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Abstract 

In order to accomplish the transition from fossil fuel use to the generation of energy via 

renewable resources, powerful and safe storage systems are essential. Solid-state 

electrolytes will pave the way for such advanced energy storage systems. Aside from those 

bigger units, there is a persistent demand for lithium-ion batteries for portable devices. 

Solid-state batteries offer higher energy densities. Increased densities allow for downsizing 

the entire system. Hence, such systems are appealing for very small applications. 

Furthermore, ceramic solid electrolytes enhance the safety of a battery concerning fire 

hazards and leakage by replacing the conventionally used highly flammable liquid. Thus, the 

next generation of lithium-ion batteries, utilizing solid ionic conductors, is highly anticipated 

- not only by the automotive industry but also for portable consumer electronics.                                                        

Over the last decade, intensive research efforts led to a large variety of promising solid ion 

conducting materials. Proper engineering of suitable solid electrolytes, controlling 

interfacial resistances within the battery cells as well as stability issues are, however, 

challenging issues to overcome in the next years. For the optimization of synthesis routes, 

it is crucial to precisely know how different parameters during processing influence ion 

dynamics within the material.                                    

Therefore, the focus of this thesis was on the one hand to gain some in-depth 

understanding of the lithium ion transport in nanocrystalline thiophosphate Li6PS5I 

prepared by ball milling, and on the other hand to study the influence of a layered structure 

on the lithium ion transport in the phyllosilicate Li0.5[Mg2.5Li0.5]Si4O10F2.                                                    

The influence of high-energy ball milling on Li+ dynamics in argyrodite-type Li6PS5I was 

studied by means of 7Li, 6Li and 31P nuclear magnetic resonance (NMR), as well as by 

broadband impedance spectroscopy. As structural disorder, particularly anion site disorder, 

in halide containing argyrodites yields high ionic conductivities, enhanced ionic conductivity 

was expected for mechanically treated Li6PS5I.                                                                                                              

Broadband conductivity spectroscopy and diffusion-induced 7Li NMR spin-lattice relaxation 

measurements were also used for the investigation of lithium ion diffusion in layer-

structured hectorite-type Li0.5[Mg2.5Li0.5]Si4O10F2 to determine dynamic parameters such as 

jump rates and activation energies . This type of structure is considered as a promising 

starting point since the ions can be transported easily along its lattice planes. Indeed, 

conductivity isotherms and resistivity data strongly point to a fast 2D ionic conduction 

process in the hectorite.                        

In the following, a theoretical introduction of relevant scientific basics as well as the 

measurement methods used, will be given. The results of the previously mentioned 

experiments are published in peer-reviewed journals and can be found in chapter (3) of this 

thesis.  
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Kurzfassung 

 Um den Übergang von der Verwendung fossiler Brennstoffe hin zu der Gewinnung von 

Energie über erneuerbare Ressourcen zu schaffen, sind leistungsstarke und sichere 

Energiespeichersysteme essenziell. Festkörperelektrolyte können den Weg für solch 

ausgereifte Energiespeichersysteme ebnen. Neben diesen großen Anwendungen herrscht 

eine ungebrochene Nachfrage nach Lithium-Ionen-Batterien für mobile Geräte. 

Festkörperbatterien bieten hohe Energiedichten. Diese Eigenschaft erlaubt es, auch sehr 

kleine, miniaturisierte Batterien zu entwickeln, die zurzeit auf ein hohes Interesse stoßen. 

Weiters erhöhen keramische Festkörperelektrolyte die Sicherheit einer Batterie in Bezug 

auf Brandgefahr und der Gefahr des Auslaufens der herkömmlichen, hochentflammbaren 

Flüssigelektrolyte. Aus diesem Grund wird die nächste Generation von Lithium-Ionen-

Batterien nicht nur von der Automobilindustrie, sondern auch für die Verwendung in 

tragbarer Unterhaltungselektronik mit Spannung erwartet.                 

Im letzten Jahrzehnt führten intensive Forschungsbestrebungen zu einer großen Anzahl von 

vielversprechenden festen ionenleitenden Materialien. Die gezielte Präparation von 

leistungsfähigen Festelektrolyten, die Kontrolle von Grenzflächenwiderständen innerhalb 

der Batteriezelle sowie Stabilitätsprobleme stellen eine wesentliche Herausforderung dar, 

die es in den folgenden Jahren zu lösen gilt. Zur Optimierung von Syntheserouten müssen 

die Einflüsse unterschiedlicher Prozessparameter auf die Ionendynamik innerhalb des 

Materials bekannt sein.                                           

Aus diesem Grund lag der Fokus dieser Dissertation einerseits auf dem grundlegenden 

Verständnis des Lithiumionentransports in dem nanokristallinen Schwefelphosphat Li6PS5I, 

welches durch Kugelmahlen präpariert wurde, und andererseits auf der Erforschung des 

Einflusses einer Schichtstruktur auf den Lithiumionentransport in dem Phyllosilikat 

Li0.5[Mg2.5Li0.5]Si4O10F2.                            

Der Einfluss des Effektes des Hochenergiekugelmahlens auf die Ionendynamik in Li6PS5I mit 

Argyroditstruktur wurde mittels 7Li, 6Li and 31P Kernspinresonanz sowie Impedanz-

spektroskopie studiert. Strukturelle Unordnung führt bei halogenhaltigen Argyroditen zur 

hohen Ionenleitfähigkeiten. Durch eine mechanische Behandlung von strukturell 

geordnetem Li6PS5I wurde eine Erhöhung der ionischen Leitfähigkeit erwartet. 

Impedanzspektroskopie sowie diffusionsinduzierte 7Li-NMR-Spin-Gitter-Relaxations-

messungen wurden auch für die Untersuchung der Lithiumionendiffusion in dem 

schichtstrukturierten Hectorit Li0.5[Mg2.5Li0.5]Si4O10F2
 angewandt um dynamische Parameter 

wie Sprungraten und Aktivierungsenergien zu bestimmen. Im Allgemeinen sind 2D-

Ionenleiter vielversprechend und für ihre schnellen Li-Transportpfade entlang der 

Gitterebenen bekannt. Tatsächlich zeigen die Leitfähigkeitsisothermen und 

Widerstandsdaten einen schnellen, zweidimensionalen Leitfähigkeitsprozess der Ionen in 

Li0.5[Mg2.5Li0.5]Si4O10F2.                                                                                                                                             

Im Folgenden wird eine theoretische Einführung in die relevanten naturwissenschaftlichen 

Grundlagen sowie die verwendeten Messmethoden gegeben. Die Ergebnisse der zuvor 

erwähnten Experimente sind bereits in Fachjournalen publiziert worden und in Kapitel (3) 

dieser Dissertation zu finden. 
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1 Introduction 

Humanity´s demand for energy seems unlimited. Year after year the world´s energy 

consumption is increasing. This ongoing trend puts the environment in danger, since 

most of the energy is still, to a great extent, derived from fossil sources.[1] Climate 

change is real and human society is reaching a point, where it is impossible to deny 

it. Albeit some individuals still would like to ignore it for economic reasons. The Paris 

Agreement on global climate change was ratified by governments worldwide to limit 

global warming.[2] It is well known that the usage of fossil fuels leads to greenhouse 

gas emissions disturbing the sensitive balance of our atmosphere. Therefore, the 

transition to renewable energy sources is urgently needed. But unlike fossil fuels, 

some renewable energy sources like sunlight or wind are subjected to fluctuations. 

This intermittent behavior leads to the need for powerful energy storage systems 

being able to level out peak energy demand times. Here lithium-ion batteries come 

into play. But of course, they are not limited to balancing power grids, they offer 

many more application possibilities. Electromobility for example, is another major 

topic in the fight against climate change. The electrification of cars will make 

transport independent of fossil fuels. Other applications comprise mobile phones, 

portables, but also miniature designs for very small devices.                

Until today, liquid electrolytes are commonly used in lithium-ion batteries despite 

being potential fire hazards. Those organic liquid electrolytes are extremely 

flammable, and leakages are possible. The risk of thermal runaway necessitates 

security measures, which take up space and weight. These difficulties fueled the 

search for safe alternatives to liquid electrolytes and paved the way for the 

investigation of solid electrolyte materials. Solid ionic conductors enable the 

fabrication of all-solid-state batteries. Their advantages are increased safety, 

enhanced energy density and the possibility of miniaturization and simplification of 

the whole system.   
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In the search of alternatives to flammable liquid electrolytes, a wide range of 

promising alternatives were explored. Amongst them ceramic materials were 

intensively investigated. Ceramic solid electrolytes for lithium ion conduction 

comprise a large number of different candidate materials such as NASICON- and 

(thio)LISICON-type lithium ion conductors, garnet-structured materials, perovskites, 

argyrodites, lithium-nitrides, -hydrides and -halides.[3,4]                        

Fabrication and optimization of solid ionic conductors is however challenging. Albeit 

some of the investigated materials already show a quite promising ionic conductivity, 

profound knowledge about ion dynamics needs to be acquired to enhance their 

conductive properties even further. For the application in all-solid-state batteries, 

ionic conductivities of several mS cm-1 and above over a wide temperature range are 

needed.[5] For example by controlling grain sizes and structural disorder via the 

preparation process, one can tailor ionic conductivities. Another option is doping of 

the ceramic materials, which can change site occupancies within the structure and 

improve ionic transport.                                                                                                                                                                                         

This thesis deals with the investigation of two different classes of ceramic solid 

electrolytes in order to understand their ionic transport mechanisms in a better way. 

The classes analyzed include the thiophosphate Li6PS5I and the phyllosilicate 

Li0.5[Mg2.5Li0.5]Si4O10F2. They were examined via different spectroscopic techniques 

such as nuclear magnetic resonance (NMR) and conductivity spectroscopy as well as 

x-ray diffraction.                                                                                                            

The findings of the investigation of the ion dynamics of a halide thiophosphate after 

nano-structuring via high-energy ball milling, are reported in two publications, which 

can be found in chapter (3). Structural disorder is supposed to enhance lithium ion 

conductivity in this group of materials. Therefore, the ball milled sample was studied 

by means of 7Li NMR spin-lattice relaxation measurements and by broadband 

impedance spectroscopy. 31P NMR spin-lattice relaxation measurements were used 

to probe PS4
3- rotational jump processes that may influence Li+ translational 

dynamics.                              

Furthermore, the synthetic fluorohectorite Li0.5[Mg2.5Li0.5]Si4O10F2, which belongs to 

the group of phyllosilicates, was analyzed. It serves as a model material for two-

dimensional ionic transport along the lattice planes. Again, hectorite-type 

Li0.5[Mg2.5Li0.5]Si4O10F2  was investigated by nuclear magnetic resonance spectroscopy 

as well as broadband impedance spectroscopy to study the lithium ion transport 

within the material. By using these measurement techniques, the detection of fast 

2D ionic conduction processes was possible.                                                                             

The findings about lithium ion conduction within those ceramics can help scientists 

and engineers to understand structure-conductivity relationships and encourage the 

improvement of those materials.                                                    

In the following chapter (2), the design and working principle of lithium ion batteries 

and the basics of diffusion will be discussed. In addition, chapter (2) comprises the 

fundamentals of analytical methods such as solid-state nuclear magnetic resonance 

spectroscopy, impedance spectroscopy and x-ray diffraction. Finally, the published 

results of the investigations of the thiophosphate and fluorohectorite are presented 

in chapter (3). 
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2 Theory and Methods 

2.1 Electrochemistry 

Before going into detail with the fundamentals of lithium-ion batteries, some 

electrochemical basics will be covered in the following chapter.              

An electrochemical cell, where the direct conversion of chemical into electrical 

energy takes place via reactions at the electrode interfaces under the delivery of 

electricity, is called galvanic element.[6] It is a voltage source, where the oxidation and 

reduction processes are separated from each other. Within the cell the charge is 

transported via ions between the electrodes.[7]          

A very well-known example to demonstrate the electronic and ionic fluxes in a 

galvanic cell is the Daniell element consisting of a copper cathode, a zinc anode as 

well as their metal sulfates as electrolyte solutions (see Figure 1). The electrodes are 

dipped into the electrolytes and are locally separated in half-cells. An external ion 

conducting salt bridge connects those compartments. Additionally, an external circuit 

ensures the exchange of electrons. By closing the circuit, zinc ions go into solution by 

oxidation of the zinc anode, while copper is deposited at the cathodic side via 

reduction reactions. Together, they form a redox pair[7]:  

Zn → Zn2+ + 2e−               (2.1) 

Cu2+ + 2e− → Cu               (2.2) 

                                                  CuSO4 + Zn → ZnSO4 + Cu                            (2.3) 
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Figure 1: Daniell element - schematic description [7]   

Per definition, the electrode, where the oxidation takes place during the discharge 

process, is called anode. At the cathode the reduction reaction occurs. To define the 

cell voltage the potential difference between the electrodes at equilibrium conditions 

can be measured. This means that no reactions must take place and no external 

electric current can flow. The potential of a half cell - the standard electrode potential 

- is determined by referencing it to the standard hydrogen electrode. In general, 

materials for anodes and cathodes are chosen in a way, that their potentials are far 

away from each other, leading to large potential differences. The standard electrode 

potential of lithium for example is below −3 V and it has quite a low density, which 

makes it an attractive anode material.[7]   

The change in free energy ∆𝐺 of a reversible electrochemical cell is equal to the 

electrical energy[8]:  

 𝑛𝐹𝐸 =  −∆𝐺, (2.4) 

                                                                                                                                                       

with the cell potential E, also denoted as the electromotive force (EMF) of the cell 

and n, the number of moles of electrons exchanged during the cell reaction.  

The Nernst equation shows the dependence of the equilibrium electrode potential E 

of a half-cell on the compound concentration (with Mez+ + ze− ⇌ Me,

for a metal − ion electrode)[7,9]:  

 
𝐸 = 𝐸0 +

𝑅𝑇

𝑧𝐹
∙ 𝑙𝑛
𝑐𝑀𝑒𝑧+

𝑐𝑀𝑒
 , (2.5) 

                                                                                                                                                          

where E0 is the standard potential vs. NHE (normal hydrogen electrode), R the 

universal gas constant (8,3 J mol-1 K-1), F the Faraday constant (96485 C mol-1) and z 

represents the number of electrons exchanged. The cell potential difference of two 

electrodes in an electrochemical cell can be calculated by 𝐸 = Ecathode – Eanode.[9]  

The determination of the converted mass in an electrochemical cell can be done via 

Faraday´s laws. Faraday´s first law states, that the converted mass m is directly 

proportional to the charge exchanged 𝑄 = 𝐼 ∙ 𝑡. According to the second law, the 

weight of the elements formed by the same amount of charge, that passes through 

the cell is proportional to their molar masses but indirectly proportional to the 
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electrons exchanged m1/m2 = (M1/z1)/(M2/z2).[6] The electronic current I and the mass 

m can be related by: 

 
𝑚 = 

𝑄 ∙ 𝑀

𝑧𝐹
 =  

𝑀 ∙ 𝐼 ∙ 𝑡

𝑧𝐹
 . (2.6) 

                                                                                                                                                     

Here, t denotes the time, M the molar mass, z the exchanged electrons and F is the 

Faraday constant.[7] 

 

 

2.2 Secondary Lithium-Ion Batteries 

To give the reader some insight into secondary lithium-ion batteries, which are 

rechargeable, their basic working principle as well as their components will be 

described in the following chapter. 

The simplified standard lithium-ion battery consists of two electrodes, namely an 

anode and a cathode, separated via the electrolyte material, which is a liquid or solid 

ionic conductor. The electrodes are both equipped with current collectors that are 

connected via an external circuit. The fundamental requirement regarding the 

electrode materials, that enables rechargeable storage systems, is the reversibility of 

the insertion and extraction of lithium ions (see Figure 2). During charge or discharge 

of the battery, the electrode materials undergo redox reactions leading to a flow of 

electrons via the external circuit as well as to ionic conduction through the 

electrolyte.[10] When a cell is assembled it is usually in a discharged state and must be 

charged first.[7] When charged the lithium ions are extracted from the cathode and 

are transported to the anodic side of the battery via the electrolyte while the 

electrons take the external circuit as can be seen in Figure 2.[10]  

 

 

Figure 2: Simplified Li-ion battery model: The electrodes are separated via a lithium conducting 
electrolyte, current collectors enable electrical conduction via an external circuit.[6,10]  

 

 



 
- 8 - 

 

As the main focus of this thesis was on the characterization and development of solid- 

state ionic conductors, electrode materials and liquid electrolytes will only be 

outlined briefly to give the reader an idea of the basic concepts.  

As electrolyte materials several non-aqueous liquid and solid compounds lie within 

the realms of possibility. The lithium insertion material serving as the cathode in a 

lithium-ion battery needs to possess several characteristics. To mention some of 

them, the insertion cathode should be chemically stable against the electrolyte, the 

structural changes during charge and discharge need to be reversible and as small as 

possible and the chemical potential should be high to allow for large cell voltages. In 

lithium batteries the use of pure metallic lithium anodes causes stability issues. 

Inorganic liquid electrolytes cause so-called solid electrolyte interfaces (SEI) at the 

surface of the lithium metal anodes.[10] The SEI is a thin layer, which is an electronic 

insulator but an ionic conductor.[7] Ionic conductivity is, however, supposed to be 

relatively low. Despite being passivating and therefore avoiding onward corrosion, it 

leads to lithium dendrite growth due to non-uniform deposition, and ultimately to a 

short circuit in the cell. This led to the development of lithium insertion anodes to 

replace metallic lithium. A commonly used anode compound is graphite. For insertion 

anodes quite similar requirements as for cathodes must be met (e.g. chemical 

stability), but in contrast they need a low lithium chemical potential.[10] 

As a standard example, the electrode reactions for the discharge of Sony´s 

commercial lithium ion cell with a graphitic anode and an LiCoO2 cathode from 1991 

are shown here[11]:  

 
𝐿𝑖1−𝑥𝐶𝑜𝑂2 + 𝑥𝐿𝑖

+ + 𝑥𝑒−
𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
→       𝐿𝑖𝐶𝑜𝑂2 (2.7) 

 
𝐿𝑖𝑥𝐶6

𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
→       𝑥𝐿𝑖+ + 𝑥𝑒− + 𝐶6 (2.8) 

 
𝐿𝑖𝑥𝐶6 + 𝐿𝑖1−𝑥𝐶𝑜𝑂2

𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
→       𝐶6 + 𝐿𝑖𝐶𝑜𝑂2 (2.9) 
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2.2.1 Positive Electrode Materials 

Over the last decades a variety of electrode materials have been evaluated towards 

their practicability for lithium-ion batteries. Electrodes are composed of about 90 % 

active material (of the dry volume) and conductive agents as well as binders and are 

connected to current collectors. For cathodes the current collector usually is 

aluminum foil, while for the anodic part it consists of copper foil.[12] 

For cathodic active materials, layered oxides with lithium and transition metals like 

LiMO2 with M = V, Cr, Co or Ni have quite high electrode potentials with respect to 

metallic lithium. They have a α-NaFeO2 structure, where Li+- sheets and transition 

metal oxide sheets alternate, which allows fast two-dimensional Li+ diffusion.[7,10] A 

problem regarding their safety is the possibility of a thermal runaway.[13] LiCoO2 is has 

been used in commercial lithium ion batteries due to offering a high cell voltage      

(~4 V) and high gravimetric density. A disadvantage of pure LiCoO2 is the relatively 

low practical capacity because only 0.5 lithium ions per formula unit can be extracted 

reversibly. Otherwise stability issues arise. Surface modification with for example 

nano-Al2O3 can help to improve this drawback.[7,10,14,15] Other investigated 

alternatives to LiCoO2 are variations of LiNixMnyCozO2.[13] 

 

Figure 3: Structure of LiCoO2 (ICSD no. 51767) 

Furthermore, spinel oxide cathodes like LiM2O4 with M = Ti, V or Mn were 

studied.[16,17] From an environmental and financial point of view there is an advantage 

in using manganese in LiM2O4 in contrast to cobalt or nickel. Unfortunately, LiMn2O4 

suffers from cyclability problems and lower discharge capacities than its cobalt and 

nickel counterparts.[7,10] Besides, other spinel oxides such as Li4Ti5O12 or the 

phosphor-olivine LiFePO4 were studied for the application as anode materials.[7] 

LiFePO4 has advantages regarding the cost effectiveness and an environmentally 

friendly nature in comparison with most of the aforementioned cathode materials. 

Albeit its high stability during cycling, the low conductivities in this material are 

detrimental. Nevertheless, these issues are tackled by nanostructuring, coatings and 

doping.[13]  
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2.2.2 Negative Electrode Materials 

    For anodes in lithium-ion batteries carbon stands out because of beneficial 

characteristics like its low weight and an electrochemical potential almost reaching 

that of pure lithium.[10] The insertion of lithium ions during charge into the carbon 

host is reversible and the structure remains intact:  

 𝐿𝑖𝑥𝐶𝑛 ⇌  𝑥𝐿𝑖
+ + 𝑥𝑒− + 𝐶𝑛 (2.10) 

This insertion is dependent on many factors such as crystallinity, morphology, and 

structure of the lithiated carbons. Carbonaceous materials vary in crystallinity. There 

are so-called graphitic and non-graphitic carbons. The former ones are ordered with 

carbon atoms building layered planar honeycomb structures (graphene layers), that 

are interconnected via Van der Waals forces to organized stacks. If the crystallites of 

the carbon material are disordered, they are referred to as non-graphitic carbons.[7] 

Figure 4 offers an overview of the synthetic and natural carbonaceous materials, that 

can be used as anode materials in lithium-ion batteries.[12] Graphite electrodes can 

take up one lithium atom per 6 carbon atoms (C6Li).[10] A concomitant phenomenon 

of carbonaceous materials is the irreversible lithium adsorption when the cell is 

charged for the first time. This leads to an irreversible capacity loss, which is 

associated with SEI formation and corrosion phenomena at the electrode. After this, 

Li+ can be recovered up to 100% during further cycling. Lithium metal anodes would 

reach theoretical capacities of 3860 mAh g-1, which is much larger than that of a C6Li 

anode with 372 mAh g-1. In contrast to metallic lithium anodes, where SEI formation 

takes place during each cycle and the electrode surface is repeatedly rebuilt, carbon 

electrodes are passivated after the first cycle.[7] Also other materials like intermetallic 

compounds (e.g. Li-Si, Li-Sn, Li-Sb…), nitrides and phosphides were explored in order 

to find suitable anodes.[10] Lithium alloys suffer from lower energy densities in 

contrast to pure metal anodes because of the additional weight that comes with the 

extra metallic species.[7] Another severe problem is the volume change of the host 

structure that can reach up to 300 % for the silicon-alloy anode. Spinel type Li4Ti5O12 

was also investigated as an alternative to graphite. It offers a long cycle life and due 

to its high potential versus lithium it is a safer option than graphite.[13] 

 

Figure 4: Overview of carbonaceous anode materials [12] 
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2.2.3 Liquid Nonaqueous Electrolytes 

    For lithium-ion batteries one can choose from various nonaqueous liquid 

electrolytes. In general, they consist of a mixture of organic solvents and a lithium 

containing ionic salt.[7] Criteria that should be met for liquid electrolyte candidates 

are conductivities being at least in the mS cm-1 range, good chemical and thermal 

stabilities and a large liquid range and electrochemical window, as well as low toxicity 

and cost.[7,13] Furthermore, short-circuiting should not lead to explosions. Therefore, 

the desired features also comprise non-flammability.[13] Up to now it is almost 

impossible to meet all requirements.  

The solvents are often mixtures of cyclic and open chain organic compounds. The 

former ones offer high dielectric constants that are important for the dissolution of 

the lithium salts, whereas the latter ones serve to reduce the viscosity.[13] The 

addition of salts can extend the liquid range. Examples for frequently used solvents 

are ethylene carbonate, propylene carbonate, dimethyl carbonate and ethyl methyl 

carbonate.[7] Salts for electrolyte mixtures need to show a decent solubility in the 

solvents and be (electro)chemically stable. In the ideal case, both, solvent and salt, 

should be economically and environmentally friendly. Salts currently utilized are e.g. 

LiPF6 and LiClO4.[7] At present, the problem that arises with the use of organic solvents 

is their hazardous potential due to their high flammability.[13] So far, it is a balancing 

act between using liquid nonaqueous electrolytes that possess high conductivities 

and suffering from safety issues. In general, the right electrolyte composition is 

chosen individually depending on the electrodes used and the intended 

application.[13] Additionally, some electrode materials would need compatible (liquid) 

electrolytes, operating at a larger voltage range (> 5 V).[12] To improve the electrolyte 

system different additives are added. Their purposes are numerous and are ranging 

from enhancing the SEI formation, protecting the cathode, inhibiting aluminum 

corrosion or acting as flame retardants to many more.[7] In standard liquid lithium-

ion cells, the electrolyte is soaked into a separator membrane. This prevents short 

circuits by inhibiting any electrical contact between the electrodes.[13] Other 

electrolytes consist of polymers or glassy structures, but this is beyond the scope of 

this thesis.  

2.2.4 Inorganic Solid Electrolytes  

    Recent research focuses on the development of solid-state electrolytes for lithium-

ion cells. The aim is to replace the currently used organic liquid electrolytes in order 

to improve the safety and power density of those cells. Solid electrolytes can be 

fabricated as extremely thin layers and therefore, pave the way for much lighter and 

smaller systems operating over a wide temperature range.[10] Some of the drawbacks 

are problems with the charge transfer kinetics leading to interfacial resistances.[18] 

Apart from the application in battery cells there is a wide range of other research 

fields solid-state electrolytes can be used for. Amongst them are solid oxide fuel cells, 

sensors or smart windows.[4] Requirements for a suitable solid electrolyte material 

usable in electrochemical cells are high lithium ionic conductivity within a reasonable 
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temperature range, chemical stability regarding the electrode materials and the 

thermal expansion coefficients should be similar to the electrodes in order to ensure 

contact. Furthermore, they should be feasible from an environmental and economic 

point of view and easy to fabricate.[3] In contrast to organic electrolytes, solid-state 

ionic conductors offer some advantages, e.g. enhanced life-time and safety. 

Especially the higher thermal stability and lower flammability enable a reduction of 

safety measures, leading to a simplification of the system.[4]  

Lithium ion conducting solids considered as electrolytes vary from crystalline or 

amorphous/glassy materials to composites. The experimental part of this thesis 

comprises solid electrolytes of the crystalline section.  

Some examples for crystalline solid-state electrolytes are NASICON- and 

(thio)LISICON-type lithium ion conductors, garnet-structured materials, perovskites, 

argyrodites, lithium-nitrides, -hydrides and -halides.[3,4] An example for a perovskite 

is Li3xLa2/3-xTiO3 (LLTO) and for sodium super ionic conductor (NASICON)-like 

structures it is Li1.3Al0.2Ti1.7(PO4)3 (LATP). Both materials unfortunately suffer from 

stability problems in contact with metallic lithium.[3] A lithium super ionic conductor 

(LISICON)-like electrolyte is Li3+x(P1-xSix)O4, where the oxygen position can be 

exchanged with sulfur leading to Li3+x(P1-xSix)S4.[4,19] The classes of argyrodites and 

garnet-like solid electrolytes are described in detail below. Up to now no universal 

formula for the synthesis of the perfect solid electrolyte has been found. The 

difficulties lie within the lack of a general route for the enhancement of the lithium 

ion conductivity as many different structures exist. Substitution may be one way to 

boost the conductivities, but there are many more factors playing a role. The lattice 

has to possess the right sizes of sites and channels to encourage lithium diffusion.[4]  

Smaller monovalent ions are superior to multivalent ions when it comes to 

conduction in solids. At ambient temperature low activation energies are key for high 

ionic conductivities but within a structural family the conductivities can vary widely 

(5 - 6 orders of magnitude).[4,7] To facilitate ionic transport in the solid electrolyte 

system, synthesis routes are chosen such that they ensure enhanced lattice 

structures with adequate defect concentrations and mobilities. All solid-state lithium-

ion batteries share one major problem, which is ensuring the constant contact 

between the solid electrodes and the solid electrolyte. Different thermal expansion 

coefficients of the materials used, can impair the quality of the contact at the 

interfaces. For the preparation of solid electrolytes - depending on the nature of the 

materials used - several procedures are available. Examples are solid-state reactions, 

wet chemical techniques or sintering. For thick-film electrodes tape casting or screen 

printing can be applied and for thin-film solutions sputtering, evaporation techniques 

or also spin-coating are the methods of choice.[7] The key goals for solid-state 

electrolytes are the increase in energy and power density, long-term stability, safety 

and facile processing.[20]  
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In the following, two examples of promising solid-state electrolyte classes, namely 

argyrodites and garnets, will be described in more detail. For the workgroup in Graz 

these two classes served as model substances to study the origins of fast ion 

transport in solids. 

2.2.4.1 Garnets 

In general, the ideal garnet crystallizes in a face centered cubic structure with space 

group Ia3̅d and the structure offers a high degree of possible chemical substitutions. 

The general chemical formula is A3B2(CO4)3 with e.g. A = Ca, Mg, Y La or a rare earth 

element, B = Al, Fe, Ga, Ge, Mn, Ni or V, C = Si, Ge or AL In this structure the 

coordination of the site A is eight-fold, of B six-fold and for C it is four-fold with 

respect to the oxygen ions.[21] The garnet structure is very versatile and allows a broad 

spectrum of cations, differing in valence state and size, to reside in it without 

noteworthy alterations of the symmetry.[22] 

The class of garnet-type solid ion conductors was first introduced as potential solid-

state electrolytes for lithium-ion batteries by Thangadurai et al. in 2003. They focused 

on Nb- and Ta-containing garnet related lithium metal oxides (Li5La3M2O12 with M = 

Nb or Ta), that offer a bulk conductivity of ~10-6 S cm-1 at ambient temperature. 

Furthermore, they found Li5La3Ta2O12 to be chemically stable in contact with 

elemental lithium.[23] Those findings attracted interest in refining the synthesizing 

methods and in the search for other compositions that show high ionic conductivities 

making those materials utilizable in future commercial solid-state battery 

applications.[21] 

So-called lithium stuffed garnets exhibit high ionic conductivities. They contain more 

than the standard eight cations per formula unit (with 4 - 7 lithium ions pfu). This 

means, that the cationic species will not only reside on the positions known from 

stoichiometric garnets.[24] The upper limit of lithium ion content is x = 7.5 for 

LixB3C2O12 and the highest ionic conductivity is assumed to lie around x = 6.4 ± 0.1.[25] 

Structural analysis of Li5La3M2O12 with M = Nb or Ta via neutron diffraction revealed, 

that the lithium ions not only occupy tetrahedral (24d) but also octahedral (96h/48g) 

sites. Those two kinds of coordination polyhedra share faces (each octahedra is 

connected to two tetrahedra) and allow for very small lithium-lithium distances 

despite electrostatic repulsion. The octahedra are thought to be distorted if one 

neighboring tetrahedral site is occupied and therefore, the octahedral lithium ion 

tends to reside closer to the shared face with an empty tetrahedral site. On the 

distorted octahedral site, the repulsion between the lithium ions can be reduced (see 

Figure 5). This is also referred to as “clustering of lithium ions”. The octahedra are 

connected by sharing edges among each other. The interconnection of tetrahedra 

and octahedra leads to a three-dimensional lithium diffusion pathway.[26] With an 

increase in the lithium content in the garnet structures, the number of octahedrally 

coordinated lithium cations increases, while vacancies form at the tetrahedral 

sites.[24] Not only the amount of lithium but also other factors like the sintering 

temperature during the preparation play a part regarding the ionic conductivity of 

garnet related materials.[27]  
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Figure 5: Possible lithium ion distributions over the tetrahedral (24d) and 

octahedral (48g and 96h)  sites  in Li5+xLa3-xAxM2-yByO12 with the ions A = 

divalent, B = tri-/tetravalent and M = pentavalent.[21]  

In 2007, Murugan et al. investigated cubic Li7La3Zr2O12 (LLZO) as a promising 

candidate for the application as solid ionic conductor (crystallographic structure seen 

in Figure 6). The high ionic conductivity (~10-4 S cm-1 at ambient temperature) as well 

as chemical and thermal stability of this material and the good prospects in terms of 

an economic and environmental point of view were emphasized.[22] LLZO can also 

exist in a tetragonal phase. While the annealing temperature used by Murugan et al. 

for cubic LLZO was 1230 °C, Awaka et al. synthesized tetragonal LLZO using much 

lower temperatures (980 °C).[22,28] This tetragonal polymorph (space group I41/acd) 

shows an ionic conductivity, that is about two orders of magnitude lower than that 

of the cubic structure at room temperature. Lithium cations reside on three different 

sites - tetrahedral 8a, distorted octahedral 16f and 32g. The tetrahedral and 

octahedral sites are completely ordered (lithium atoms and vacancies), which could 

be the reason for diminished ionic conductivity.[28] In order to successfully synthesize 

LLZO in the cubic modification, the preparation process is crucial. Choosing the right 

temperatures and number of calcination steps is essential. Another factor is the use 

of Al2O3 crucibles during the sintering process. Otherwise tetragonal LLZO is obtained. 

It is assumed that aluminum stabilizes the cubic modification. This was verified by the 

NMR experiments of Buschmann et al. They were able to show that aluminum resides 

at the 24d sites and that its distribution will increase the lithium disorder during 

sintering.[29] As the cubic phase of undoped LLZO is not stable at ambient 

temperature, DFT calculations revealed that via doping (with e.g. Al3+) Li+ vacancies 

are formed because of charge compensation.[30,31] The tetragonal modification is 

lower in energy due to an ordered lithium sublattice, where all the lithium sites are 

either filled or empty, and therefore, the repulsion between the lithium cations is 

reduced. In contrast to this, in the cubic phase it is disordered, which means the 

lithium sites are partially occupied. As a result of the vacancy formation caused by 

Al3+ doping, a transition to the cubic phase can take place. The free energy is lowered 

and an increase in entropy can be seen. This will most probably happen at an alumina 

concentration of x = 0.2 with Li7-2xAlxLa3Zr2O12 (at zero temperature).[31] Also other 

cations like Ga3+ were investigated for supervalent doping of the LLZO structure. In 

Ga-LLZO with space group I-43d (for x > 0.07 with Li7-3xGaxLa3Zr2O12), Ga3+ is thought 

to occupy the tetrahedral 12a lattice site.[30]  
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Figure 6: Crystallographic structure of cubic Li7La3Zr2O12 ICSD no. 422259 

A good overview about the history of the development and current challenges of 

garnet-like structures for the use as lithium ion conductors in solid-state batteries can 

be found in the review articles of Thangadurai[21], Zeier[32] and Liu[33].   

Garnet Degradation 

Despite the reported chemical stability of garnet-related materials, especially in 

contact with metallic lithium anodes, there is evidence for H+/Li+ exchange reactions 

in contact with humidity or immersion in water. In 2010 Nyman et al. tried to increase 

the ionic conductivity by decreasing the tetrahedrally bound lithium of the Li5-phases 

Li5La3M2O12 with M = Nb or Ta via heat treatment and aqueous procedures. Their 

NMR studies indicated that the aqueous H+/Li+ exchange of powder samples yielded 

a depopulation of the less mobile tetrahedral lithium positions. During the exchange 

process in the aqueous solutions an increase in its pH-value can be observed, which 

is attributed to the H+ exchange (= formation of LiOH).[34] With an increase in the 

lithium content of garnet-like structures and therefore, an increase in the lithium ion 

concentration in the octahedral sites, the H+/Li+ exchange takes place to a smaller 

degree. This was shown for Li5+xBaxLa3-xNb2O12 after water treatment at room 

temperature. For Li5La3Nb2O12 the exchange was 89% complete. The exchange 

reaction in this material can be reversed by 5M LiNO3 and it was demonstrated that 

also the ionic conductivity can be recovered. Furthermore, the cubic structure 

remains unchanged as verified by powder x-ray diffraction.[35] Another study used 

organic acids as proton source for Li5+xBaxLa3-xNb2O12. As for the study using water, 

the degree of protonation decreased with dopant concentration in the garnet-like 

structure. This clearly indicates that tetrahedral positions preferentially undergo 

protonation. The H+/Li+ exchange was shown to reach 100% using glacial CH3COOH 

for undoped Li5La3Nb2O12 without any phase transformation.[35] Ma et al. investigated 

the influence of aqueous solutions on LLZO. In contrast to the previously mentioned 

garnets, the conductivity did not decrease. This was attributed to the preference for 

the octahedral 96h site over the tetrahedral site for hydrogen exchange. The 48g site 
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was occupied by hydrogen only to a small degree and the 24d site was left untouched. 

Even under an exchange rate of 63.6% the Ia3d structure was preserved. For 

protonated LLZO the reversed reaction was demonstrated using a 2 M LiOH solution. 

These findings reinforced the approach of using garnet-structured materials as solid 

separators protecting the anode in aqueous lithium ion batteries.[36] Another aspect 

to consider is the grain size of the garnet-samples. Smaller grain sizes of Al-LLZO show 

a better chemical stability in terms of Li2CO3 formation during air exposure at ambient 

conditions than larger grained ones. (LiOH formed during the H+/Li+ exchange with 

water reacts with CO2 leading to the formation of Li2CO3 at the sample surface.) These 

findings were attributed to the difference in alumina distribution. In smaller grains 

the alumina stays within the bulk, whereas it is found in the grain boundaries of larger 

grains. Alumina seems to preserve the garnet from undergoing a reaction with water 

and the concurrent formation of LiOH. According to DFT calculations, smaller grains 

are less affected.[37] Parameters like the temperature during synthesis influence the 

density of the garnet materials. Protonation reactions of cubic Li6.6La3Zr0.6Ta0.4O12 

with a higher density take place to a smaller extent.[38] Focused ion beam secondary 

ion mass spectroscopy on Li6.55Ga0.15La3Zr2O12 immersed in water (100 °C, 30 min) 

showed a proton exchanged region of up to 1.35 µm in depth.[39] Hofstetter et al. 

published an excellent overview of the stability of lithium-rich garnets in contact with 

humidity, carbon dioxide and metallic lithium.[40]  

2.2.4.2 Argyrodites 

    The general formula of argyrodites is A12-m-x
+(Mm+ Y4 

2-)Y2-x
2-Xx

- with A = Li, Cu, Ag,   

M = Si, Ge, Sn, P, As, Y = O, S, Se, Te, X = Cl, Br, I and 0 ≤ 𝑥 ≤ 2.[41] The first known 

fast ionic conductor amongst the argyrodites was Ag8GeS6.[42] As for our studies 

halogenated thiophosphates were investigated, this group of materials will be 

discussed in more detail. 

In general, Li7PS6 shows an enhanced ionic conductivity if it is halogen substituted. 

Such a partial substitution of sulfur can stabilize the high temperature cubic phase at 

ambient temperature. Otherwise Li7PS6 is found to crystallize in an orthorhombic 

phase at lower temperatures.[18] Those synthetic lithium containing argyrodites, 

proposed for the use as solid ionic conductors, crystallize in a cubic unit cell with the 

space group F4̅3m, with the general formula Li6PS5X with X = Cl, Br or I.[4] This type of 

halide containing argyrodite was first synthesized and analyzed by Deiseroth et al. in 

2008 and can reach ionic conductivities up to 10-3 to 10-2 S cm-1.[42] PS4
3- tetrahedra 

(with the sulfur position called “S1”) are isolated at the 4b sites. The halogen atoms 

substitute the other sulfur positions (“S2” at 4a or 4d). Lithium ions can be found at 

tetrahedral interstitial sites (48h and 24g) formed by “S2” and halogen positions, 

which are only partially occupied.[4,18,42,43] The lithium ions diffuse via hexagonal cages 

built by those partially occupied interstitial sites.[4] Twelve 48h sites are located 

around one 4c site giving the impression of a cage.[18] For the X = Cl, those cages 

surround the halide ions and for the iodide analogue they surround the sulfur 

anions.[4] Lithium ion diffusion can take place via three possible jumping pathways, 

namely 48h-24g-48h called “doublet jump” and 48h-48h, which occur either within 
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(intra-cage jump) or between (inter-cage jump) the cages.[18] Li6PS5I suffers from a 

much lower conductivity than the chloride and bromide counterparts.[4] This might 

be attributed to the lithium distribution and disorder in the sublattices (S2-/Cl- and  S2-

/Br-) of Li6PS5Cl and Li6PS5Br. In Li6PS5I the iodide and sulfide atoms are on different 

positions due to the larger size of I- leading to an ordered structure.[44] Contrarily in 

the other two halide thiophosphates, the chloride, bromide and sulfide atoms share 

three positions with each other.[42] The substitution of sulfur with halogen ions results 

in the formation of lithium vacancies as a consequence of charge compensation. 

While chloride and bromide are distributed over 4a and 4d sites, iodide is only found 

at 4a having an influence on the conductivity (see Figure 7 for Li6PS5).[18,43]  

 

Figure 7: Crystallographic Structure of Li6PS5I ICSD no. 259212, adapted from Hanghofer et al. [43] 

In the case of Li6PS5Br the greatest extent in this occupational mixing can be found at 

the crystallographic sites of S2 and X.[42] A study showed that inter-cage jump 

processes cannot take place in ordered Li6PS5I leading to a diminished long-range 

ionic conductivity.[45] 31P NMR spectroscopy revealed the influence of rotational PS4
3- 

jumps on lithium diffusion. The lattice constant of Li6PS5X is decreasing from I to Br 

to Cl. Therefore, Li6PS5I has a soft lattice, where those rotational jumps are not 

dependent on the lithium ion translation. In contrast, for Li6PS5Cl the rotational 

jumping of PS4
3- is slower and might interact with the aforementioned inter-cage 

jumps of the lithium ions. Both processes take place on a similar time scale. Due to 

the high lithium ion conductivity, for the Br--compound the ideal parameters 

regarding lattice parameters, site disorder and rotational jumping are met.[43] In order 

to optimize lithium ion conducting argyrodites it is crucial to understand those 

structure-transport relationships in detail. Kraft et al. investigated the influence of a 

soft-anion lattice on the ionic transport in Li6PS5X (X = Cl, Br, I). By changing the 

polarizability of the anion framework in this compound as a model system, they were 

successful in demonstrating that a softer lattice is not automatically leading to high 

ionic conductivities. Going from Cl to Br to I the lattice gets softer. For softer lattices 

the activation energy Ea as well as the Arrhenius pre-factor 𝜎0 drop. The latter one 
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though diminishes the conductivity. In the case of iodine containing Li6PS5X the 

activation energy starts to increase again because of the lack of site disorder leading 

to a decrease in ionic conductivity. The ideal composition amongst those halide ones 

was found to be Li6PS5Cl0.5Br0.5.[46] One way to increase lithium ion conduction in 

halide argyrodites is substitution. Aliovalent doping of Li6PS5I with germanium leads 

to very high conductivities in the mS cm-1 range. In Li6+xP1-xGexS5I an increase in the 

dopant concentration causes anion site disorder.[47] Most likely the site disorder 

enables a flattening of the energy landscape.[48] Also other compositions of 

Li6+xMxSb1−xS5I (M = Si, Ge, Sn) were analyzed already reaching ionic conductivities of 

up to 24 mS cm-1. Besides the anion site disorder, a Li+ cation site disorder is promoted 

leading to a reduced activation energy barrier and concerted ion migration.[49] This 

shows the need for a deep understanding of composition and structure relationships 

with ionic transport in those materials. 
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2.3 Theory of Diffusion in Solid State Matter 

One of the prerequisites for a working lithium-ion battery is ionic transport. 

Without sufficient diffusion of charge carriers through the electrolyte and electrode 

materials, these battery components would not be suitable for the application in 

batteries.                    

Simplified, diffusion can be described as the process, where a species (e.g. atoms, 

ions, molecules) moves around in a medium. [50] The atomistic view is, that diffusion 

in crystalline materials is linked to defects, that allow for a higher mobility of the 

species.[51]  It can be quantified by a diffusion coefficient via the determination of the 

concentration of the species at certain distances from its origin at a specific 

temperature.[50] The rate of bulk diffusion, which indicates diffusion through the 

volume of a sample, is isotropic for gases, liquids, amorphous as well as cubic solids 

but anisotropic for other crystalline materials. When talking about diffusion in solid 

matter, it is necessary to consider the structural aspects of the crystalline material as 

well as the types of defects present.[50] In the following chapter the basics of diffusion 

in solids, crystal defects and the mechanisms of diffusion in crystalline materials will 

be described. I recommend the books of Tilley[50] and Mehrer[52] for further reading.   

2.3.1 Basic Principles 

The fundamentals of diffusion can be explained by the so-called continuum theory, 

which is a phenomenological approach based on Fick´s laws, and by the random walk 

theory, which is based on the Brownian motion and describes diffusion from a 

macroscopic point of view.[52] 

2.3.1.1 Continuum Theory 

The diffusion processes in the continuum theory are described by Fick´s laws. The 

basis is the concentration gradient as a driving force for diffusion by equalizing the 

concentrations of the species present. Fick´s first law (represented in Figure 8) 

describes the diffusion flux Jx for isotropic media, therefore the problem can be 

reduced to one dimension: 

 
𝐽𝑥 = −𝐷

𝜕𝐶

𝜕𝑥
  , (2.11) 

with D as the diffusion coefficient of the species of interest in [m2s-1] and C as the 

concentration. The negative sign shows that Jx and the concentration gradient point 

in opposite directions.[52]  
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Figure 8: Fick´s first law. Representation of the concentration as function 
of distance with a diffusion flux in the direction of the lower 
concentration[52] 

For three dimensions Fick´s law can be rewritten as follows: 

 𝑱 =  −𝐷𝛁𝐶 , (2.12) 

with J as the diffusion flux vector and 𝛁𝐶 as the concentration gradient vector.[52] 

Under non-steady-state conditions the diffusion flux and concentration are generally 

dependent on time and position. For systems, that do not undergo any reactions, the 

total number of particles does not change. This results in the continuity equation[51,52]:  

 
−𝛁 ∙ 𝑱 =

𝜕𝐶

𝜕𝑡
 . (2.13) 

Combining Fick´s first law and the continuity equation, we get Fick´s second law, the 

so-called diffusion equation[52]: 

 𝜕𝐶

𝜕𝑡
=  𝛁 ∙ (𝐷𝛁𝐶) . (2.14) 

If we assume D to be constant, we get: 

 𝜕𝐶

𝜕𝑡
=  𝐷∆𝐶 , (2.15) 

with ∆, the the Laplace operator. This equation is also referred to as linear diffusion 

equation for systems, where the diffusivity is independent of concentration. It can be 

solved at defined boundary and initial conditions.[52] 
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2.3.1.2 Random Walk Theory 

In contrast to gases and liquids, where the particles diffuse more or less along free 

paths, atomic jumping processes in crystalline lattices take place between 

(interstitial) lattice sites.[52] A simple model to describe bulk diffusion in solids is the 

random walk theory relying on randomly jumping particles.[50] Only a series of 

successful jumps yields macroscopic diffusion. Via the Einstein-Smoluchowski relation 

the diffusion coefficient of Fick´s laws can be linked to the mean square displacement 

〈𝑅2〉 of particles performing a random walk (see Figure 9). For uncorrelated diffusion 

in a three dimensional crystalline media the following applies[52]:  

 
𝐷𝑟 = 

〈𝑅2〉

6𝜏
 , (2.16) 

with Dr as the diffusion coefficient of a random, uncorrelated walk and 𝜏 as the mean 

residence time of an atom at a specific location.  

 

 

Figure 9: Several individual jumps leading to a total displacement R.[51] 

Previously we assumed, that diffusion in solids occurs via independent jumps. This 

does not apply for all diffusion mechanisms. For example, in the case of vacancy 

diffusion a kind of “memory effect” comes into play leading to correlated behavior. 

This can be modeled by the so-called correlation factor f:[52]  

 
𝑓 ≡  

𝐷∗

𝐷𝑟
 . (2.17) 

𝐷∗ denotes the diffusion coefficient of a tracer atom, which performs a correlated 

motion.[50,52] Combining equation 2.16 and 2.17 leads us to: 

 
𝐷∗ =  𝑓

〈𝑅2〉

6𝜏
 . (2.18) 

For true random walks without any correlation f equals 1.                                                           

The diffusion coefficient D usually is dependent on the temperature T and the 

activation enthalpy of diffusion Δ𝐻. It is described by the Arrhenius equation:  

 
𝐷 = 𝐷0exp(−

Δ𝐻

𝑅𝑇
) , (2.19) 

with D0 as the “frequency factor” determined by: 
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𝐷0 = 𝐷0

′exp (−
Δ𝑆

𝑅
) . (2.20) 

The pre-exponential factor 𝐷0
′  includes several parameters such as geometric factors, 

the correlation factor, the lattice parameter squared and the attempt frequency. Δ𝑆 

denotes the diffusion entropy.[51]  

Atomic Jumping 

Atoms in crystal lattices vibrate approximately at the Debye frequency with values 

around 1012 to 1013 Hz. This can be regarded as the attempt frequency of an atom for 

a jump (1012 to 1013 attempts per second). The number of successful jumps 𝛤 of an 

atom per second follows an Arrhenius behavior and can be written as:  

 
Γ =  𝜈 exp (−

∆𝐺𝑀

𝑘B𝑇
) , (2.21) 

with 𝜈 the attempt frequency of an atom at its equilibrium site and 𝑘B the Boltzman 

constant (= 1,38∙10-23 JK-1). In this context, a successful jump describes an atom 

having enough energy to overcome the barrier between its equilibrium position and 

neighboring sites. The atomic jumping process is thermally activated, which means 

the lattice vibrations increase with temperature. The Gibbs free energy of migration 

∆GM describes the magnitude of the energy barrier:  

 ∆𝐺M = ∆𝐻M − 𝑇∆𝑆M, (2.22) 

with HM the enthalpy of migration and SM the entropy of migration.[50,52] Fluctuations 

in the thermal energy enable diffusion by atoms that are otherwise not able to get 

past the energy barrier.[51] A visualization of the energy landscape within a crystal 

lattice is given in Figure 10. 

 

 

Figure 10: Example of an energy landscape during diffusion of an atom through a lattice with the atomic 
distance a; maxima reflecting "bottlenecks" between stationary atoms with ∆GM, the Gibbs free energy 
of migration.[50]  
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2.3.2 Defects in Crystalline Materials 

A perfect crystal without defects can only exist at zero Kelvin (state of zero entropy). 

At higher temperatures defects will form and the entropy increases.[53] The so-called 

defect hierarchy allows for a classification of defects in crystalline materials with 

respect to their dimensionality, it is shown in Table 1.[54] In crystalline materials the 

presence of defects is essential for the diffusion of atoms through the lattice. Higher 

dimensional diffusion along dislocations and grain boundaries is usually much faster 

than via point defects, which consist of one or a few atoms.[50,55] As most solid 

materials are polycrystalline, they contain grain boundaries within their structure. At 

grain boundaries, interfaces with different crystal orientations meet. Examples for 

one-dimensional defects are edge and screw dislocations. They arise from 

deformation or the crystal growth itself and - unlike point defects - they do not exist 

at the thermodynamic equilibrium.[53,54] Another type of defects are three- 

dimensional volume defects, e.g. pores.[54] 

Table 1: Classification of defects[54] 

Dimension Type Example 

0 Point defect Vacancy 

1 Line defect Dislocation 

2 Planar defect Grain boundary 

3 Volume defect Pore 

 

Point Defects – Frenkel & Schottky 

There are two common types of point defects in crystalline solids that preserve an 

overall charge neutrality in the volume of an ionic crystal, namely the Frenkel and 

Schottky disorders.[52] 

In a thermodynamic equilibrium ionic defects are present in the pure crystal lattice. 

They are referred to as intrinsic defects. In contrast, extrinsic defects define impurity 

atoms at substitutional or interstitial sites at the host lattice.[53] The Frenkel defect 

describes an equal amount of vacancies and self-interstitials. For reasons of 

simplification we will now only consider binary ionic compounds (CA) consisting of a 

cation and anion species of equal charges of the opposite sign. In the case of a cation 

on site CC a Frenkel defect yields a vacancy on the cation site VC and a self-interstitial 

IC. They are denoted as Frenkel pair[52]:  

 𝐶𝐶 ⇌ 𝑉𝐶 + 𝐼𝐶 (2.23) 

A Schottky defect indicates the same number of vacancies in the anion and cation 

sublattice.  Analogous to the Frenkel pair a cation and anion vacancy are called 

Schottky pair[52]:  

 𝐶𝐶 + 𝐴𝐴 + 2 new lattice sites ⇌ 𝑉𝐶 + 𝑉𝐴 (2.24) 
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Besides vacancies and interstitials other point defects such as misplaced atoms, 

interacting defects, called associated centers, substitutional atoms and electronic 

defects can be present in the crystal lattice.[54]  

2.3.3 Diffusion Mechanisms  

For atoms in a crystalline lattice, several mechanisms of diffusion exist. Knowing the 

mechanism present allows for a better control of the ionic transport properties via 

mechanochemical engineering of a potential solid electrolyte material. The crystal 

lattice predefines the possible diffusion pathways. Therefore, unlike in gases and 

liquids, the mechanisms of diffusion in crystalline solids can be described in a very 

simple way. There are several influencing factors for atomic jumping such as the 

crystal structure, the properties of the diffusing species and the presence of defects. 

In the following section the main diffusion mechanisms will be described.[52]   

Interstitial mechanism 

This mechanism is characterized by solute atoms (self-interstitials, impurities, 

dopants) that are much smaller than the host lattice atoms. Therefore, they can 

migrate through the system via the interstitial sites.[50,52] There is no permanent 

displacement of the host lattice after migration of a solute atom from its starting 

point to an adjacent interstitial site. In general, interstitials preferably occupy 

octahedral and tetrahedral lattice sites.[51] The interstitial mechanism is not defect 

mediated and its diffusion coefficient is generally very high.[52]  

Interstitialcy mechanism 

Another option for interstitials to move through a crystal lattice is the interstitialcy 

mechanism. If an interstitial atom has a similar size as the host atoms, the interstitial 

atom can move to replace a host atom at a regular site, which in turn jumps to an 

interstitial site. Therefore, this mechanism involves the simultaneous movement of 

two atoms.[50,52]  

Collective mechanism 

Here, the solute atoms are of quite the same size as the host atoms leading to a 

substitutional mechanism via a concurrent movement of several atoms. Defects do 

not play a role here either.[52]  

Vacancy mechanism 

This mechanism involves atoms of a lattice site that jump into adjacent vacancies. 

Because it looks like the vacancy diffuses through the lattice, it is called vacancy 

mechanism.[50,52] The actual pathway of the diffusing species is related to the crystal 

structure. Attractive as well as repulsive forces influence the probability to find an 

adjacent vacancy.[50,51] Another related type is the divacancy mechanism, where 

several vacancies can form agglomerates at thermal equilibrium and move 

concurrently. Mono- and divacancy concentrations are temperature dependent.[52] 
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Interstitial-substitutional mechanism 

For this mechanism an atomic species B can be located on an interstitial site Bi or 

substitutional site Bs of a crystal lattice. The solubility of the atomic species is lower 

on the interstitial site than on the substitutional one, whereas the diffusion rate is 

higher on the interstitial site. Depending on the pathway involved there are two 

different types – the dissociative mechanism and the kick-out mechanism. The former 

one uses vacancies V[52]:  

 𝐵𝑖 + 𝑉 ⇌ 𝐵𝑠 (2.25) 

and the latter one uses self-interstitials Ai:  

 𝐵𝑖 ⇌ 𝐵𝑠 + 𝐴𝑖  (2.26) 

 

Linking ionic conductivity to the diffusion coefficient 

Schottky defects enable the vacancy diffusion mechanism, and Frenkel defects 

allow for interstitial, interstitialcy and vacancy diffusion. In a crystalline sample more 

than one point defect species can contribute to the overall diffusion coefficient.[50] 

Ceramic materials used as solid-state ionic conductors need high rates of ionic 

movement yielding large conductivities. The ionic conductivity is defined by: 

 𝜎 =∑𝑞𝑖𝑁𝜇𝑖
𝑖

 , (2.27) 

with µi the mobility, N the number of mobile defects and qi the effective ionic charge. 

The Nernst-Einstein equation links the ionic mobility µ and the ionic conductivity σ to 

the diffusion coefficient D:  

 
𝜇 = (

𝑞

𝑘B𝑇
)𝐷     and      𝜎 = (

𝑁𝑞2

𝑘B𝑇
)𝐷 . (2.28) 

This linkage is only possible if the ionic conductivity and the diffusion employ the 

same mechanism.[54]  
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2.4 Analytical Methods 

2.4.1 Impedance Spectroscopy 

Impedance Spectroscopy (IS) has become an essential non-invasive analytical 

technique in materials research due to its versatile nature. There is a large field of 

applications in semiconductor industry, for corrosion studies, battery and fuel cell 

development, and also for biological systems testing.[56] In solid state battery 

research, IS is mainly used to investigate the macroscopic ionic mobility of charge 

carriers. An IS experiment enables the operator to determine the ionic conductivity 

(σ) of the sample as well as complex parameters such as impedance (Z*), permittivity 

(ε*) and modulus (M*) as function of frequency. The frequency range usually varies 

from 10-2 to 107 Hz. In order to distinguish between different regions within ceramics 

(e.g. grain boundaries and bulk), one can take advantage of their different frequency 

dependencies by having a look at the magnitude of their capacitance values.[57] For a 

more in-depth look into the fundamentals of IS, please see references of Irvine[57] and 

Lvovich[58]. 

2.4.1.1 Measurement Setup and the Basics of Complex Impedance 

For a typical impedance measurement, the sample is pelletized and equipped with 

a thin layer of blocking electrodes (usually made of Au) before being placed between 

two electrodes (see Figure 11). After applying a sinusoidal AC voltage signal U with a 

small amplitude U0 at the frequency ν, a phase (ϕ) shifted sinusoidal current response 

with a different amplitude I0 can be measured (see Figure 12).[58] This can be repeated 

at a broad range of frequencies as well as at varying temperatures in order to derive 

other parameters, e.g. activation energies of different processes. 

 

 

Figure 11: Simplified measurement setup of an impedance experiment. 
The sample is placed between two identical electrodes with an area A at 
a distance d. A sinusoidal AC voltage  is applied to the sample resulting 
in a phase shifted current response, which is recorded.[58]  
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Figure 12: Schematic representation of a sinusoidal voltage input U and 
current response I at a certain frequency ν as functions of time t. I(t) has 
a phase shift of ϕ, U0 and I0 are the corresponding amplitudes of the 
signals.[58]   

 

The general form of the voltage input as function of time is: 

 𝑈(𝑡) =  𝑈0sin (𝜔𝑡) , (2.29) 

where ω is the radial frequency (ω = 2πν). 

The current output as function of time follows:  

 𝐼(𝑡) = 𝐼0 sin(𝜔𝑡 + 𝜑) , (2.30) 

where ϕ denotes the phase shift.  

The complex impedance can now be written as the ratio of voltage input and current 

output as it is known from Ohm´s law: 

 
𝑍∗ = 

𝑈(𝑡)

𝐼(𝑡)
=  

𝑈0 sin (𝜔𝑡)

𝐼0 sin (𝜔𝑡 +  𝜑)
=  |𝑍|

sin (𝜔𝑡)

 sin (𝜔𝑡 +  𝜑)
 . (2.31) 

Euler´s relationship now allows to express the impedance as a complex function so it 

can be represented in the complex plane as shown Figure 13: 

 𝑒𝑗𝜑 = 𝑐𝑜𝑠(𝜑) + 𝑗𝑠𝑖𝑛(𝜑) . (2.32) 

The voltage input and current output considering Euler´s relationship in a rewritten 

form: 

 𝑈(𝑡) = 𝑈0𝑒
𝑗𝜔𝑡  ,  (2.33) 

 𝐼(𝑡) =  𝐼0𝑒
𝑗𝜔𝑡−𝑗𝜑 . (2.34) 
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This leads to a new expression for the complex impedance: 

𝑍∗ = 
𝑈(𝑡)

𝐼(𝑡)
= |𝑍|𝑒𝑗𝜑 = |𝑍|(𝑐𝑜𝑠𝜑 + 𝑗𝑠𝑖𝑛𝜑) =  𝑍′ + 𝑗𝑍′′ and 𝑡𝑎𝑛𝜑 = 

𝑍′′

𝑍′
 ,        (2.35)  

with ϕ as the phase angle at a certain radial frequency (ω), which is defined as the 

ratio of the imaginary (Z´´) and real part (Z´) of the impedance. 

The real part of the impedance describes the capability of a material resisting the 

current flow, while the imaginary part describes the capability to store electrical 

energy. Complex impedance can describe both, the resistive and capacitive 

characteristics of a material.[58]  

 

 

Figure 13: Argand diagram. Complex impedance Z plotted as a function 
of rectangular (Z´, Z´´) and polar (│Z│, ϕ) coordinates.[59,60]  

 

2.4.1.2 Further important Quantities related to Impedance 

There are further quantities related to impedance, which can be obtained via IS 

measurements. They are referred to collectively as “immittances”. Those complex 

impedance-related properties are the admittance 𝑌∗, the permittivity 𝜀∗ and the 

modulus   function 𝑀∗.[59]  

The complex admittance is in inverse proportion to the impedance: 

 
𝑌∗ = 

1

𝑍∗
= 𝑌′ + 𝑗𝑌′′ . (2.36) 

The relative permittivity can be related to the material polarization density P via the 

Debye Equation[58]:  

 𝑃 = (𝜀 − 1)𝜀0𝑉 , (2.37) 
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where V denotes the applied electric field and 𝜀0 is the dielectric permittivity of the 

free space. Like the impedance and admittance, permittivity can be written as a 

complex quantity: 

 𝜀∗ = 𝜀′ − 𝑗𝜀′′ . (2.38) 

In dielectrics the real part ε’ (= 1/Z’’), also called “dielectric constant”, displays the 

energy storage capacity. The imaginary part ε’’ (= 1/Z’), referred to as “loss factor”, 

displays the ionic conduction capability. Those two quantities can be derived from a 

dielectric measurement with a setup as it is shown in Figure 11, via the following 

equations[58]:  

 
𝜀′ = 

𝐶𝑑

𝜀0𝐴
 , (2.39) 

 
𝜀′′ = 

𝑑

𝑅𝐴𝜔𝜀0
= 

𝜎

𝜔𝜀0
= 

1

𝜌𝜔𝜀0
 , (2.40) 

where C denotes the capacitance, d the distance between the two electrodes, A the 

electrode area, σ the conductivity, ρ the resistivity and R the sample resistance.  

For the investigation of ionic conductors, the determination of the conductivity is 

most important. Like complex impedance, the complex conductivity can also be 

defined via a real (σ’) and an imaginary part (σ’’)[52]:   

 𝜎∗ = 𝜎′ + 𝑗𝜎′′ , (2.41) 

and can be related to the complex impedance as follows: 

 
𝜎∗ = 

1

𝑍∗
⋅
𝑑

𝐴
 . (2.42) 

Finally, the complex modulus M*, which is the inverse of the complex permittivity, 

is[58]:  

 𝑀∗ = 
1

𝜀∗
= 𝑀′ − 𝑗𝑀′′ =  𝑗𝜔𝜀0𝑍

∗ =  −𝜔𝜀0𝑍
′′ + 𝑗𝜔𝜀0𝑍

′ . (2.43) 
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2.4.1.3 Interpretation and Representation of Impedance Spectroscopy Data 
 

Scientists and engineers can choose between different options for the representation 

of the data derived by impedance spectroscopy. By visualizing the data, different 

processes within the material can be distinguished, and data analysis is facilitated. 

Nyquist Plot 

The most common visual representation chosen for impedance data, are Nyquist 

plots. Here, the negative imaginary part of the impedance (- Z’’) is plotted versus the 

real part of the impedance (Z’) (see Figure 14). This results in a graph with a 

semicircle-like shape. Under ideal conditions, for a polycrystalline sample equipped 

with blocking electrodes and measured in a setup as it was discussed above (see 

Figure 11), the following Nyquist plot is obtained:  

 

Figure 14: Nyquist plot; imaginary part of the impedance (-Z´´) versus the 
real part of the impedance (Z´); responses of bulk, grain boundary and 
blocking electrode visible; the angular frequency is increasing going from 
the right to the left; corresponding equivalent circuits at the top of the 
figure; see text for further explanation.[57,61] 

An element in the Nyquist plot can be assigned to processes that occur in a certain 

region of the measurement cell. Bulk and grain boundary responses are usually 

represented as semicircles, whereas ion blocking electrodes appear as a spike at 

lower frequencies (see Figure 14).[52] The shape of the semicircle provides insight if 

only one or multiple activation-energy controlled processes are present. If only one 

process is present, the semicircle shows an “ideal” shape ( = symmetrical).[60]  

The elements displayed on a Nyquist plot can be described by equivalent circuits (see 

Figure 14). Complex impedances from diffusion processes in bulk and grain 

boundaries, that appear as semicircles in the plot, can be described by an ohmic 

resistance R and a capacitance C in parallel[52]:  

 
𝑍∗ = 

𝑅

1 + 𝑖𝜔𝐶𝑅
 . (2.44) 
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Regional differences in the material can be seen by characteristic relaxation times. 

The relaxation time τ for a region can be derived by the product of its resistivity and 

capacitance: 

 𝜏 = 𝑅𝐶 . (2.45) 

By using the Nyquist plot, the DC resistance R can be deduced from the intersection 

of the semicircle with the abscissa. The capacitances C for each region can be 

calculated as follows: 

 𝜔𝑚𝑎𝑥 = (𝑅𝐶)
−1 . (2.46) 

The angular frequency ωmax, called frequency of maximum loss, is shown in Figure 14 

by black dots at the maximum of each arc. Knowing the magnitude of the 

capacitances C  can help to identify different regions of a specimen as shown in Table 

2.[57]   

Table 2: Identification of phenomena in specimens via capacitance values.[57]  

Capacitance [F] Underlying Phenomenon 

10-12 bulk 

10-11 minor, second phase 

10-11 – 10-8 grain boundary 

10-10 – 10-9 bulk ferroelectric 

10-9 – 10-7 surface layer 

10-7 – 10-5 sample - electrode interface 

10-4 electrochemical reactions 

 

Keeping Table 2 in mind, the thickness of grains is typically much larger than for grain 

boundaries. By looking at the equation for a parallel plate capacitor, the capacitance 

must be much smaller for the bulk of a specimen (dbulk > dgb)[57]:  

 
𝐶 =  𝜀0𝜀

𝐴

𝑑
 . (2.47) 

In solid-state ionics there are two further parameters, namely the charge diffusion 

coefficient and the Haven ratio, that can be used for data assessment of materials. 

The charge diffusion coefficient can be linked to the DC conductivity from impedance 

spectroscopy via the Nernst-Einstein relation[52]: 

 
𝐷𝜎 = 

𝜎DC𝑘B𝑇

𝑁ion𝑞
2
 , (2.48) 

with the charge density Nion, the electrical charge q and the Boltzmann constant kB   

(= 1,38*10-23 JK-1). The charge diffusion coefficient is no real diffusion coefficient in a 

Fickian meaning. It rather transforms the DC conductivity into a parameter with the 

dimensions of a diffusion coefficient. In that way the Haven ratio can be formed by 

the ratio of the tracer diffusion coefficient D* and the charge diffusion coefficient[52]:  

 
𝐻𝑅 = 

𝐷∗

𝐷𝜎
 . (2.49) 
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Conductivity Isotherms and Dielectric Representation 

Besides the Nyquist plot, another option for data representation is plotting the real 

part of the conductivity versus the applied frequency at different temperatures. Such 

conductivity isotherms can help to identify different ion transport mechanisms in 

different regions of the specimen. Additionally, a so-called dielectric representation, 

where the real part of the permittivity is plotted versus the applied frequency can be 

chosen for data evaluation (see Figure 15) 

At low frequencies there is a decrease in ionic conductivity and a steep increase in 

permittivity that originate from interfacial phenomena at the ion blocking electrodes. 

The accumulation of ions at the electrodes is also called electrode polarization. With 

increasing frequency, the conductivity reaches a frequency independent section 

caused by the random hopping motion of ions.[62] This part of the conductivity 

isotherm is also referred to as DC-plateau and represents long-range ion transport.[52] 

Via the relation σDCT ∝ exp(-EA/(kBT)) the activation Energy EA of this process can be 

deduced.[63] At slightly higher frequencies also the permittivity reaches a plateau. This 

corresponds to changes in dipole moments.[64] After the DC-plateau the conductivity 

isotherm becomes frequency dependent again and follows Jonscher´s power 

law[65,66]:  

 𝜎′ = 𝜎𝐷𝐶 + 𝐴𝜈
𝑛 . (2.50) 

In this equation A denotes a temperature-dependent parameter and n can vary 

between 0 and 1. The dispersive region, seen in Figure 15, depicts correlated ion 

motion at short times.[52,62] At the highest frequencies in the double-logarithmic plot 

the conductivity isotherm enters a linear regime. This section is called nearly constant 

loss (NCL) because of the nearly frequency-independent dielectric loss for this 

frequency range.[67] The permittivity values decrease due to faster polarization 

processes.[62] 

 

Figure 15: Data representation; a) conductivity isotherms and dielectric 
representation with their characteristic regions[64] b) conductivity 
isotherms at different temperatures of nanocrystalline Li6PS5I (from our 
publication[68], see chapter 3) 
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2.4.2 Solid-State Nuclear Magnetic Resonance Spectroscopy 

Besides electric charge and mass, atomic nuclei have other essential physical 

properties, namely magnetism and its related property spin. They can be used to 

derive molecular information. The interaction of atomic nuclei with magnetic fields 

pave the way for a powerful spectroscopic method - Nuclear Magnetic Resonance 

(NMR) Spectroscopy.[69] Nuclear magnetic resonance methods are applicable in a 

wide field, e.g. in disciplines like medicine, chemistry and biochemistry.[70] Besides 

impedance spectroscopy, NMR spectroscopy can provide further insight into ion 

dynamics of materials for battery research. In contrast to x-ray diffraction, where only 

crystalline solids can be analyzed, solid-state NMR can also be used for the structural 

analysis of inhomogeneous and amorphous samples.[71] I recommend the books of 

Friebolin[70], Keeler[72] and Duer[71] for a more in-depth look into this topic. 

2.4.2.1 Theoretical Basics of NMR Spectroscopy - The Vector Model 

Before diving deeper into different measurement techniques and data 

interpretation, the vector model will be used to explain the theoretical basics of NMR 

spectroscopy. For a detailed look into the quantum mechanical formalisms of NMR, I 

recommend reading the book of A. Abragam.[73]  

NMR spectroscopy relies on the interaction of an external magnetic field with the 

magnetic moments µ of the atomic nuclei. The sum of all the magnetic moments of 

a probed nucleus in a specimen is called magnetization M, which is determined 

during an NMR measurement.[71] In the following vectors are written in bold letters.   

 𝑴 =  ∑𝝁𝒊
𝑖

 (2.51) 

Before an external magnetic field is applied, the individual magnetic moments are 

oriented randomly, which means that there is no net magnetization.[72] Nuclear 

magnetic moments can be linked to the nuclear spin angular momentum I via the 

following equation[71]:  

 𝝁𝒊 =  𝛾𝑰𝒊 , (2.52) 

where γ is a constant [rad s-1 T-1], called the gyromagnetic ratio, which differs for each 

type of nucleus. Its value can be positive or negative and it defines the nuclide´s 

detection sensitivity (large values indicate a good sensitivity).[69–71]    

The spin of a particle is an intrinsic property.[69] The net nuclear spin angular 

momentum I can be calculated via: 

 |𝑰| =  √𝐼(𝐼 + 1)ħ , (2.53) 

where the nuclear spin quantum number I can take integer and half-integer values 

(0, 1/2, 1, 3/2,…6) and ħ is the reduced Planck´s constant (=h/2π).[69,70] If  I is zero, the 

nucleus has no nuclear magnetic moment and can thus not be detected via means of 

NMR spectroscopy.[70] 
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If an external magnetic field B0 is applied, the magnetic moments align along this field 

due to an energetic preference over time. This process is called relaxation. Usually, 

B0 is oriented along the z-axis in the laboratory frame of reference. Therefore, at the 

equilibrium state, there is a net magnetization in the sample along this coordinate 

(see Figure 16). The magnetic moments rotate around the external field B0. The 

frequency of the precession of the magnetization around B0 at a constant angle is 

called the Larmor frequency ω0
[71,72]:  

 𝜔0  =  −𝛾𝑩𝟎 . (2.54) 

The sign of ω0 can either be positive or negative depending on the gyromagnetic ratio, 

which leads to a clockwise (-) or anticlockwise (+) precession of µ.[69]  

 

 

Figure 16: a) in the absence of an external magnetic field, there is no net 
magnetization. The individual spins are randomly oriented. b) If an 
external magnetic field B0 is applied, the spins try to align themselves 
along this field as it is energetically preferable. A net magnetization 
builds up and the net magnetization vector M0 precesses around the 
direction of B0 at the Larmor frequency.[71,72]  

 

In an external magnetic field B0 the nuclear spin angular momentum I precesses 

around the z-axis. Due to the discrete number of allowed projections of I on z we 

derive: 

 𝐼𝑧 =  𝑚 ħ , (2.55) 

with the magnetic quantum number m (m = I, I-1, …-I), which can have (2I+1) different 

values. This means that Iz can have (2I+1) different orientations in the magnetic field, 

also referred to as “directional quantization”.  
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In turn, the nuclear magnetic moment can be rewritten as follows[70]:  

 𝝁𝒛 =  𝑚 𝛾 ħ . (2.56) 

Furthermore, the magnetic dipoles in a magnetic field can have (2I+1) possible energy 

states, namely the nuclear Zeeman levels.[70] Those usually degenerated sublevels are 

split in the presence of a magnetic field B0, leading to an energy separation (= nuclear 

Zeeman splitting, see Figure 17). The energy of each level can be calculated via[69]:  

 𝐸 = − 𝜇𝑧 𝑩𝟎 = − 𝒎 𝛾  ħ 𝑩𝟎 . (2.57) 

 

 

Figure 17: Zeeman splitting of a nucleus with I = ½ in the presence of an external magnetic field B0. The 
larger B0, the greater the energy difference between the energy levels[70].  

 

To enable transitions between the energy levels during an NMR experiment, the 

electromagnetic waves need a specific irradiation frequency for each nucleus, namely 

the Larmor frequency 𝜔0. Only transitions between adjacent energy levels can occur 

(∆𝑚 = ±1).The energy difference ∆𝐸 is calculated according to[70]:  

 ∆𝐸 =  𝛾  ħ 𝑩𝟎 =  ħ 𝜔0 = ℎ 𝜈 . (2.58) 

The distribution between different energy states can be described by Boltzmann 

statistics, according to[70]:  

 𝑁𝛽

𝑁𝛼
= 𝑒

−∆𝐸
𝑘B𝑇 = 𝑒

−𝛾ħ𝐵0
𝑘B𝑇  . (2.59) 

Nα and Nβ represent the respective temperature dependent occupations for the 

nuclei with I = 1/2 of the lower and upper energy levels α and β.  
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2.4.2.2 Radio frequency pulses, effective magnetic field and pulse angle 

In order to move the magnetization away from its precession direction around the 

z-axis, the so-called resonance condition has to be met. Since B0 is a very powerful 

magnetic field and cannot be switched off. Therefore, a second small magnetic field 

B1, that is resonant with the Larmor frequency 𝜔0, is applied along the x-axis during 

an NMR experiment. This radio frequency (RF) field originates from a coil wound 

around the sample in the xy-plane, which is also used to detect the precessing 

magnetization during NMR experiments. The magnetization induces a current in the 

coil which can be converted to a so-called free induction decay (FID) signal.[72]  

In the stationary (laboratory) frame of reference, B1 consists of two components, that 

rotate around B0 with ±𝜔𝑟𝑓 (= frequency of the RF-pulse). To be able to interact, it 

must rotate in the same direction, which only applies for one component, called B1(t). 

If we now switch to a rotating frame of reference, that rotates around the z-axis with 

𝜔𝑟𝑓, its time-dependence can be eliminated and B1 seems to be static.[71] In the 

rotating frame of reference, B0 diminishes to a reduced field ∆𝑩: 

 ∆𝑩 =  −
𝜔0 −  ωrf

𝛾
 . (2.60) 

Therefore, the much smaller RF-field B1 can influence the precessing magnetization. 

The reduced field and the static field B1 result in an effective field Beff (see Figure 

18)[72]:  

 
𝐁𝒆𝒇𝒇 = √𝑩𝟏

𝟐 + (∆𝑩)𝟐 .                            (2.61) (2.59) 

 

 

Figure 18: Effective magnetic field Beff
[72]

  

The magnetization now precesses around this field Beff.
[72] During one pulse length 

𝜏𝑟𝑓 , B1 can change the angle of the nuclear magnetization (precessing with 𝜔1 ) by 

the so-called flip angle 𝜃rf 
[71]:  

 𝜃rf = 𝜔1 𝜏rf = 𝛾 𝑩𝟏 𝜏rf . (2.62) 

If  𝜔𝑟𝑓 equals the Larmor frequency, the RF-pulse is “on-resonance”. In this case a 

90 ° (π/2) RF-pulse along the x-axis of the rotating coordinate system leads to a tilt 
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of the precessing magnetization around the negative y-axis (Mz = 0). By varying the 

pulse length, the flip angle can be changed. Therefore, a 180 ° (π) RF-pulse results in 

an inversion of the magnetization around the negative z-axis.[71,72]  

2.4.2.3 The Phenomenon of Relaxation 

As already mentioned before, relaxation is the process of individual spins reaching 

an equilibrium state again, after a RF-pulse changed the occupancy of the energy 

levels. At the equilibrium state, the magnetization aligns with the external magnetic 

field B0 along the z-axis and therefore, can be written as follows: Mz = M0 and Mx = 

My = 0.[74]  

After a RF-pulse at the resonance frequency was applied to a sample, the time-

dependent motion of the magnetization vector can be described by the Bloch 

equations in the rotating frame[70]:   

 𝑑𝑴𝒛

𝑑𝑡
=  −

𝑴𝒛 −𝑴𝟎

𝑇1
 , (2.63) 

 𝑑𝑴𝒙

𝑑𝑡
= − 

𝑴𝒙

𝑇2
   𝑎𝑛𝑑   

𝑑𝑴𝒚

𝑑𝑡
= − 

𝑴𝒚

𝑇2
 , (2.64) 

where T1 is the longitudinal or spin-lattice relaxation (SLR) time and T2 is the 

transversal or spin-spin relaxation time. For the longitudinal relaxation, the              

absorbed energy of the RF-pulse is transferred to the lattice.                                                                                    

The magnetization (Mz(t) = 0 at t = 0) regrows along the z-axis after the RF-pulse 

according to[70,74]: 

 
𝑴𝒛(𝑡)  =  𝑴𝟎 [1 − exp (

−𝑡

𝑇1
)] . (2.65) 

This also results in a change in energy. In contrast to this, the energy remains 

unchanged during transversal relaxation. For the transversal relaxation, the nuclear 

magnetic moments lose their phase coherence due to a difference in the effective 

magnetic field for nuclei at different positions. This is because the external magnetic 

field B0
 is not fully homogenous. This yields deviations of the Larmor frequencies of 

chemically equivalent nuclei. Because Mz cannot regrow fully to M0 before the 

transverse magnetization vanishes, the following must apply: T1 ≥ T2.[70]  

Additionally, one can measure T1ρ, the spin-lattice relaxation time constant in the 

rotating frame. It can provide insight into slow molecular dynamics (because T1ρ < T1). 

It can be derived via a spin-locking experiment, where a π/2 RF-pulse is applied, 

leading to a precession of the magnetization in the x-y plane. To lock the 

magnetization, a locking field B1 is used. After a certain time, this locking field B1 is 

turned off and the transverse magnetization decays to zero in an exponential 

order.[51,69]
  In figure 19 measurement techniques to derive T1 and T1ρ are shown. 
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Figure 19: Techniques to measure T1 and T1ρ a) “saturation recovery experiment”; several π/2-pulses are 
applied to destroy longitudinal magnetization, followed by a π/2-pulse after a time td to measure its 
recovery b) “spin-locking”;  initial π/2-pulse followed by locking of M-y’ via a small field B1. Now the decay 
of the magnetization can be related to the locking pulse length tlock.[75,76] 

 

2.4.2.4 Data analysis 

For uncorrelated, isotropic 3D diffusion processes, a model by Bloembergen, Purcell 

and Pound[77] (“BPP-model”) can be used for data analysis of spin-lattice relaxation 

NMR spectroscopy with the correlation function G(t)[76]:  

 
𝐺(𝑡) =  𝐺(0)𝑒

(−
|𝑡|
𝜏c
)
 , (2.66) 

with 𝜏c
-1 as the correlation rate, which is related to the time between two jumps of a 

species[75]:  

 
𝜏c
−1 = 𝜏𝑐,0

−1exp
(−

𝐸a
𝑘B𝑇

)
 . (2.67) 

The Fourier transformation of the correlation function leads to the Lorentzian shaped 

spectral density function 𝐽(𝜔0)
[76]:  

 1

𝑇1
≡ 𝑅1 ∝  𝐽(𝜔0) ≈  𝐺(0)

2𝜏c
1 + (𝜔0𝜏c)

2
 . (2.68) 

This spectral density function 𝐽(𝜔0) is directly proportional to the spin-lattice 

relaxation rate R1. As the BPP model is only valid for uncorrelated processes, 

correlated diffusion needs an adaption for the single exponential correlation 

function. This can be accomplished by introducing a stretched exponential with the 

stretching component α leading to a spectral density function as follows[75]:  

 
𝐽(𝜔0) =  𝐺(0)

2𝜏c
1 + (𝜔0𝜏c)

1+𝛼
 . (2.69) 

The values for α can vary from 0 to 1 (α = 1 for uncorrelated motion). The reason for 

correlated diffusion processes and therefore, the need for an adaption of the BPP 

model, can be coulombic spin-spin interactions, vacancy diffusion or structural 

disorder in the material of interest. By looking at Figure 20, one can see that 

correlated processes only affect the low-temperature flank.[75] In Figure 20 the typical 

graphical data representation for relaxation rates, namely an Arrhenius diagram, 

shows the temperature dependencies by plotting the logarithm of the relaxation rate 

versus the inverse temperature.  
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At the diffusion-induced rate peak the condition 𝜔0𝜏 ≈ 1 is valid. From this maximum 

condition the jump rate 𝜏-1 (≈ τc
-1) can be deduced and used to determine the 

microscopic self-diffusion coefficient: 

 
𝐷NMR = 

𝑎2

6𝜏
 , (2.70) 

where a is the average jump length. Via the correlation factor f the self-diffusion 

coefficient can be linked to the tracer diffusion coefficient (D* = f DNMR) and therefore 

be compared with the diffusion coefficient of AC impedance spectroscopy 

measurements.[76]  

 

 

Figure 20: Arrhenius diagram showing the spin-lattice relaxation rates of T1 and T1ρ. The BPP model 
describes the rate peak of uncorrelated 3D diffusion processes (solid line). Dimensionality is reflected 
on the high temperature flank and correlation effects are shown on the low temperature flank. From 
the peak maximum the jump rate τ-1

 can be derived via 𝜔0𝜏 ≈ 1. The T1ρ relaxation rate peak is shifted 
towards lower temperatures. For T1ρ the same effects of dimensionality and correlation as for T1 can be 
seen if present.[61,78]  

 

Uncorrelated 3D diffusion processes described by the BPP model show symmetric 

rate peaks (see Figure 20). From the slopes of the flanks the activation energy Ea can 

be derived. In general, lower dimensional diffusion leads to lower slopes in the high 

temperature regime (𝜔0𝜏c ≪ 1), which is dependent on the Larmor frequency 

ω0.[75,78] An example for a lower dimensional diffusion process is the 2D diffusion in 

layer structured materials like hectorites. This type of material was also analyzed in 

the course of this thesis. In the case of 3D diffusion, which shows steeper slopes, long-

range ion transport properties can be investigated in this high temperature regime. 

Local hopping and correlation effects are reflected in the low temperature regime 

(𝜔0𝜏c ≫ 1) of the SLR rates. Additionally, SLR rates in the rotating frame (T1ρ
-1) can 

be measured by utilizing much lower effective frequencies (ω1). Here, the diffusion-

induced rate peak is shifted towards lower temperatures.[78]  



 
- 40 - 

 

2.4.2.5 Magic-Angle Spinning - NMR 

In order to analyze structural properties, solid samples can deliver NMR spectra, 

that are similar to liquid ones, via the magic-angle spinning (MAS) technique. NMR 

spectra of solids are usually very broad, missing a resolved structure. This is caused 

by the random orientation of the crystallites in powder samples. These issues 

originate from chemical shift anisotropy, dipolar and quadrupolar coupling of solid 

matter, which are all anisotropic. Whereas in liquid samples, the fast motions of the 

individual molecules can eliminate those troublesome phenomena, for solid ones, we 

must make use of the so-called magic angle. This angle θR, that must be spanned 

between the sample´s rotation axis and the external magnetic field B0, equates to 

54,74 ° (see Figure 21). If a sample is spun at a high frequency at this specific angle, 

an averaging effect can be achieved, and sharp signals can be obtained. Spinning with 

too low frequencies leads to spinning sidebands next to the isotropic chemical shift. 

To differentiate between those sidebands and the isotropic chemical shift, one can 

make use of the dependence of the position of the sidebands on the spinning 

rate.[70,71] 

 

Figure 21: Magic angle spinning experiment. The sample rotates at an angle of 
54.74° between its rotation axis and the external magnetic field B0.[71] 
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2.4.3 X-Ray Diffraction 

2.4.3.1 Introduction 

X-ray diffraction is a well-known, commonly used crystallographic characterization 

method. It is the method of choice for crystal structure determination.[79] In general, 

the wavelengths of x-rays vary between 0.1 and 100 Å. Those wavelengths used for 

crystallographic characterization lie between 0.5 and 2.5 Å, which matches 

interatomic distances. Monochromatic x-rays with a wavelength in the order of the 

distance between different lattice planes, lead to interference phenomena when 

hitting a crystal lattice.  If a beam of x-rays is focused on a material, there are three 

possible processes that can be observed: coherent scattering, incoherent scattering, 

and absorption. Only the first one is important for x-ray diffraction measurements.[80]   

The generation of x-rays usually takes place in high-vacuum tubes (see Figure 22). 

Generation via a synchrotron is neglected here. A high voltage is applied leading to 

the generation of electrons by a cathode (W-filament). The electrons are focused at 

an anodic metal target (Mo or Cu). The target is permanently cooled because of heat 

development during the deceleration of the electrons. The applied voltage ranges 

between 30 and 60 kV.[80,81] Usually, molybdenum anodes are used for single crystal 

experiments and copper ones in powder diffractometry. There are two classes – 

sealed and rotating anode tubes. The rotating anode tubes show increased thermal 

efficiency, and therefore beam brightness, in contrast to the sealed tube.[80]  

 

 

Figure 22: X-ray tube usually consisting of an evacuated glass tube, an anode and cathode material, 
some shielding as well as beryllium windows as x-ray outlets. Additionally, a cooling system is 
required.[81,82] 

 

A x-ray spectrum is composed of a continuous “white radiation” (also called 

“bremsstrahlung”) and characteristic spectral lines. The bremsstrahlung originates 

from decelerating electrons.[80] The characteristic radiation is obtained by the 

emission of x-ray photons by electrons falling from higher L-shells into K-shell-

vacancies. In this case, a doublet, called Kα1 and Kα2 is observed. In the same way a 

higher energy doublet Kβ1/ Kβ2 is formed by electrons transitioning from the M- to the 

K-shell.[81] As a result of energy differences between the levels, which vary depending 

on the element used, the distribution of wavelengths is characteristic.[80] The 

generated x-rays leave the tube via Be windows since they are permeable in the 



 
- 42 - 

 

relevant wavelength range. There is a set of four windows, two of each are either 

responsible for a point-focused beam, used for single-crystals, or for a line-focused 

beam, used for powder diffraction.[81]  

 

 

Figure 23: a) Schematic representation of an atom and its electron shells. Depending on the shells 
involved, one can differentiate between Kα and Kβ radiation.[82] b) Simplified x-ray spectrum with the 
intensity plotted versus the wavelength λ; Bremsstrahlung and characteristic radiation[83]  

 

As the x-ray beam obtained is polychromatic and would therefore lead to a high 

background and broad and asymmetric peaks, collimation and monochromatization 

are crucial. Collimation describes the selection of wavelengths with more or less 

parallel propagation vectors and can be performed by using slits. For 

monochromatization of the radiation we need to eliminate Kβ radiation. The easiest 

way to do this is to use the absorption properties of β-filters.[80] To eliminate Kβ 

radiation, a metal filter having an ionization energy of its K-shell slightly below that 

of Kβ is needed. Another option is using a single-crystal monochromator, where only 

the Kα radiation leads to constructive interference.[81] Both methods, collimation and 

monochromatization, cause intensity losses. For the detection, a variety of devices is 

available. Their mechanisms are based on different effects, that occur upon contact 

with x-rays (incoming photons). It can be distinguished between area (e.g. charge 

coupled devices or image plates) and point detectors (e.g. gas proportional counters 

or solid-state detectors).[80]  

Different structure factors enable the determination of the lattice structure via the 

measurement of reflection intensities. Scattering of x-rays takes place at the electron 

shell of an atom and solely those atoms lying on the lattice planes lead to in-phase 

scattered radiation. Because a radial dependence of the electron density exists and 

the atoms must not exactly lie in the lattice planes, those divergences in electron 

density yield in phase shifts. An atom formfactor f, which is a θ-dependent scattering 

amplitude, can take these deviations into account. Furthermore, the atom 

displacement factor or “temperature factor” (because it increases with temperature) 

takes the thermal motion of the atoms around their mean position in the crystal 

lattice into account.[81]   
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2.4.3.2 Laue Equations and Miller Indices 

X-rays are reflected by certain crystallographic planes. The so-called Laue equations 

describe the correlation between incident and diffracted beams. They are used for 

the representation of the diffraction geometry of single crystals[80]: 

 𝑎(𝑐𝑜𝑠𝜓1 − 𝑐𝑜𝑠𝜑1) =  ℎ𝜆 , (2.71) 

 𝑏(𝑐𝑜𝑠𝜓2 − 𝑐𝑜𝑠𝜑2) =  𝑘𝜆 , (2.72) 

 𝑐(𝑐𝑜𝑠𝜓3 − 𝑐𝑜𝑠𝜑3) =  𝑙𝜆 , (2.73) 

with the unit cell parameters, a, b and c, the incident and diffracted beam angles 

𝜓1−3  and 𝜑1−3 as well as the irradiation wavelength 𝜆. All three must be 

concurrently satisfied in order to obtain sharp peaks in the diffractogram. The integer 

indices h, k and l are called Miller indices and define the position of the peaks in the 

reciprocal lattice.  Crystallographic planes with identical Miller indices are parallel to 

each other and are separated by the same distance dhkl.[80] Miller indices are used to 

describe the orientation of the lattice planes regarding the crystal lattice. In order to 

identify the hkl indices, the plane of a stack, that is located closest to the origin, is 

chosen. The intercepts of this plane with the unit cell axis are related to the indices 

as follows[81]:  

 
ℎ =

1

𝑎
   ,      𝑘 =

1

𝑏
   ,      𝑙 =

1

𝑐
 . (2.74) 

The Miller indices are written in parentheses (hkl) to denote a face or set of planes 

and without them, hkl, if one wants to refer to the reflection from these planes.[81]  

 

2.4.3.3 Bragg´s Law 

According to Bragg´s law, x-rays must be reflected from the lattice planes at the 

same angle θ as they hit the planes.[80] The path difference Δ after the reflection at 

the lattice planes accounts for 𝛥 = 2dhklsinθ with dhkl as the spacing between the 

planes. Constructive interference can only take place if this difference is an integer n 

of the wavelength λ of the incident x-rays (see Figure 24 for visualization). Bragg´s 

law can be written as follows[80]: 

 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛θℎ𝑘𝑙 =  𝑛𝜆 . (2.75) 
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Figure 24: Crystal lattice plane with spacing d and angle of incidence/diffraction θ; Bragg´s law of 
constructive interference.[82]   

 

2.4.3.4 Powder Diffraction: Debye-Scherrer Method 

X-ray diffraction measurements of powder samples can be performed via the 

Debye-Scherrer method. The crystallites of powders are statistically distributed over 

the whole sample volume. Several crystallites amongst them will offer an 

arrangement of lattice planes (hkl) suitable for constructive interference with the 

incoming beam of x-rays. The lattice planes are tangent to a cone with an angle of 

aperture of 2θ and the reflected radiation is tangent to a cone with 4θ. A cylindrical 

camera is used for detection. The powder sample is placed in the cylinder axis. In the 

past, a photographic film was used to record the measurements. The cones of 

reflection caused so-called Debye-Scherrer lines on the film. Today the detection is 

done electronically. Via the Bragg equation one can determine the distance dhkl 

between the lattice planes and assign those (hkl) responsible for the reflections. For 

a simple cubic crystal system (a = b = c) the following equation applies: 

 𝑑ℎ𝑘𝑙 =
𝑎

√ℎ2 + 𝑘2 + 𝑙2
 . (2.76) 

Using the Bragg´s law this leads to: 

 
𝑠𝑖𝑛2𝜃 =

𝜆2

4𝑎2
(ℎ2 + 𝑘2 + 𝑙2) . (2.77) 

Because every type of crystal shows a characteristic diffraction pattern, powder 

diffraction is used for their identification. With the help of databases containing 

information of crystallographic data, a clear assignment is possible.[84]  
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Rietveld Refinement 

The Rietveld method can be used for qualitative and quantitative crystal structure 

analysis.[83] For the refinement of a diffraction diagram, a structure model is 

needed.[83] Occupancies, model and thermal parameters, as well as atomic 

coordinates are fitted using the least-squares method, relying on a x-ray diffraction 

sample database.[79] The Rietveld refinement is especially useful if the investigated 

sample is isostructural with a material that has already been analyzed by single crystal 

x-ray diffraction. If x-ray diffraction is performed on a crystalline powder no 

information can be obtained from the spatial distribution of the reflections. This leads 

to difficulties regarding the assignment of the reflections (= indexing) as only the 

scattering angle is known.[81]   

2.4.3.5 Single Crystal X-Ray Diffraction 

Different techniques can be employed to analyze single crystals using x-rays. Two 

of them are the Laue and the Oscillation method. The Laue method uses continuous 

radiation and a stationary single crystal, which only lets through the appropriate 

wavelength for the reflections in terms of the Bragg´s law. The Laue method uses a 

photograph showing diffraction spots located on ellipses. For this type of technique, 

the crystal position is crucial for successful analysis. Another important technique is 

the flat-plate oscillation technique. This technique can be performed for a 

preliminary examination to check if a crystal is suitable for an x-ray diffraction 

experiment. In contrast to the former method, the single crystal is in movement. The 

detection is carried out using area detectors.[79]  
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3 Results 

3.1 Understanding the Origin of Enhanced Li-Ion 

Transport in Nanocrystalline Argyrodite-Type Li6PS5I                                                                                                                                           
 

Since the discovery of synthetic lithium containing argyrodite materials with the 

general formula Li6PS5X (X= Cl, Br, I) for the use as solid electrolytes, they have been 

studied extensively.[41,42,44,46,47] Among these halide argyrodites, only the bromide and 

chloride compounds reach ionic conductivities sufficiently high (in the mS cm-1 range) 

to be considered as candidates for lithium ionic conductors in batteries. The iodine 

analogue on the contrary, shows a high degree of structural order and only local 

lithium ion mobility. Therefore, it does not offer such high ionic conductivities.[85] The 

lack of the anion site disorder present in the iodine and bromide compound, impedes 

long-range lithium ion transport. In the following publication an approach to improve 

the ionic conductivity of Li6PS5I is shown. Anionic site disorder is introduced via high-

energy mechanical ball milling. Changes in ionic conductivity and structure were 

investigated via broadband conductivity spectroscopy and 7Li NMR, 6Li and 31P MAS 

NMR as well as x-ray powder diffraction. The experiments showed differences 

between the pristine sample and the one that was treated by a soft-mechanical 

approach verifying the prior assumptions. In pristine Li6PS5I intercage jumping 

processes of Li+ are restricted.[43] After milling, charge carrier mobility and 

concentration increased. The DC conductivity improved from around 1 µS cm-1 to    

0.2 mS cm-1 at ambient conditions. 31P MAS NMR revealed, that the entire 

nanocrystalline material is affected by ball milling - not only its surface. Those findings 

demonstrate that the performance of ionic conductors can be greatly improved via a 

soft-mechanical treatment, which introduces disorder into the structure. 
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3.2 Structural Disorder in Li6PS5I Speeds 7Li Nuclear 

Spin Recovery and Slows Down 31P Relaxation − 

Implications for Translational and Rotational Jumps 

as Seen by Nuclear Magnetic Resonance                                                                                                                                 
 

The experimental results summarized in the following publication involve high-

energy ball milled Li6PS5I as used for the experiments in section 3.1. 7Li and 31P NMR 

were performed to probe ion dynamics in nanocrystalline Li6PS5I. Microcrystalline 

Li6PS5I is a poor ionic conductor lacking long-range Li+ transport mechanisms. In 

contrast, nanocrystalline Li6PS5I shows enhanced ionic conductivity, which can 

presumably be attributed to the ionic site disorders and polyhedral distortions. The 

experimental results of the 7Li spin-relaxation measurements support this theory, as 

extremely fast processes were detected, that were missing in the pristine samples. 

Hanghofer et al. already conducted 31P nuclear magnetic relaxation measurements 

on chloride, bromide and iodide thiophosphates. They succeeded in showing that 

PS4
3- rotational motions are much faster than Li+-translation in Li6PS5I and therefore, 

uncoupled.[43] In the following publication 31P NMR spin-lattice relaxation 

measurements were used to probe PS4
3- rotational jump processes that may 

influence Li+ translational dynamics. 31P NMR revealed that those PS4
3- rotations are 

to a great extent influenced by the structural changes introduced by the soft-

mechanical treatment. Slowed down PS4
3- rotations are in resonance with Li+-

translation. Thus, understanding the influence of disorder on ion dynamics is crucial 

for the successful mechanochemical synthesis of highly conducting electrolytes. 

Li6PS5I is a great model substance to demonstrate the value of such investigations.  
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3.3 Rapid Low-Dimensional Li+ Ion Hopping Processes 

in Synthetic Hectorite-Type Li0.5[Mg2.5Li0.5]Si4O10F2            

                 
In search of new electrolytes for lithium-ion batteries, in-depth understanding of 

ionic transport in a variety of materials is essential. In the following article the 

synthetic hectorite-type Li0.5[Mg2.5Li0.5]Si4O10F2 was chosen as model material. 

Fluorohectorites are phyllosilicates (layered silicates) serving as a two-dimensional 

host material. It is assumed that lithium ions can move fast along the interlayers. Via 

the help of broadband conductivity spectroscopy, modulus analysis as well as 7Li NMR 

spin-lattice relaxation measurements two-dimensional Li+ hopping was studied in this 

synthetic clay material. The strength of the latter method lies in the capability to 

differentiate between high- and low-dimensional ion transport. The measurements 

showed that fast two-dimensional Li+ diffusion indeed takes place with an overall 

activation energy of 0.35 eV and an ionic bulk conductivity of 0.14 mS cm-1 at room 

temperature. Further development of synthetic phyllosilicates may result in very high 

lithium ionic conductivities making them highly promising electrolyte candidates for 

the use in batteries. Finding inspiration in naturally occurring materials can lead to 

new classes of ionic conductors with remarkable conduction mechanisms and high 

ionic conductivities. 
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4 Conclusion and Outlook 

 The main topic of the present doctoral thesis was the investigation of the ion 

dynamics of different classes of solid-state electrolyte materials concerning structural 

influences. As shown in chapter (2.2) a variety of promising inorganic solid 

electrolytes exist. However, many challenges concerning their fabrication, ionic 

conductivity and stability still remain. To improve the engineering of those materials, 

knowledge about the influence of their structure on the ionic conductivity is 

essential.                        

Here, the model substances included the halide-containing thiophosphate Li6PS5I and 

the synthetic hectorite Li0.5[Mg2.5Li0.5]Si4O10F2. The polycrystalline samples were 

analyzed by means of nuclear magnetic resonance, conductivity spectroscopy, 

electric modulus analysis and x-ray diffraction. The scope of these studies was to gain 

insight into structure-conductivity relationships within thiophosphate and hectorite 

samples. The combination of various techniques allowed for the investigation of the 

lithium ion mobility over a wide temperature range and length scale. The results of 

these studies were published in peer-reviewed journals. The articles can be found in 

chapter (3).                        

The first two publications focused on the study of the ionic transport in the lithium 

containing halide thiophosphate Li6PS5I. Here, a micrometer sized material, derived 

via a solid-state reaction, was chosen for further treatment and investigations. As 

those former studies showed a much lower lithium ion conductivity for Li6PS5I than 

for its bromide and chloride analogues, an attempt to enhance its ionic conductivity 

by a mechanical treatment was made.                                                                         

High energy ball milling of the micrometer sized starting material for a duration of 

only two hours at 400 rpm yielded nanometer sized Li6PS5I and structural disorder 

was introduced. This change in morphology was verified by x-ray powder 

diffractometry. The samples were further investigated by means of broadband 

conductivity spectroscopy, 7Li and 31P NMR as well as 6Li and 31P MAS NMR. Via 
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broadband conductivity spectroscopy we were able to show an increase of the ionic 

conductivity by two orders of magnitude at ambient conditions and a concurrent 

significant decrease of the activation energy (T > 293 K). Charge carrier concentration 

and density are thought to be the reason for the boost in ionic conductivity. 31P MAS 

NMR revealed, that all P sites are affected by the soft mechanical treatment and 

therefore, the whole sample volume is structurally distorted. This proves the success 

of this simple method. By fitting the diffusion-induced 7Li and 31P NMR spin-lattice 

relaxation rates of the nanostructured Li6PS5I, a change in the shape of both rates 

became visible in contrast to the pristine sample. For 7Li a second rate peak appeared 

at approximately the same temperature as for the bromide analogue. We attributed 

this feature to long distance lithium ion diffusion, made possible by inter-cage 

jumping. Because the 31P NMR relaxation rate peak was observed in the same region, 

we assumed the rotational motion of PS4
3- polyanions to be in resonance with the 

translational motion of Li+. In contrast to this the rotations of PS4
3- are much faster in 

ordered Li6PS5I. We think that the slowed down PS4
3- rotations in disordered 

nanocrystalline Li6PS5I influence lithium ion diffusion, making it faster. Overall, Li6PS5I 

is a perfect model system to investigate the influence of structural disorder on lithium 

ion transport.                                                                     

Another research topic was the study of lithium ion hopping in the layer-structured 

synthetic hectorite Li0.5[Mg2.5Li0.5]Si4O10F2. This phyllosilicate served as a model for 

low-dimensional transport of lithium ions. Again, the methods of choice for the 

investigation were broadband conductivity spectroscopy, 7Li NMR and 6Li MAS NMR. 

Indeed, fast 2D ionic conduction processes were detected. 7Li NMR line shape 

analysis showed two superimposed processes with one of them having a much lower 

lithium ion diffusivity. The broad component of the line shape is most likely attributed 

to slow lithium ions sharing a lattice position with Mg2+ and the narrow part 

originating from fast Li+ being located between the layers of the phyllosilicate. Around 

30 % of the lithium ions can take part in the fast hopping process. The activation 

energy of this two-dimensional ion hopping is 0.35 eV and a bulk conductivity of        

0.1 mS cm-1 was reached.                                                                        

In conclusion, for the successful implementation of solid-state batteries as energy 

storage systems, fundamental knowledge of ionic transport in materials is essential. 

The development of highly conductive electrolytes that are stable against other cell 

components is key. Synthesis routes, that are inexpensive and straightforward while 

yielding highly conductive phase pure substances, are needed. Therefore, structure - 

conductivity relationships must be deeply understood in order to enhance ionic 

conductivities via (mechano-)chemical engineering. Problems like stability issues 

must be solved in order to optimize production processes and not to impair battery 

performance. Solid-state electrolytes will play a key role in the development of 

energy storage systems for all kinds of applications, and thus will hopefully help to 

realize climate targets.     
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