronic percolation in the
electrodes is mandatory. Usually in liquid electrolyte-based
batteries a fast electronic percolation in cathode composites is
achieved using conductive carbons that have shown to be
detrimental in ASSBs."” Transferring these findings to all-solid-
state batteries, the utilization of a mixed ionic and electronic
conductor as a potential additional electrolyte may provide
improved power densities without using large fractions of
electrolyte and carbon in the electrodes.'

< ACS Publications @ 2018 American Chemical Saciety 6440

Recently, lithium phosphidosilicates have gained attention
due to their wide range of structural diversity and their ability
to conduct both ions and electrons.'” After the initial report of
this material class by Juza et al*” in the 1950s, further
investigations were not carried on until 2016, when the
structures of LigSiP, and Li,SiP, followed by LiSi,P5, Li;Si,Pg,
and LiySisP, were reported.'””"** The building principles of
phosphidosilicates are closely related to oxidosilicates,
thiosilicates, and thiophosphates as they offer a large variety
of structural motifs based on covalently connected [SiP,]%"
tetrahedra sharing edges and corners to form networks, where
alkaline, alkaline earth, transition metal, or rare earth element
atoms serve as counterions.'” " The lithium phosphidosilicate
with the so-far highest reported ionic conductivity of 6 X
107° § em™ at room temperature, LigSiP,, is built up by
isolated [SiP,]®" ortho-phosphidosilicate tetrahedra'? resem-
bling the building blocks in sulfide-based solid electrolytes such
as LijgGeP,S;;. The higher formal charge of [TtP,]*”
compared to [TtS,]*” and [PS,]*” leads to the incorporation
of larger amounts of lithium per formula unit, which may
further come with an increased activation barrier due to
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stronger Li" interactions with the anion sublattice as seen in
Li;gGeP,S,,.° However, in LigTtP, lithium occupies all
remaining tetrahedral and a part of the octahedral voids in
the distorted cubic close packing of P atoms, allowing good
percolation networks for three-dimensional ionic diffusion.
Additionally, the electronic conductivity is reported to be only
2-3 orders of magnitude smaller than the ionic conductivity."”

In recent years the synthesis of new materials including
electrolytes via one- or two-step synthesis routes involving
mechanochemical milling experiments has gained in impor-
tance. Amorphous or glassy materials obtained by mechanical
alloying may lead to novel materials which are not accessible
by classical high-temperature approaches.”*™* In this class of
materials, combining mechanical alloying with subsequent
annealing of the obtained reactive mixtures results in lithium
phosphidosilicates of high purity.”'

In this work, we report the novel mixed ionic and electronic
conductors a-LigGeP, and f-Li;GeP,, prepared in high
purities, using a new synthetic strategy for the material class
of phosphidogermanates combining mechanical alloying and
subsequent annealing. As this synthesis route is also applicable
for the lithium phosphidosilicate LigSiP,, a direct comparison
between the materials can be made. The compounds are
characterized with X-ray diffraction, electrochemical impe-
dance spectroscopy, and temperature-dependent "Li NMR
spectroscopy. This work shows that there is a vast variety of
possible compounds in the class of lithium ionic conducting
phosphidosilicates and phosphidogermanates that need to be
explored.

Bl EXPERIMENTAL SECTION

All chemicals were handled under Ar atmosphere in Gloveboxes
(MBraun, 200B) with moisture and oxygen levels below 0.1 ppm or in
containers which were sealed under Ar atmosphere and vacuum (<2
X 107 mbar), respectively. The lithium phosphidotetrelates 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 under proper ventilation.

Ball Mill Experiments. All compounds were synthesized in a two-
step synthesis route. In the first step a reactive mixture was prepared
by mechanochemical milling (350 rpm, 36 h, 10 min interval, 3 min
break) of the corresponding elements in stoichiometric amounts using
a Retsch PM100 Planetary Ball Mill with a 50 mL tungsten carbide
milling jar and three balls with a diameter of 15 mm.

Heat Treatment Experiments. The reactive mixtures obtained
from ball mill experiments were pressed to pellets (0.5 g), sealed in a
graphitized silica-glass ampule, and heated in a muffle furnace
(Nabertherm, L5/11/P330) to 500—700 °C for 24—72 h (heating
rate 4 °C min', cooling rate 1 °C min™").

Synthesis of LigSiP,. LiSiP, was obtained by stoichiometric
reaction of lithium (401.4 mg, 7.23 mmol, Rockwood Lithium, 99%),
silicon (203.0 mg, 7.23 mmol, Wacker, 99.9%), and red phosphorus
(895.6 mg, 7.23 mmol, Sigma-Aldrich, 97%) via mechanical milling
and subsequent annealing of pellets of the mixture to 700 °C for 24 h.

Synthesis of a- and p-LigGeP,. The synthesis of both
modifications a- and f-LigGeP, starts with the preparation of a
reactive mixture by mechanical milling of lithium (330.4 mg,
595 mmol, Rockwood Lithium, 99%), germanium (4322 mg,
5.95 mmol, EVOCHEM GmbH, 99.999%), and red phosphorus
(737.3 mg, 595 mmol, Sigma-Aldrich, 97%). a-Li;GeP, and f-
LigGeP, are obtained by annealing of pellets of the reactive mixtures
to 500 °C for 72 h and 700 °C for 24 h, respectively.

Isothermal Phase Transition Experiments. For the inves-
tigation of the phase transitions between the two polymorphs pellets
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of the crystalline phases a- and ff-LizGeP, were prepared and heated
to 600 °C for 12 h and 500 °C for 72 h, respectively.

Preparation of Spark Plasma Sintered Sample of LigSiP,.
The sample densification was carried out using a SPS S30ET spark
plasma sintering machine. During the sintering process the sample (@
=13 mm) was heated up to 520 °C and pressed with 50—60 MPa. At
the end of sintering the temperature was rapidly cooled down to
200 °C.

Powder X-ray Diffraction. Data were collected at room
temperature on a STOE Stadi P diffractometer (Ge(111)
monochromator, Cu Ke, radiation, 1 = 1.54056 A) with a Dectris
MYTHEN 1K detector in Debye—Scherrer geometry. Samples were
sealed in glass capillaries (@ 0.3 mm) for measurement. Raw data
were processed with WinXPOW™ software, and Rietveld refinements
were executed with FullProf.”® The atomic displacement parameters
for all atoms have been calculated isotropically. Displacement
parameters of all Li atoms were equalized, and occupation factors
were set to fit a stoichiometry of LigTtP,. Free refinement led to
slightly lower occupations of Li almost exclusively on the octahedrally
coordinated positions resulting in sum formulas of Li; g5)SiP, for
LigSiPy, Li; 43(2)GeP, for a-LigGeP,, and Li; 57(1)GePy for f-LigGePy,
respectively. Atomic coordinates and isotropic displacement param-
eters as well as the data of the measurement at room temperature are
given in the Supporting Information. Further 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-434683 (Li,SiP,, 293 K), CSD-434684 (a-LiyGeP,, 293 K),
and CSD-434685 (f-LisGeD,, 293 K).

Single-Crystal X-ray Data Collection. A single crystal of f-
LiyGeP, was isolated and sealed in a glass capillary (0.3 mm). Data
were collected on a single-crystal X-ray diffractometer equipped with a
FRS91 rotating anode with Mo Ka radiation (4 = 0.71073 A) and a
Montel optic, a CCD detector (APEX II, k-CCD), by using the APEX
2 software package.”® The crystal structure was solved by direct
methods with ShelXS97; for structure refinement the program
package SHELX-2014"" was used. The crystal has been refined as
an inversion twin, however, with a small weight of the second
individual and a Flack parameter of 0.02(3). All atoms were refined
with anisotropic displacement parameters, except for Lil and Li6
atoms which were refined isotropically. The occupation factors were
set to 8 Li per GeP; unit. Free refinement resulted in a lower
occupation of the octahedrally coordinated Li positions. Further 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 number
CSD-434686 (f-LiyGeP,, 293 K).

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™" and
a heating/cooling rate of 10 K min~". Data collection and handling
were carried out with the Proteus Thermal Analysis program.™

Solid-State NMR Spectroscopy. Solid-state 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 frequency of the measured 'Li nucleus is
116.6 MHz. The samples have been sealed in a glass tube to avoid
contact with air and moisture. The temperature calibration for the Li
measurements has been performed using the temperature-dependent
7pb NMR shift of lead nitrate (PbNO,) as chemical-shift
thermometer,”” which has also been measured in a sealed glass
tube. For a-LisGeP, the static "Li single-pulse-excitation measure-
ments were performed in the temperature range from room
temperature to 183 K with recycle delays from 30 to 60 s and 4
repetitions. For f-LigGeP, the static Li single-pulse-excitation
measurements were performed in the temperature range from room
temperature to 168 K with a recycle delay of 60 s and 4 repetitions.

DOI: 10.1021/acs.chemmater.8b02759
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For both samples a presaturation comb was used. All spectra were
referenced to a 9.7 M LiCl solution.

Impedance Spectroscopy and dc Conductivity Measure-
ments. Electrical conductivities were measured by ac impedance
spectroscopy using a custom-built setup. Powder samples of LigSiP,
and a- and f-LigGeP, were placed between two stainless steel rods
10 mm in diameter and pressed at 3 t for 2 min resulting in geometric
densities of 82%, 56%, and 76%, respectively. Electrochemical
impedance analysis (EIS) was conducted in the temperature range
of 25-150 °C using a SP300 impedance analyzer (Biologic) at
frequencies from 7 MHz to 10 Hz with an amplitude of 20 mV. The
partial electronic conductivity was determined with the same setup via
a simple polarization method, applying a voltage of 0.3—2.0 V for 10 h
each.

Bl RESULTS AND DISCUSSION

Syntheses. After discovering various new compounds in
the Li—Si—P system,'””'”* we extended our experimental
efforts toward the corresponding systems in which Si is
substituted by the heavier homologue Ge, in particular aiming
at the compound containing the so far highest possible Li
amount and potentially enhanced conductivities, LizGeP,.
Simultaneously, we varied and improved the preparative
methods also for the Si-based materials. After applying a
two-step synthesis route starting from ball milling of the
elements followed by a high-temperature reaction of the
reactive mixtures within sealed, graphitized silica-glass ampules,
we not only confirmed a high-yield synthesis of LigSiP, but also
obtained the new LigGeP, in two different polymorphic
modifications. Polycrystalline samples of both modifications, a-
LigGeP, after 72 h at 500 °C and f-LigGeP, after 24 h at
700 °C, as well as of LigSiP,, are obtained in high purity, as
indicated by the Rietveld analyses shown in Figure 1. In the
case of LigGeP,, both the a and f modifications crystallize in
the cubic crystal system with very similar lattice parameters,
however, with different space groups. Fairly illustrating the
position of Ge as an intermediate between the homologue
elements Si and Sn, the a modification is isotypical with
LigSiP, while ff-Li;GeP, adopts the LigSnP, structure type.*
DSC measurements up to 750 °C of both modifications of
LizGeP, showed only weak signals, probably indicating a
higher melting point and a rather slow transformation from a-
to f-LigGeP, and vice versa. The slow phase transition is also
in agreement with isothermal interconversion experiments
performed with bulk material in ampules, which led to full or
partial conversion (Figure §9 in Supporting Information).

Crystal Structure of a-LigGeP,. To evaluate possible Li*
conduction pathways the crystal structures of the two LigGeP,
polymorphs are analyzed.

The a modification crystallizes in the cubic space group Pa3
(205) with a lattice parameter of 11.80146(4) A (Figure 2a).
The structure was analyzed using Rietveld refinements; the
corresponding results are shown in Table 1. The structure
comprises isolated, highly charged [GeP,]®" tetrahedra (Figure
2), which are separated by eight Li" ions per formula unit and
consists of eight fully occupied crystallographically independ-
ent atom positions (Lil, Li2, Li3, Li4, LiS, Ge, P1, and P2).
Analogously to the crystal structure of LigSiP,,"” the structure
is closely related to the fluorite type where the Ca** ions form a
cubic closest packed (ccp) arrangement and F~ is occupying all
tetrahedral voids whereas octahedral voids remain unoccupied.
The present compound belongs to the antifluorite type, and
the lattice is based on a slightly distorted ccp of P atoms with
all tetrahedral and 25% of the octahedral voids filled by Ge and
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Figure 1. Rietveld analyses of X-ray powder diffraction patterns of (a)
LigSiP,, (b) a-LigGeP,, and (c) f-LizGeP,. Red circles indicate
observed intensities Y, black lines show calculated intensities Y,
blue lines reveal the difference between observed and calculated
intensities, and green marks indicated Bragg positions.

Liin an ordered manner. Notice that occupying the tetrahedral
void with Ge results in covalent bonding to the P atoms,
whereas lithium can be considered as ionic. Within this
structure, the tetrahedral voids are fully occupied by Ge and Li
(Li1—Li3) in a ratio of 1:7. According to the space group Pa3,
the octahedral voids are centered by three different crystallo-
graphic sites according to the Wyckoff positions 4a, 4b, and
24d. In contrast to the structure of LigSiP,,'” sites 4a and 4b
are completely occupied, whereas no electron density is
observed at the 244 site.

In reference to the isotypic LizSiP, ' the special arrange-
ment of the Ge atoms results in a 2 X 2 X 2 superstructure
based on the ccp of the P atoms (Figure 2b and 2c) in

DOI: 10.1021/acs.chemmater.8b02759
Chem. Mater. 2018, 30, 6440-6448

135



Publications and Manuscripts

Chemistry of Materials

c) :
(]
(Y
[}
f
a )
«——— o ——o
= e

Figure 2. (a) Structure of a-LigGeP,. (b) Rhombohedral arrangement of Ge atoms within the unit cell of a-LigGeP,. (c) As in b but with a shift of
the origin of the unit cell by the vector (0.127210.127210.1272) for comparison with the f modification. (d) Structure of f-LigGeP,. (e)
Arrangement of Gel and Ge2 atoms within the unit cell of -LigGeP,. Black lines mark one-dimensional chains drawing through the structure. (f)
Unit cell of an A15 phase (Cr;Si structure type*). Cr and Si atoms are shown in dark red and dark blue, respectively. Black lines mark the direction
of the one-dimensional chains. Li, Ge, and P atoms are depicted as gray, turquoise, and pink thermal ellipsoids, respectively, set at 90% probability.

GeP, tetrahedra are highlighted in turquoise.

Table 1. Details of the Rietveld Structure Refinement of -
LigGeP,

empirical formula a-LigGeP,
T (K) 293
fw (g mol™") 252.0

Pa3 (no. 205)
a = 11.80203(7)

space group (no.)
unit cell parameters (A)

Z 8

V (A%) 1643.88(2)
Pestea (g em™) 2.037

29 range (deg) 5.006—89.846
R, 255

Ry 3.58

Ry 243

X 2.17

GOF 1.5

Rocses 287

Re 2.68

accordance with the CaF, unit cell. Within the current larger
unit cell, the arrangement of Ge can be demonstrated by Ge
atoms spanning a rhombohedron. Each of these atoms is
surrounded by four P atoms. The resulting [GeP,]*”
tetrahedra have similar Ge—P bond lengths of 2.381(5) and
2.396(3) A for Ge—P1 and Ge—P2 (3x), respectively. These
bond lengths are within the characteristic range of Ge—P
interactions of related compounds such as Na,,Ge,Pg
(2.334(1)—2.425(1) A),”® NaGe;P; (2.314(4)—2.446(2)
A),*" and GeP (2.34—2.38 A).* The P—Ge—P angles are in
the narrow range of 109.3(1)° and 109.6(1)°, thus forming an
almost perfect T, symmetric [GeP,]*” unit. In consequence,
the P atoms are slightly shifted with respect to an ideal position
of a ccp packing.

The occupation of the remaining tetrahedral voids with Lil,
Li2, and Li3 leads to Li—P distances between 2.47(2) and
291(1) A. In contrast, the octahedrally coordinated Li4 and
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LiS show six identical Li—P bond lengths of 2.884(1) and
3.028(4) A, respectively, illustrating the less favored octahedral
coordination of Li". The high lithium content of the
compound induces a short Li—Li bond length. The shortest
can be categorized in different sets: face-sharing Li"-centered
tetrahedra and octahedra result in shorter Li—Li distances of
2.33(1)—2.56(2) A, and edge-sharing polyhedra lead to longer
distances of 2.84(2)—3.23(3) A.

Crystal Structure of f-LigGeP,. The second polymorph /-
LigGeP, (Figure 2d) crystallizes in the cubic space group P43n
(218) with a lattice parameter of 11.7831(1) A. The details of
the structure refinement at 293 K are shown in Table 2.
Atomic coordinates and anisotropic displacement parameters
as well as the data of the measurement at room temperature
are given in the Supporting Information. The refined
crystallographic parameters from Rietveld analysis on the
powder sample (Figure 1b and Supporting Information)
confirm the single-crystal data results.

The crystal structure also comprises isolated [GeP,]*~
tetrahedra and Li" ions distributed over 10 crystallographically
independent positions (Gel, Ge2, P1, P2, and Lil—Li6) with
three of the Li positions (Lil, LiS, and Li6) being partially
occupied. As in the & modification the P atoms form a slightly
distorted ccp arrangement, and the distortion is caused by a
slight shift of the P atoms toward the Ge atom positions, which
are situated in 1/8th of all of the tetrahedral voids. The
remaining 7/8th of the tetrahedral voids are occupied by Li*
(Li1=S5), as no additional electron density of Ge atoms can be
found. Of those the positions Lil and LiS are partially
occupied with S.O.F. values of 0.78(3) and 0.887(9),
respectively. The remaining Li* ions (Li6) occupy approx-
imately 38% of the larger octahedral voids as the S.O.F. value
of the Li6 atom at a general Wyckoft site 24i amounts to
0.502(9). Another crystallographic site centering the octahe-
dral voids, the Wyckoff position 8¢ according to the space
group P43n (218), is completely empty.

DOI: 10.1021/acs.chemmater.8b02759
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Table 2. Crystallographic Data and Refinement Parameters
of f-LigGeP, at 293 K

empirical formula LigGeP,

fw (g mol™") 252.0

cryst size (mm?®) 0.08 X 0.08 x 0.07
cryst color dark red

T (K) 293(2)

cryst syst cubic

P43n (no.218)
a = 11.7831(1)

space group (no.)
unit cell parameters (A)

Z 8

V(A% 1635.98(4)

Pelea (g cm™) 2.046

u# (mm™) 4.420

F(000) (e) 928

9 range/deg 2.444-29.948

index range (hkI) —-16 <h <10
—-15<k<11
-16 <116

no. of reflns collected 10 400

no. of independent rns 297

R, 0.0286

no. of reflns with I > 2a(I) 629

abs corr multiscan

data/restraints/params 808/0/41

foodness-of-fit on F* 1.036

R,, wR, (all data)
Ry, wR, [I > 2a(I)]
largest diff. peak and hole (e A™%)

0.0520, 0.0540
0.0256, 0.0479
0.747/-0.450

The arrangement of the Ge atoms with respect to each other
significantly differs from the a phase. In f-LizGeP, the Ge
atoms arrange according to a homoatomic ALS structure
(Cr,;Si* structure type), pointing out the structural difference
of a- and f-LigGeP,. In f-Li;GeP, the body-centered cubic
(bee) substructure of the ALS structure type is formed by the
Gel atoms, whereas the Ge2 atoms are arranged in pairs on
the cubic faces resulting in one-dimensional rows drawing
through all three spatial directions (Figure 2e and 2f). Hence,
similar to the & polymorph, a 2 X 2 X 2 superstructure based
on the ccp arrangement of the P atoms is obtained.

The Gel atoms are surrounded by four P1 atoms, and the
Ge2 atoms occupy the center of four atoms on position P2,
resulting in a structure of isolated [GeP,]*” tetrahedra
separated by Li" ions. The bond lengths between 2.369(3)
and 2.378(2) A are slightly shorter than those of the «
modification. However, the interatomic Ge—P distances are
also comparable with Ge—P bonds of related compounds.

The remaining sites are occupied by Li" ions, resulting in
three different [LiP,] environments as well as one [LiPg]
octahedron centered by Li6. Similar to a-LigGeP,, the resulting
Li—P distances within the tetrahedra are 2.50(1)—2.69(1) A,
reasonably shorter compared to those in octahedra with
2.82(2)-3.05(2) A. However, induced by the different
symmetry the [LiP;] octahedra are more distorted. For Li—
Li distances also the same trend is observed as for the « phase.
Such distances between Li" ions in face-sharing P, polyhedra
are shorter (2.49(2)—2.66(2) A) than those in edge-sharing P,
polyhedra (2.84(1)—3.07(1) A).

Lithium Migration Network. Comparing the coordina-
tion network of Li-centered P polyhedra in both polymorphs
(Figure 3) provides possible lithium diffusion pathways in the
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LiP,J<=[LiP4]
LiP,]—[LiPe]

@Li

U-Li3G9P4
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Figure 3. Structural representation of the Li" coordination network
showing possible Li* hopping pathways. (a) Example of two different
Li*-hopping mechanisms between edge-sharing tetrahedra (1) (blue
dashed lines) and face-sharing tetrahedra and octahedra (2) (red
dashed lines). (b) Possible Li*-hopping pathways in a-LigGeP,. (c)
Possible Li*-hopping pathways in f-LigGeP, with partially filled Li*
(occupation in %). While in f-LizGeP, these jumps between face-
sharing tetrahedra and octahedra and edge-sharing tetrahedra (1) are
always possible, in a-LigGeP, a jumping mechanism via edge-sharing
tetrahedra (1) is assumed for macroscopic Li* transport.

structure. In both polymorphs lithium is coordinated in either
a tetrahedral or an octahedral environment. However, while in
a-LigGeP, two octahedral positions exist, #-LigGeP, exhibits
only one octahedral lithium position. In all crystal structures of
the LigTtP, compounds the octahedral polyhedra share
common faces with the tetrahedral sites, whereas all tetrahedra
share edges. In Figure 3a a typical arrangement of a Py
octahedron that share faces with adjacent P, tetrahedra and
two P, tetrahedra that share edges as it occurs in both
polymorphs are shown. Pathways of possible Li migration are
from octahedral to tetrahedral sites through common faces (1)
and between two tetrahedra that share edges (2). While it is
typically believed that low-energy pathways for ion jumps are
connected to face-sharing polyhedra, changing coordination
numbers leads to larger activation barriers."” The assumption
of a three-dimensional ion jump pathway along more
tetrahedron—octahedron—tetrahedron positions likely leads
to higher energetic barriers in a potential energy landscape
compared to face-sharing tetrahedra. On the other hand, a
jumping mechanism via edge-sharing tetrahedra (1, Figure 3)
is not uncommon. However, it is actually the rate-determining
step in the fast ionically conducting lithium argyrodites,”** and
the edges between two LiP, tetrahedra are indeed a bit longer
than those between one LiP, and one GeP, unit, 4.199(3)-
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4.365(3) and 3.853(2)-3.944(2) A, respectively. While in both
polymorphs the tetrahedra share edges and three-dimensional
conduction seems possible, the Li—Li distances in f-LigGeP,
are shorter than in a-LigGeP,, suggesting faster ionic
exchange.”

In addition to the coordination environments, the
octahedrally coordinated Li* in f-LigGeP, is distributed on a
24i site and partially occupied and a hopping pathway appears
to be more probable compared to a-LigGeP,, where Li* is
exclusively located on a fully occupied 4a and 4b site. In other
words, the polyhedral connectivity of f-LigGeP, suggests
potentially lower activation barriers for the ionic motion, and
the higher fraction of Li at partially occupied sites in f-LigGeP,
suggests a higher number of mobile charge carriers within the
structure.

Solid-State NMR Spectroscopy. The dynamic behavior
of the Li* ions in a-LigGeP, and f-LizGeP, was investigated via
the temperature-dependent evolution of the static 'Li NMR
line width in the relevant temperature range (Figure 4a and

a) [a-Li;GeP, b) [B-LigGeP,
___Jw 190 K
3 3
« «
- 218K | = 223K
= =
@ ®
c c
£ 253K| € 245K
‘ 291K l 289K
T 1 L) 1 T Ll
400 -200 0 200 400 400 200 0 200 400
ol ppm &1 ppm
c) & a-LigGeP, (E™" = 35 kJ mol)
10
v [-LigGeP, (E,NMR = 34 kJ mol™)
8 4
N
k=
-
-~ 6
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Figure 4. 'Li single-excitation NMR spectra recorded at different
temperatures of (a) a-LigGeP, and (b) f-LigGeP,. Saturation comb
was used prior to data acquisition. (c) Evolution of the temperature-
dependent "Li line widths of @-LigGeP, and f#-LizGeP,. Solid lines are
guides to the eye only.

4b). Since the central transition of the I = 3/2 nucleus "Li is
only broadened via the homo- (“Li—"Li) and heteronuclear
(here "Li—*'P) dipolar couplings and both types of interactions
scale with the second Legendrian (3 cos*# — 1), any dynamic
process should produce a (partial) averaging of the orienta-
tional dependence and hence entail a narrowing of the NMR
line. Thus, the data presented in Figure 4c, which shows the
temperature-dependent evolution of the line widths for the two
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investigated compounds, clearly illustrates the onset of Li* ion
mobility in @ and f-LigGeP, around 220 K.

For both samples only one Lorentzian-shaped signal is
visible at room temperature with line widths of 500 and
510 Hz for a- and f-LigGeP,, respectively. Upon cooling of the
samples, the signals gradually broaden, developing a Gaussian
line shape in the “rigid-lattice” plateau at temperatures < 190 K
with line widths of 10.1 and 9.6 kHz for a- and f-LigGeP,,
respectively. Taking the onset temperature T, as the
temperature at which the line width is given by (b‘rigid lattice —
Ve, narrowing)/2 and employing the Waugh Fedin relation,
ENMR = 0,156 X Ty " a rough estimation of the activation
energy EA™® (in kJ mol™") for the motional process may be
obtained.

From this, onset temperatures of 224 and 219 K, translating
into activation energies of 35 and 34 kJ mol™" for a-LizGeP,
and f-LigGeP,, respectively, are obtained.

Impedance Spectroscopy and dc Conductivity Meas-
urements. Nyquist plots (Figure Sa, Sb, and 5c) derived from
impedance spectroscopy measurements to determine the Li'
ion conductivity feature a semicircle and a tail of the blocking
electrodes. The high-frequency semicircle represents contribu-

—
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Figure 5. Normalized Nyquist plots of (a) LigSiP,, (b) a-Li;GeP,,
and (c) f-LigGeP, with curves observed at 25 (largest semicircle), 55
(medium semicircle), and 85 °C (smallest semicircle), respectively,
with capacitances of the semicircle, and (d) equivalent circuits used
for fitting (red). (e) Arrhenius plot of the three different compounds
with error bars and linear fit to obtain activation energies Ejy .
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tions of intragrain and grain boundary Li" transport, which
could not be resolved. All Nyquist plots were fitted with a
series connection of a constant phase element (CPE) for the
blocking electrodes and a parallel CPE/resistor component.
The obtained capacitances ranging from 7 X 107! to
2 X 107" F show that the resistor element represents the
sum of intragrain and grain boundary resistances, resulting in
ionic conductivities of oy;(LigSiP,) = 4.5 X 107° § ecm™, oy,(a-
LigGeP,) = 1.8 X 107> § cm™, and y,(f-LigGeP,) = 8.6 X
107 S em™ at 25 °C. Temperature-dependent impedance
measurements in a range of 25—155 °C (Figure Se) revealed
activation energies E,°° of 39, 42, and 38 kJ mol™,
respectively. The minor deviations between the E, values as
obtained from NMR and impedance spectroscopy may result
from the grain boundary contributions to the impedance data.

dc polarization experiments in the range of 0.3—0.7 V to
estimate the partial electronic conductivity led to 6, (LigSiP,)
=6.0x%x 107 S em™, 6,- (a-LigGeP,) = 7.2 X 107 S em ™), and
6. (f-LigGeP,) = 42 X 1077 S em™,

While the materials are mainly ionic conductors the
electronic conductivities for a-LigGeP, and pf-LigGeP, are
only 2 orders of magnitude lower. Compared to LigSiP, the
substitution of Si by Ge decreased the difference between ionic
and electronic by 1 order of magnitude. Comparing the ionic
conductivities of all phases, the f-LigGeP, exhibits the highest
conductivity for lithium as well as the lowest energy barrier for
migration, possibly due to the smaller jump distances via the
tetrahedral sites, higher number of tetrahedron—octahedron—
tetrahedron transitions, as well as a larger number of partially
occupied sites for lithium to jump into.

Crystallographic Group—Subgroup Relationship of a-
and f-LigGeP,. The existence of the two polymorphs with
conductivities varying by almost 1 order of magnitude raises
questions about their relationship and the possible existence of
more phases with different ordering of the Ge atoms on
crystallographic sites and improved charge carrier mobilities.
Therefore, we applied the method brought to the front by
Birnighausen” and determined the crystallographic tree
through group—subgroup relationships.

The crystal structures of the two modifications of LigGeP,
are very closely related, as indicated, for example, by the same
(cubic) crystal system with very similar lattice parameters or by
finding the same main building units, isolated GeP, tetrahedra
and Li" ions. Furthermore, both structures can be derived from
the antitype of CaF, as in both cases the P atoms form an only
slightly distorted cubic closest packing where all tetrahedral
voids are filled by Ge and Li* ions in an ordered way. The
genuine antiflourite type of structure was postulated for a
compound addressed as “Li;GeP;” (and “Li;SiP;”) with a
complete disorder of lithium and tetrel atom by Juza and
Schulz.” To realize the composition LigGeP,, besides the 2n
tetrahedral voids arising from a ccp of n P atoms additionally
some Li" ions have to occupy octahedral voids. In both
modifications the ccp of P atoms is slightly distorted due to a
shift of the P atoms toward the covalently bonded Ge atoms.
Besides these similarities, the cubic space groups of the two
polymorphs, Pa3 for a- and P43n for f-LigGeP,, are in fact
connected via group—subgroup relationships to the space
group of CaF,, Fm3m (Figure Ga, symmetry degradation trees
corresponding to Birnighausen™ are given as Supporting
Information). Although derived from the same aristotype,
these two space groups are surprisingly not related via a direct
group—subgroup relation. The straight phase transition is
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Figure 6. (a) Group—subgroup relationship between CaF, and the
two modifications of LiyGeP,. In both cases the symmetry is degraded
via one translationengleiche and three klassengleiche transitions, one
of the latter including the doubling of the lattice parameters. (b) Unit
cell of a-LizGeP,, shifted by (0.127210.127210.1272) to locate the Ge
atoms at the origin for better comparison. (c) Unit cell of f-LizGeP,.
Ge and P atoms are depicted as turquoise and pink solid balls; Li
atoms are omitted for reasons of clarity. GeP, tetrahedra are
highlighted in different colors to illustrate the similarities and
differences in the arrangement of the Ge atoms within the structures.
Turquoise tetrahedra, forming a primitive cubic cell, and blue
tetrahedra, located at the faces of the unit cell, are packed in an almost
identical manner, while green tetrahedra, representing 50% of all
tetrahedra, are differently arranged in the two LiyGeP, polymorphs,
inside the cell in @ and at the faces as well as in the center of the unit
cell in f-LigGeP,.

hampered according to the weak and inconclusive signals in
DSC experiments.

Further heating experiments take some days at the respective
emerging temperature to transform f-LigGeP, partially into a-
LigGeP, and vice versa. Finally, the assumption of a kinetically
hindered mechanism of the phase transition between a- and f-
LiyGeP, below the melting point is illustrated by regarding the
crystal structures, as the comparison of the packing of the
[GeP,]*" tetrahedra (Figure 6b and 6¢) reveals that during a
structural transition formally one-half of the Ge atoms or
[GeP,]® units have to shift between neighboring tetrahedral
voids including the cleavage of the same amount of all Ge—P
bonds or alternatively 50% of the GeP, tetrahedra have to
change their places; of course, all possible procedures are
accompanied by a rearrangement of the corresponding Li*
ions. The shift of [GeP,]*” units could also be connected to
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the rearrangement of closed packed P atom layers and in
consequence also with a simultaneous rotation of [GeP,]*~
tetrahedra.

Obviously, the formation of the different modifications is
strongly dependent on the experimental conditions, ie., the
annealing time and temperature. Comparing the structures of
the related compounds LigSiP, and LigSnP, reveals that for
smaller tetrahedral anions or in an alternative consideration for
a larger space demand of the cations the « structure seems to
be more stable, while for larger anions or less cations the f type
could be favored. This is also supported, e.g, by other
compounds with a lower space requirement of the cations like
M,SiP, (M = Ca, Sr, Ba) which show the same space group
and tetrahedral packing as the f-type structure.”

B CONCLUSION

With the polymorphs a-LigGeP, and f-LiyGeP, two new
lithium phosphidogermanates are synthesized and thoroughly
characterized. While both materials show similar building
blocks, there is no direct crystallographic group—subgroup
relation between both occurring space groups. Consequently, a
transition between these phases is hindered and occurs only in
a slow manner. For phase-pure samples, a two-step synthesis
route via mechanical milling and subsequent heat treatment is
applied, which also performs well for LigSiP,.

These materials show ionic conductivities of 107°—~107* §
cm™" at 25 °C in combination with electronic conductivities of
2—3 orders of magnitude lower. The activation energies of 38—
42 kJ mol™" obtained from PEIS and of 34—36 k] mol™" from
temperature-dependent static 'Li NMR experiments are in a
reasonable range for ion conductors. The high electronic
conductivities make the new materials unsuitable as solid
electrolyte separators. However, the mixed conductivity may
be interesting for application in the electrode composites in all-
solid-state batteries; however, the chemical and electro-
chemical stability in the composites needs to be evaluated.

The successful substitution of Si by Ge shows the possibility
of ion replacement in the host lattice with only a small effect
on the overall structure. Further isoelectronic and aliovalent
substitutions of the metal cation may possibly improve the
conductivity via broadening of the diffusion pathways or
introducing more mobile charge carriers. Addressing the
electron mobility, doping of the materials with transition
metals has been shown to increase the electronic conductivity
in certain cases by several orders of magnitude.”® In addition,
impedance measurements on LigSiP; showed that the sample
preparation has a strong influence on the observed Li* ion
conductivity. Preliminary optimization using spark-plasma
sintering of LigSiP, shows a further increased Li* ion
conductivity of up to 107" S cm™' at room temperature,
while the investigated phase seems to be stable against this
harsh preparation method. This technique will be further
investigated.

The ordering of [GeP,]*” tetrahedra in the two polymorphs
hints for the possibility of more polymorphs with other ion
ordering. In addition, the view of the structures as derivatives
of ccp of P atoms and Li" ions occupying tetrahedral and
octahedral voids allows the outlook that also compounds with
an even higher Li* content may be realized.
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Details of the crystal structure determinations of a- and B-LisGePs

Table S1. Details of the Rietveld structure refinements of o- and f-LigGePs.

empirical formula
T/K

formula weight / g mol™!
space group (no.)

unit cell parameters / A
zZ

VA3

Peate. / gem™

0 range / deg

R,

Rup

Reyp

X

GOF

RBms:_r:

Ry

o-LisGePy
293
252.0
Pa3 (205)
a=11.80203(7)
8
1643.88(2)
2.037
5.006-89.846
2.55
3.58
243
2.17
1.5
2.87
2.68

B-LiﬂGGPa

293

252.0

P43n (218)
a=11.77294(6)

8

1631.75(1)

2.053

5.015-89.870

3.05
4.61
247
3.47
1.9
5.51
5.58

Table S2. Atomic coordinates and isotropic atomic displacement parameters for o-LisGePs.

Atom Wy.c!(off x y z Ueg | A2
positions
Lil 8¢ 0.386(1) 0.386(1) 0.386(1) 0.027(1)
Li2 24d 0.388(1) 0.137(2) 0.126(1) 0.027(1)
Li3 24d 0.377(2) 0.379(1) 0.113(1) 0.027(1)
Li4 4a 0 0 0 0.027(1)
Li5 4b 0.5 0.5 0.5 0.027(1)
Ge 8¢ 0.1272(1) 0.1272(1) 0.1272(1) 0.0239(3)
Pl 8¢ 0.2437(4) 0.2437(4) 0.2437(4) 0.031(2)
P2 24d 0.0062(3) 0.2439(2) 0.0135(1) 0.0198(7)
52
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Table 83. Selected interatomic distances in o-LigGePy.

atom pair dl A atom pair dlA

Lil | Li5 1% 2.33(1) Li4 Li3  6x 2.43(2)
P2 3% 2.50(1) Ge 2% 2.601(2)
Li2  3x 2.84(2) P2 6 2.884(1)
P1 1% 2.91(1) Li5  Lil  2x 2.33(1)
Li3  3x 3.23(2) Li2  6x 2.56(2)

Li2 | Pl 1x 2.53(2) P2 6% 3.028(1)
Li5 1x 2.56(2) Ge Pl 1x 2.381(5)
P2 1% 2.58(2) P2 3% 2.396(3)
P2 1x 2.63(2) Li4  1Ix 2.601(2)
P2 1x 2.65(2) Li3  3x 2.94(2)
Lil 1% 2.84(2) Li2  3x 3.08(2)
Li3 1% 2.87(2) P1 Ge 1% 2.381(5)
Li2  2x 2.94(3) Li2  3x 2.53(2)
Li3 1x 2.97(2) Li3  3x 2.72(2)
Ge 1% 3.08(1) Lil 1% 2.91(1)

Li3 | Li4 1x 2.43(2) P2 Ge 1% 2.396(3)
P2 1x 2.47(2) Li3 1% 2.47(2)
P2 1% 2.52(2) Lil 1% 2.50(1)
P2 1x 2.58(2) Li3 1x 2.52(2)
P1 1x 2.72(2) Li2  Ix 2.58(2)
Li3  2x 2.79(3) Li3 1x 2.58(2)
Li2 Ix 2.87(2) Li2 1x 2.63(2)
Ge 1x 2.94(2) Li2 1% 2.65(2)
Li2 1% 2.97(3) Li4  1Ix 2.884(2)
Lil 1x 3.23(2) Li5 1x 3.028(2)
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Table S4. Atomic coordinates and isotropic atomic displacement parameters for 3-LisGeP..

Atom :{igﬁfgg y z S.O.F. Ueq ! A
Lil 6b 0 172 0 0.9(1) 0.004(2)
Li2 6d 0 172 1/4 0.004(2)
Li3 8e 0.255(3) 0.255(3) 0.255(3) 0.004(2)
Li4 12f 0 0.260(2) 0 0.004(2)
Li5 24 0.244(2) 0.235(1) 0.007(3) 0.875(1) 0.004(2)
Li6 24 0.354(2) 0.381(2) 0.172(2) 0.483(1) 0.004(2)
Gel 2a 12 1/2 1/2 0.0119(8)
Ge2 6¢ 1/4 1/2 0 0.0162(4)
P1 8e 0.3839(2) 0.3839(2) 0.3839(2) 0.021(5)
p2 24§ 0.1372(2) 0.3863(1) 0.1228(1) 0.020(2)

Results of the single crystal structure determination of B-LigGePs

Table S5. Atomic coordinates and isotropic atomic displacement parameters for -LigGePa.
Atom r;ﬁ'fji y z SOF. Uey/ A2
Lil 6b 0 1/2 0 0.78(3) 0.004(6)
Li2 6d 0 1/2 1/4 0.021(6)
Li3 8e 0.255(1) 0.255(1) 0.255(1) 0.008(4)
Li4 12f 0 0.257(1) 0 0.020(5)
Li5 24i 0.240(1) 0.241(1) 0.008(2) 0.887(9) 0.034(6)
Li6 24i 0.379(2) 0.374(3) 0.125(2) 0.502(9) 0.050(1)
Gel 2a 1/2 172 1/2 0.0097(5)
Ge2 6c 1/4 1/2 0 0.0128(3)
Pl 8e 0.3839(2) 0.3839(2) 0.3839(2) 0.0111(8)
P2 24i 0.1372(2) 0.3863(1) 0.1228(1) 0.0136(4)

Table S6. Anisotropic displacement parameters (A2) for p-LisGePs.
Atom Un Ux Us Uz Ui U
Li2 0.021(8) 0.021(8) 0.02(1) 0 0 0
Li3 0.008(4) 0.008(4) 0.008(4) 0.002(3) 0.002(3) 0.002(3)
Li4 0.019(8) 0.014(7) 0.026(8) 0 0.000(6) 0
Li5 0.041(9) 0.026(8) 0.03(1) 0.005(8) -0.008(8) -0.002(6)
Gel 0.0097(5) 0.0097(5) 0.0097(5) 0 0 0
Ge2 0.0110(7) 0.0137(4) 0.0137(4) 0 0 0
Pl 0.0111(8) 0.0111(8) 0.0111(8) -0.0002(5) -0.0002(5) -0.0002(5)
P2 0.0144(6) 0.0134(9) 0.0130(9) 0.0008(5) 0.0021(6) -0.0010(6)
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Table S7. Selected interatomic distances in B-LisGePs.

atom pair di A atom pair dlA
Lil Li6  4x 2.53(2) Li6 | Li3  1x 2.54(2)
P2 4x 2.550(1) Li5  Ix 2.57(4)
Li4  2x 2.87(1) Ge2 Ix 2.59(3)
Ge2 2x 2.94578(3) Li5  Ix 2.65(4)
Li2  2x 2.94578(3) Li5  Ix 2.66(2)
Li2 | Li6  4x 251(3) P2 Ix 2.81(4)
P2 4x 2.579(2) P2 Ix 2.86(3)
Lil 2% 2.94578(3) P2 1x 2.94(3)
Li5  4x 3.07(1) P2 1x 2.96(3)
Li3 |Li6 2x 2.54(2) P2 1% 3.04(2)
P2 3x 2.596(8) Pl 1% 3.06(2)
Pl 1x 2.63(3) Gel | Pl 4x 2.369(3)
Li5  3x 2.92(4) Li4  6x 3.02(1)
Li5  3x 2.98(4) Ge2 | P2 4x 2.378(2)
Li4 |Li6 2x 2.49(2) Li6  4x 2.58(4)
Pl 2x 2.545(9) Lil  2x 2.94578(3)
P2 2% 2.655(8) Li5  4x 3.06(1)
Li5  2x 2.84(1) P1 Gel 1x 2.369(3)
Li5  2x 2.84(1) Li5  3x 2.53(2)
Lil 1% 2.87(1) Li4  3x 2.545(9)
Gel Ix 3.02(1) Li3  Ix 2.63(3)
Li5 | P2 1% 2.50(1) L6 3x 3.06(2)
Pl 1x 2.53(2) P2 Ge2 1Ix 2.378(2)
P2 Ix 2.60(2) Li5  1Ix 2.50(1)
p2 1x 2.69(1) Lil 1x 2.550(1)
Li6  1x 2.58(4) Li2  Ix 2.579(2)
L6 1x 2.65(4) Li3  Ix 2.596(8)
Li6  Ix 2.65(2) Li5  Ix 2.60(2)
Li4  2x 2.84(1) Li4  Ix 2.655(8)
Li3  1x 2.92(3) Li5  1x 2.69(1)
Li3  Ix 2.98(3) Li6  1Ix 2.81(2)
Ge2 Ix 3.06(1) Li6  Ix 2.86(3)
Li2  Ix 3.07(1) Li6  1Ix 2.94(3)
Lie |Li4 1x 2.49(2) L6  1Ix 2.96(3)
Li2  Ix 2.51(3) Li6  1Ix 3.04(2)
Lil Ix 2.53(2)
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Coordination polyhedra of a-and pB-LisGeP4

In a-LisGeP4 the Ge atom is surrounded by four P2 atoms in a slightly distorted tetrahedral geometry.
The next nearest Li neighbors (3 x Li2, 3 x Li3) are arranged in a distorted octahedral geometry around
the Ge atom with one Li4 capping the face spanned by three Li3 atoms. The Lil-3 atoms are each
surrounded by one P1 and three P2 atoms building up distorted tetrahedra, whereas the Li4 and Li5

atoms are centered in octahedra formed by six P2 atoms each.

Figure S1. Coordination polyhedra of Ge atoms in o-LigGeP4. The nearest neighbors are arranged in a tetrahedral
coordination whereas the next nearest neighbors are arranged in a slightly distorted octahedral arrangement with

Li4 capping the trigonal face above the three Li3 atoms.

Figure S2. Coordination polyhedra of Li atoms in a-LisGeP4. The nearest neighbors of the atoms Lil, Li2 and Li3
are arranged in a slightly distorted tetrahedral coordination whereas the atoms Li4 and Li5 are surrounded by P

atoms in an octahedral arrangement.
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In B-LisGePs the Ge atoms are centering regular tetrahedra of P atoms. The Ge2 atoms are further
surrounded by four Li6 atoms resulting in a slightly distorted cubic arrangement of P and Li atoms.
Regarding the next nearest Li neighbors, for Gel six Li4, for Ge2 two Lil and four Li5 atoms are
forming distorted octahedra. The Lil and Li2 atoms are perfectly centered in tetrahedral voids generated
by four P2 atoms, while Li3, Li4, and Li5 are surrounded by more irregular tetrahedra of one P1 and
three P2 (Li3) or by two P1 and two P2 atoms (Li4, Li5). Li6 is situated in an octahedral void of six P2

atoms.

©- 6

Figure S3. Coordination polyhedra of Ge atoms in -LisGePs. The nearest neighbors are arranged in a tetrahedral

coordination whereas the next nearest neighbors are arranged in a slightly distorted octahedral arrangement.
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P2

—0

Y 6

Figure S4. Coordination polyhedra of Li atoms in B-LisGeP4. The nearest neighbors of the Lil and Li2 atoms are
arranged in a tetrahedral coordination, whereas Li3, Li4 and Li5 are surrounded by P atoms in a slightly distorted

tetrahedral arrangement. The nearest neighbors of Li6 are arranged in a slightly distorted octahedral configuration.
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Group-subgroup relationship between CaF2 and a-and B-LisSiP4
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|
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.
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|
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!

Pa3
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Figure S5. Symmetry degradation according to Birnighausen for a-LisGeP; starting from CaFa.
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Figure S6. Symmetry degradation according to Birnighausen for -LisGeP4 starting from CaFa.

Table S8. List of cell parameters « obtained from indexing different samples with average value a.

a-LisGePy p-LisGePs
a=11.8056(4) A a=117754(4) A
a=11.80203(7) A a=11.77294(6) A
a=11.7964(2) A a=11.7722(1) A
a=11.8028(7) A a=11.7668 (3) A
a=11.81123) A a=11.7541(4) A
a=118123(4) A a=11.7927(7) A
a=11.8091(5) A a=11.7939(8) A
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Investigation of spark plasma sintered samples of LisSiP4

X-ray powder diffraction measurements and Rietveld refinement of the spark plasma sintered sample
showed a composition of 98.2(3) % LisSiP4 and 1.8(2) % LisP.

The pellet with a cross section area of 26 mm” and a height of 5.0 mm was plated with Au in a sputtering
device (Jeol, JFC-1300) for 120 s with a current of 10 mA. For the measurement the pellet was
sandwiched between two gold discs (& = 13 mm, 25 pm, >99.965%, Advent Research Materials Ltd.)
for improving contacts, two carbon tissues (& = 12 mm, 360 pm, Sainergy Fuel Cell India Pvt Ltd.) and
copper spacers (<& = 13 mm). This stack was inserted into a steel cell body and sealed. In the sealed cell
the carbon cloths were compressed to 25-30% of their original thickness resulting in a compression
pressure of ca. 10 MPa.

Impedance spectra were recorded in a temperature range of 0-75 °C using a VMP3 multichannel
workstation (Biologic) at frequencies from 500 kHz to 50 mHz with an amplitude of 50 mV. The partial
electronic conductivity was determined using a polarization method with voltages of 50 mV, 100 mV
and 150 mV.

The measured AC impedance curves were fitted with series circuits of two CPE with parallel resistances.
The sample shows an ionic conductivity of oyi(sintered LisSiPs) = 8.2 - 1073 S cm™ at temperatures of
20 °C. Interpolating the ionic conductivity to estimate the conductivity at 25 °C yielded a doubled
conductivity of 1.1 - 107* S cm™ compared to the pressed powder. An activation energy of 40 kI mol™
and an  electronic  conductivity increased by one order of magnitude to

o-(sintered LisSiPs) = 5.1 - 107 S cm™ were observed.
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Figure S7. a) Rietveld analysis of X-ray powder diffraction pattern of spark plasma sintered LisSiPs. b)
Normalized Nyquist plots 