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Abstract 

Due to their potentially higher energy and power density, lower influence of the ambient 

temperature (freezing of liquid electrolyte) and higher safety compared to liquid electrolyte based 

lithium ion batteries, solid electrolyte based lithium batteries are gaining more and more interest. A 

variety of anode concepts, solid electrolytes and cathode concepts have been developed. All battery 

characteristics, such as energy and power density, cycle stability, but also the chemical stability between 

the materials can be influenced by a wide variety of combinations. Additionally, it may be necessary to 

use further additives or protection concepts. 

The first goal of this dissertation was to make a comprehensive comparison of the current literature 

and to put it into context with own battery data as a reference. This was necessary because results are 

sometimes not classified in the existing literature, no reference is added or no consistent data on masses 

and manufacturing methods are given. With this first work it was possible to draw in-depth conclusions 

about the minimal information needed for reproduction, but also to make recommendations for future 

research goals. Furthermore, an application for the calculation of battery performance was designed, 

where the calculations are based on minimal information. In the evaluation of the literature it was found 

that in the majority of publications carbon additives are used in the cathode composites. In the second 

publication, the focus was on the optimization of battery performance using carbon additives and the 

influence of their carbon morphology and surface. Cycling experiments and microstructure-resolved 

simulations show that with fibrous carbons a higher utilization of the cathode active material can be 

achieved. However, carbon additives lead to an increased capacity loss due to the decomposition of the 

solid electrolyte. The latter was investigated in more detail by means of cyclovoltammetry, X-ray 

photoelectron spectroscopy and cyclization experiments. The degree of degradation is directly related 

to the carbon morphology and surface. To prevent the reactions caused by the use of carbon additives, 

a protective concept was developed and tested. 

The results of this dissertation form the context for a comprehensive comparison of different cell 

concepts. The basic parameters are presented and discussed. Thus, the current state of the art in the field 

of solid-state batteries is summarized and evaluated. Recommendations and goals for a successful 

further development of solid-state batteries can be derived from this thesis. In the second part of the 

thesis such an optimization was carried out. The positive influence of carbon additives was examined 

more closely and the existing decomposition was reduced by a novel protection concept. 

  



   

  



xi 

 

Zusammenfassung 

Aufgrund ihrer potentiell höheren Energie- und Leistungsdichte, dem geringerem Einfluss der 

Umgebungstemperatur (Gefrieren des Flüssigelektrolyten) und höherer Sicherheit im Vergleich zu 

flüssigelektrolytbasierten Lithiumionenbatterien gewinnen festelektrolytbasierte Lithium-Batterien 

zunehmend an Bedeutung. Es haben sich eine Vielzahl von Anodenkonzepten, Festelektrolyten und 

Kathodenkonzepten entwickelt. Über die verschiedensten Kombinationen können alle Kenngrößen der 

Batterie, wie die Energie- und Leistungsdichte, Zyklenstabilität, aber auch die chemische Stabilität 

zwischen den Materialien beeinflusst werden. Zusätzlich kann es nötig sein, weiter Additive oder 

Schutzkonzepte einzusetzen. 

Das erste Ziel dieser Dissertation war es, einen umfassenden Vergleich der aktuellen Literatur 

durchzuführen und diese mit eigenen Batteriedaten als Referenz in Kontext zu bringen. Dies war nötig, 

da in der Literatur Ergebnisse teilweise nicht in die vorhandene Literatur eingeordnet werden, keine 

Referenz beigefügt oder keine konsistenten Angaben zu Massen und Herstellungsmethoden gemacht 

werden. Mittels dieser ersten Arbeit konnten tiefgreifende Rückschlüsse auf die minimal nötigen 

Informationen für eine Reproduktion, aber auch Empfehlungen für zukünftige Forschungsziele 

getroffen werden. Weiterhin wurde eine Anwendung zur Berechnung der Batterieleistung entworfen, 

bei der die Berechnungen mittels minimaler Angaben erfolgt. Bei der Auswertung der Literatur wurde 

festgestellt, dass in der Mehrzahl der Publikationen Kohlenstoffadditive in den Kathodenkompositen 

verwendet werden. In der zweiten Veröffentlichung lag der Schwerpunkt auf der Optimierung der 

Batterieleistung mittels Kohlenstoffadditiven und dem Einfluss der Kohlenstoffmorphologie und 

Oberfläche auf Diese. Zyklisierungsversuche und mikrostrukturaufgelöste Simulationen zeigten, dass 

mit faserförmigen Kohlenstoffen eine höhere Ausnutzung des Kathodenaktivmaterials erreicht werden 

kann. Allerdings führen Kohlenstoffadditive zu einem erhöhten Kapazitätsverlust aufgrund der 

Zersetzung des Festelektrolyten. Letzteres wurde mit Hilfe der Zyklovoltammetrie, der Röntgen-

Photoelektronenspektroskopie und von Zyklisierungsversuchen näher untersucht. Der Grad der 

Abreaktion steht dabei im direkten Zusammenhang mit der Kohlenstoffmorphologie und Oberfläche. 

Um die durch die Verwendung von Kohlenstoffadditiven verursachten Reaktionen zu unterbinden, 

wurde ein Schutzkonzept entwickelt und getestet. 

Die Ergebnisse dieser Dissertation bilden den Kontext für einen umfassenden Vergleich 

verschiedener Batteriekonzepte. Die grundlegenden Parameter werden vorgestellt und diskutiert. So 

wird der aktuelle Stand der Technik im Bereich der Feststoffbatterien zusammengefasst und bewertet. 

Aus dieser Arbeit können Empfehlungen und Ziele für eine erfolgreiche Weiterentwicklung von 

Feststoffbatterien abgeleitet werden. Im zweiten Teil der Arbeit wurde eine solche Optimierung 

durchgeführt. Der positive Einfluss von Kohlenstoffadditiven wurde näher untersucht und die 

bestehende Zersetzung durch ein neuartiges Schutzkonzept reduziert.  
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1 Introduction 

 

1.1 Motivation 

In recent years, the awareness increased that the use of non-renewable goods must be 

reduced and that the climate on our planet must be treated more carefully. Especially, in the 

last 40 years, carbon-based energy production resulted in an explicit increase of atmospheric 

carbon dioxide.1,2 This results in a transformation from a purely consumerist society to a 

modern society that is conscious of the available resources and aware of their limitations. 

Social developments, such as the desire for a rapid exit from energy production using coal and 

nuclear power, the desire to base future mobility on electric vehicles or the efforts to develop 

new climate goals illustrate the rise of this new awareness.3 Considering this transformation, 

the development of new ideas for energy supply is an important step.  

Renewable resources such as wind, water and solar energy must be used more 

intensively.3 The greatest challenge in using these energy sources is to be able to balance the 

natural fluctuations in their availability. In addition to the optimization of other aspects in the 

modern energy supply chain, such as production processes or the transport of energy, a new 

field will establish itself in this system, namely energy storage. Centralized or decentralized 

energy storage enables the compensation of production fluctuations. Storage of the produced 

energy is possible with rechargeable battery systems. In order to be able to use battery electric 

vehicles (BEV) – vehicles with internal combustion engine are responsible for 20 % of global 

CO2 emissions4 - modern and rechargeable battery systems are necessary, specially adapted to 

the requirements in the area of mobility.5 

The financial funding of BEVs and increased use of renewable energies leads to a 

significant grow in demand for current state-of-the-art lithium-ion batteries (LIBs).6 For many 

companies, battery manufacturing is a core competence and should be developed and produced 

in-house. This also enables the possibility of specific designs for the respective requirements 

and ensures a stable supply.7 In particular, power and energy density are key parameters for 

batteries in the automotive sector. The power density enables fast battery charging, while high 

energy densities enable long range of vehicles and compact design of batteries. Since 1991 the 

energy density of liquid electrolyte-based LIBs increased by a factor of four. But a 

physicochemical limit will soon be reached.8 This is manly defined by the limited capacity of 

the graphite electrode (372 mAh·g-1). Therefore, lithium metal with a superior capacity of 

3860 mAh·g-1 attracts increasing attention as anode material.  
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In the case of liquid electrolyte systems, inhomogeneous lithium deposition and 

dissolution during charge and discharge can lead to lithium dendrite formation. These grow 

through the electrolyte, as soon as they reach the cathode side, self-discharge along the 

dendrite occurs, resulting in heat formation and in a possible ignition of the liquid organic 

electrolyte.7 Due to these safety concerns “beyond LIB” systems are becoming more attractive 

for industry and research. These often include a solid electrolyte (SE). The high shear modulus 

and high Li+ transference number of SEs potentially prevent the dendrite growth.9 SEs have 

transference numbers of around 1 and liquid electrolytes around 0.5. These so-called solid-

state batteries (SSB) are promising candidates for future high-energy applications.8 

The properties of the SE are of particular importance for the success of solid-state 

batteries. SEs can be classified as solid polymer electrolytes and inorganic SE. Inorganic 

electrolytes are further divided into oxide-based and thiophosphate-based electrolytes.  

For the polymer electrolyte class polyethylene oxide (PEO) is one of the most extensively 

studied polymers. In the polymer a lithium salt (e.g. Lithium 

bis(trifluoromethanesulfonyl)imide, LiTFSI) must be solved to achieve the needed ionic 

conductivity. These electrolytes benefit from low manufacturing costs due to established roll-

to-roll processing. The good electrical contact to the adjacent cell components and the stability 

against lithium metal are positive for the application as well. The ratio of binder, lithium salt 

and other additives makes the development of these electrolytes very complex. Furthermore, 

the polymer electrolytes show only low conductivities at room temperature. To obtain 

sufficient conductivity, batteries must be operated at elevated temperatures (approx. 60 °C). 

The class of oxide-based electrolytes is characterized by easy handling in atmosphere and 

resistance against dendrites, due to a compact composition.10 LLZO is one of the most popular 

representatives of these electrolytes. However, sintering of the electrolyte is necessary to 

obtain the compact composition and to reduce the otherwise too high grain boundary 

resistances within the electrolyte. Sintering steps are associated with high efforts and costs for 

the industry. Furthermore, the interfacial resistance to other battery components is usually 

high, as carbonate impurities are easily formed on the surface.11 

The class of sulfide electrolytes is currently one of the most likely candidates for 

industrial application (e.g. Li3PS4 and Li6PS5Cl). These electrolytes show room temperature 

conductivities comparable to liquid electrolytes. Their good malleability leads to easy 

processing and low grain boundary and interfacial resistances. The synthesis is potentially 

scalable and liquid phase-based syntheses seem to be possible as well. One of the challenges 

of this material class is clearly the small thermodynamic stability window. This results in the 

formation of a solid electrolyte interphase (SEI) upon contact with lithium metal. This results 

in poorly conducting products (e.g. polysulfides, Li2S, P2S5) that reduce battery performance.12 
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However, SEI formation is kinetically inhibited, which enables batteries with good 

performance data on a laboratory-sized scale. For industrial applications, protection concepts 

at the lithium metal/SE interface or alternatives to lithium metal will be necessary. 

On the cathode side, the SE is combined with a cathode active material (CAM) and 

possible further additives. Due to the good contact and low porosity during compacting, 

mainly sulfide-based electrolytes are used. For the active material there is again a wide range 

of possible materials. The best known are LiCoO2, nickel-rich intercalation materials (e.g. 

Li(NixCoyMnz)O2, NCM), LiFePO4 and high-voltage spinels such as LiNi0.5Mn1.5O4. LiCoO2 

and LiFePO4 have too low capacities for solid-state cells with high power and energy densities. 

Due to the large potential difference between spinels (low chemical potential of lithium) and 

anode (high chemical potential of lithium), a pronounced degradation results when used with 

sulfide electrolytes. The nickel-rich intercalation materials are already being used in liquid 

cells and experience is available. They are known for their high capacities. Successful coating 

strategies allow further reduction of the occurring reactions with the SE. 

The multitude of possible combinations for battery materials and the current focus of 

research on batteries leads to a very high number of publications in this field. Competitive 

thinking and also commercial interest result in the fact that the way of publication is not 

uniform. That could imply that information on masses, volume ratios or manufacturing 

methods are omitted or not fully reported. Therefore, it is difficult to reproduce results 

mathematically (e.g. calculation of energy densities) or to reproduce results practically in the 

laboratory. Additionally, reference data of unmodified systems are missing often. Critical 

parameters such as power, energy or current density are influenced by many different 

parameters. Uniform guidelines for publications and understanding the relationships between 

the individual parameters would be very helpful. A comprehensive evaluation of publications 

is extremely difficult and is hardly found in the literature. This is the motivation for the first 

publication of this thesis. 

After evaluating the current state of the literature, a single aspect within the solid-state 

cell can be studied more closely and optimized. It has been found that within the cathode the 

use of carbon additives can have positive and negative effects. The right ratio between ionic 

(thiophosphate SE) and electronic (carbon additives) percolation paths is crucial for batteries 

with high power and energy densities. The second publication of the thesis focuses on this 

field of research. 
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1.2 Outline 

With the beginning of this thesis project, a main research question was whether the use 

of a lithium metal anode in combination with a sulfidic electrolyte (β-Li3PS4) is possible. 

Already published studies have shown thermodynamically small stability windows of this 

SE.13 Furthermore, the degradation of the SE could be demonstrated by in-situ X-ray 

photoelectron spectroscopy (XPS) studies for a sulfide electrolyte.12 However, the practical 

application in an SSB showed acceptable battery performance, which was even comparable to 

SSBs already using protection concepts. Furthermore, the energy density of such an SSB could 

be increased to over 100 Wh/L by adapting the cell composition (publication 1). Although the 

SE decomposes at the anode interface, it is kinetically hindered and enables batteries to be 

cycled for more than 200 cycles. However, a classification of the experiments carried out in 

the context of current literature has shown to be difficult. The majority of publications apply 

already modified battery components. These may be protected CAM, additional protective 

layers on the anode side or even other anode concepts which do not show instability towards 

the sulfide electrolyte. Furthermore, it has been found that often not all necessary information 

for a reproduction is included in the publications. For example, information on the masses 

used for the separator and the anode are usually missing. 

This provides the motivation for the first publication. The performance of current SSB 

concepts should be compared in broad terms and with a common reference. The reference are 

the own battery data, since no protection concepts are used. As common battery concepts 

thiophosphate-, oxide-, phosphate- and polymer- based SSB are compared. To allow a quick 

comparison, the performance parameters are calculated from fundamental equations. Due to 

the extensive comparison of the publications, many conclusions could be drawn about the 

complex relationships between the parameters, the minimum necessary information for a 

reasonable reproduction of data and recommendations for future research goals. Additionally, 

a benchmarking tool is created which allows the calculation of the performance parameters for 

batteries out of the fundamental equations and parameters. The performance evaluation, 

classification and optimization of SSBs is a central part of this thesis. 

During the evaluation of the literature, it was noticed that in the majority of the 

publications carbon additives are used in the cathode composites. However, publications have 

shown that carbon additives can have negative effects on battery performance due to induced 

redox activity of the SE.14–16 At the same time, there are also publications that prove a positive 

influence of carbon in the cathode, based on the high electronic conductivity of the carbon 

additives.17,18 After the first publication the focus is on optimizing the battery performance. 

Since the influence of carbon additives is not yet known in detail, this is part of the further 

research for this thesis. 
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Therefore, in a first joint work with Felix Walther, the influence of one carbon species 

was considered separately.19 Batteries with this carbon additive showed increased long term 

fading of the capacity, suggesting a degradation mechanism to be present. In this work, the 

focus is on the analysis of this mechanism. The mechanism could be elucidated by depth 

profile XPS and time-of-flight secondary ion mass spectrometry (ToF-SIMS) investigations. 

Within the potential range of the battery sulfate, sulfite and phosphate formation takes place 

at the Carbon/SE interphase. 

The above-mentioned work is followed by the second publication for this thesis. In this 

paper carbon additives with different morphology and surfaces are compared and their 

influence on the battery performance is investigated. Simulations of the cathode composite 

show a lack of electronic conduction paths when no additives are used. However, carbon 

additives always induce the mentioned degradation of the SE, which could not be simulated. 

Furthermore, the degree of degradation is different for the different types of carbon. Vapor 

grown carbon fiber (VGCF) showed the least amount of degradation and also a positive 

influence on battery performance. Nevertheless, the continuing degradation significantly 

reduced the long-term performance of batteries. For this reason, a protection concept was 

developed which has similarities to an insulated cable. The decomposition was reduced and 

the positive influence of the carbon additive was maintained. 

The results of this Ph.D. thesis provide the context for a comprehensive comparison of 

different battery concepts. The fundamental parameters are presented and discussed. Thus, the 

current state of the art in SSB performance is summarized and evaluated. From this thesis 

recommendations and goals for a successful further development of SSBs can be derived. In 

the second part of the thesis such an optimization was addressed. The positive influence of 

carbon additives was studied in more detail and the existing decomposition was reduced by a 

novel protection concept. 

The following chapter will discuss in detail the publication by Lee et al.20 and the applied 

techniques will be embedded in the context of battery research. This work was published at 

the same time as the first publication of this thesis and could therefore not be included in this 

comparison and evaluation. The battery presented by Lee et al.20 represents a significant 

improvement compared to the current state of research. Therefore, the special features of this 

battery concept will be discussed and their influence will be presented and positive as well as 

negative aspects are shown. 
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2 On the way to commercial solid-state batteries 

 

2.1 Solid-state batteries: general design 

The subject of solid-state batteries has been common in research for some years, but the 

focus on this topic by large companies such as Volkswagen, Toyota or Samsung has 

significantly increased the momentum in research. A large number of national and 

international research projects and a whole series of newly founded startups have been created. 

The main motivation for the application of SSBs is based on the potentially higher safety, the 

higher energy density and the possibility to realize fast charging of batteries. 

Due to the high shear modulus of the SEs, they are intended to serve as physical barrier 

for dendrites. This would allow the use of a lithium metal anode, which can significantly 

increase energy densities.21–23 In addition, the SEs are resistant to thermal runaway and can be 

used in a much wider temperature range.24 SEs are single-ion conductors. This means that the 

transport of lithium ions takes place through the crystal structure, preventing concentration 

gradient buildup across the electrolyte. This means that high current densities can be achieved, 

which can enable the fast charging of batteries.25 

An idealized and minimalistic SSB consists of a lithium metal anode, a SE separator layer 

and a cathode composite, which is a mixture of the SE and a CAM (e.g. LiCoO2, 

Li(NixCoyMnz)O2). The SE layer is sufficient as separator of anode and cathode. During 

charging, lithium ions are removed from the CAM (oxidation), move through the SE towards 

the anode and are deposited as lithium on the anode again (reduction). Because the SE does 

not conduct electrons, these migrate from the cathode to the anode via an external circuit and 

thereby operate an electronic consumer. The reverse process takes place during discharging. 

Figure 1 illustrates the differences between liquid electrolyte and solid-state batteries and the 

functional principle of state-of-the art batteries. 

However, due to various additional, unwanted reactions, which decompose components 

or build up poorly conducting interlayers, a reduction in battery performance can occur. 

Therefore, it is necessary to apply additional protective layers or coatings between cell 

components or on components itself. It may also be necessary to use additives such as carbons 

to compensate for limitations caused by insufficient conduction pathways. This is the reason 

for the complexity of this research area and the wide variation of different anodes, SEs, cathode 

materials and cathode composite compositions. 



  On the way to commercial solid-state batteries 

7 

 

 

Figure 1: Conventional liquid electrolyte battery containing a CAM (e.g. NCM), a liquid electrolyte 

including a separator and a graphite anode. A solid-state battery is constructed by substitution of the 

liquid electrolyte by an inorganic solid electrolyte. The SE also functions as a separator. In this example 

the graphite anode is replaced by a lithium metal anode. 

 

2.2 The best solid-state battery published: An analysis of the 

“Samsung cell”  

The recently published work of Lee et al.20 impressively demonstrates the possibilities of 

SSBs. By the right choice of materials, manufacturing methods and additives a solid-state cell 

with high energy density (546 Wh·kg-1, to anode, SE and cathode mass) and free of dendrite 

formation could be demonstrated. Furthermore, the existing decomposition reactions were 

addressed by the choice of materials and coating material. Thus, an SSB could be operated for 

1000 cycles with only low losses. Another important aspect of this battery was that it had a 

capacity of 0.6 Ah, which was significantly larger than conventional laboratory cells (ca. 

1.5 mAh). The long-term cycling was also carried out at a relatively high current density of 

3.4 mA·cm-2 (0.5 C). 

The anode consists of an Ag-C composite and enables the cell to operate without excess 

lithium. The resulting anode is therefore very thin (7.5 µm), which is an important factor in 

increasing energy density. Furthermore, this anode leads to a homogeneous lithium deposition 

and thus to the possibility of applying higher current densities. However, the exact working 

principle of this layer has not been fully clarified. The process is described in such a way, that 

lithium is incorporated into both carbon and silver nanoparticles at the beginning of the 

charging process. This leads to the formation of an Ag-Li alloy and to the expansion of the 

particles. During further charging, the silver nanoparticles/silver lithium alloy particles shrink, 

which is associated with the beginning of the deposition of metallic lithium on the current 

collector. This also causes the Ag particles to crack. Furthermore, the Ag nanoparticles move 

towards the current collector, where they are supposed to promote homogeneous lithium 

deposition. It is also observed that the lithium deposition takes place between the Ag-C 

composite and the current collector, which has never been observed before. The exact role of 
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carbon is not clear. It could be responsible for a homogeneous contact with the SE and a more 

homogeneous nucleation of lithium. Furthermore, the paper refers to the ionically conductive 

and mechanically stabilizing properties of carbon. However, it is questionable why lithium is 

deposited between the current collector and the Ag-C interlayer, as this does not seem to be 

explainable on the background of current knowledge about lithium deposition on electronic 

conductors. 

 

Figure 2: Functional principle of the Ag-C interlayer during charging and discharging. Reprinted with 

permission from Nat. Energy Copyright 2020 Springer Nature.20 

It is important that the performance is demonstrated at 60 °C and with an external 

pressure of 2 MPa (20 bar). At this temperature the problem of dendrite growth is often reduced 

considerably compared to room temperature.26 In addition, the combination of external 

pressure and elevated temperature leads to easier/accelerated dissolution kinetics of lithium, 

since the contact loss due to pore formation can be suppressed by faster vacancy diffusion.27  

An important factor for the good performance of the battery is due to the argyrodite based 

SE, which has high ionic conductivity and is prepared dense. A dense SE reduces the 

probability of dendrite formation, improves the contacting of the CAM within the cathode, 

reduces grain boundary resistances and can contribute to lower interfacial resistances. The SE 

is Li6PS5Cl (σRT = 1.8 mS·cm-1) with a particle size of 3 µm. This particle size is already 

extraordinarily small and thus results in a dense composition. An additional compacting is 

achieved by the warm isostatic pressing (WIP) during cell production. Here, the electrodes 

and the SE are pressed and compacted at an elevated temperature and a pressure of 490 MPa. 

Details on the applied temperature are not given. Corresponding SEM cross-sections illustrate 

the effect of additional pressing (Figure 3). Hardly any pores are visible in the SE and the 

cathode. 
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Figure 3: Changes in interfacial properties of SE and cathode by applying warm isostatic pressing 

(WIP) at elevated temperature and 490 MPa. Reprinted with permission from Nat. Energy Copyright 

2020 Springer Nature.20 

The achievable discharge capacity and the resulting energy density in the cathode 

composite is determined substantially by the CAM used. In the work of Lee et al. a nickel rich 

NCM intercalation material (LiNi0.90Co0.05Mn0.05O2) was used. This material is additionally 

coated with Li2O-ZrO2 to prevent reactions with the SE. The CAM content is relatively high 

with 85 wt.%. This results in an area loading of 6.8 mAh·cm-2. In the cathode composite, an 

argyrodite-based SE is also used, but this has a different morphology than the separator 

electrolyte between the anode and cathode. In the publication is a particle size < 1 µm reported, 

which results in a further reduction of the porosity and an improvement of the contact between 

SE and CAM. The SE in the cathode must be particularly oxidation stable, as it is in direct 

contact with the CAM. 

The mentioned characteristics of the battery result in excellent energy densities. The 

small-particle SE and the carbon fibers in the cathode composite lead to very good contacting 

of all NCM particles. In combination with the homogeneous lithium deposition, high current 

densities can be realized. Above 1 C, however, there is also a build-up of a significant 

overvoltage. The reason for this can be a limitation due to the ionic or electronic conductivity 

in the cathode composite. Long-term cycling is carried out at 3.4 mA·cm-2 (0.5 C) and at a 
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temperature of 60 °C. The following Figure 4 is taken from the publication and illustrates the 

battery performance. 

 

Figure 4: Electrochemical performance for a SSB with the composition Ag-

C|Li6PS5Cl|LiNi0.90Co0.05Mn0.05O2/Li6PS5Cl. Reprinted with permission from Nat. Energy Copyright 

2020 Springer Nature.20 

Based on the information in the manuscript, the specific energy and the specific power 

of the presented battery can be calculated. The two values were calculated ignoring the 

packaging of the battery materials, so that they do not correspond to the data in the manuscript. 

This allows the comparison of the results with the performance of previously published solid-

state batteries.28,29,38–47,30,48–53,31–37 The comparison is shown in Figure 5 in the form of a 

Ragone-Plot. The additional literature values are taken from Randau et al.54 and the reference 

numbers in the Figure are taken from the publication.  
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Figure 5: Ragone plots for cells cycled at a) ambient and b) elevated temperature. 54 

After the paper by Lee et al.20 was described in more detail and the composition and 

influence of the chosen materials and concepts on the battery were described, a broader 

discussion should take place. Here, the three main factors responsible for good battery 

performance will be discussed in more detail. The solutions of Lee et al. will be compared to 

the current literature and alternatives or further improvements will be presented. The following 

discussion is divided into the area of the anode, the SE and the cathode.  

For the anode discussion it is important to understand the function and task of the anode 

and to compare and evaluate the different anode concepts. In the discussion of the solid 

electrolyte the focus lies on the possibilities of synthesis and implementation of a small-

particle and dense separating SE layer. The cathode discussion highlights the properties of 

different CAM types, the influence of the cathode composite composition, the stability issues 

of CAMS and a general discussion on coating strategies for CAMs. A comprehensive 

presentation of all possible CAM coating materials will not be given, as this will not be 

possible in the context of this thesis. 

 

2.3 Anodes for lithium ion and solid-state batteries 

In the field of battery development and electrochemistry it is common to speak of an 

anode and cathode, if the negative or positive electrode is meant. Depending on whether the 

battery is being charged or discharged, however, the terms change. If the battery is discharged, 

in a classical LIB the graphite electrode is the anode and the electrode with the active material, 

e.g. NCM, is the cathode. This description should be maintained to simplify the following 
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discussions. An anode can be described in simple terms as a host structure for lithium ions. In 

the charging step of a battery, lithium ions are incorporated, which are removed again during 

the discharge step.55 

An ideal active anode must fulfil a number of requirements: (1) It should be as light as 

possible and at the same time be able to accommodate a high lithium content. The mass of the 

host structure material is electrochemically not active and has a direct negative influence on 

the energy and power density. 54,55 (2) The redox potential of the electrode against Li+/Li must 

be as low as possible. In addition, the redox potential should not be influenced by the lithium 

concentration in the electrode. This potential has to be subtracted from the potential of the 

cathode in order to obtain the cell voltage. This property influences the energy and power 

density as well.56 (3) The anode must have a high electronic and ionic conductivity. Depending 

on the charging or discharging of the battery, the reduction or oxidation of lithium takes place 

in the anode. The better electrons and lithium ions can be transported into or out of the anode, 

the higher current densities are possible, because of lower charge transfer resistances. 

Resulting in higher power densities.17,37 (4) In the case of a LIB with liquid electrolyte, the 

anode must not dissolve in this solution or react with the electrolyte or other components in it 

(lithium salts). The same applies to cells with an SE. The decomposition products which form 

in both cases are mainly binary compounds (e.g. PF5, LiF, HF, Li2S, P2S5) with small ionic 

and electronic conductivities, or isolating properties. This will result in a buildup of resistances 

and reduced electrochemical performance. (5) A homogeneous and reversible lithium 

deposition or dissolution must be realized. In the first instance, a non-homogeneous 

deposition/dissolution reduces the achievable current densities. If this takes place over many 

cycles, the formation of lithium dendrites is likely. These build up through the electrolyte and 

can reach the cathode. If this is the case, the cell will self-discharge. High currents flow along 

the dendrite, which can lead to heating and finally to decomposition of the liquid electrolyte 

and burning of the battery. This is called thermal runaway. An SE can prevent a fire of the 

battery, but also SEs can be prone to dendrites depending on their morphology. Dendrite 

formation is increased when a SEs shows grain boundaries. Large SE particles and low 

malleability increase the amount of grains in a SE. Dendrite formation takes place along the 

grains and a short circuit is possible with an SE. Along the formed dendrite the decomposition 

of the SE is increased as well. With synthesis and after syntheses methods dense SEs can be 

received (chapter 2.4)9,20 (6) The materials used must be cheap and environmentally friendly. 

With the increasing presence of LIB in the commercial market, the question of the recycling 

of old battery cells must be addressed.57 
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2.3.1 Graphite in LIBs and SSBs 

Graphite is the most commonly used anode material in LIBs. The possibility of storing 

lithium in graphite by intercalation was first published in 1955.58 Lithium is stored between 

the graphene planes and this process involves several phase transitions with increased lithium 

contend until LiC6 is formed (Eqs. 1-5). These phase transformations are strongly depending 

on the anode morphology (porous and small particle) and the used liquid electrolyte. 

Exfoliation of the anode and cointercalation of Li and solvent molecules must be 

prevented.59,60 The proof of the reversible storage was published in 1976 by Besenhard and 

Eichinger.61,62 Increasing the Li content in LiC6 is possible59, but no reversible cycling beyond 

LiC6 could be obtained. The graphite anode can thus be cycled between C6 and LiC6, with a 

theoretical capacity of 372 mAh·g-1. 

 C6 + 0.083Li+ + 0.083e− ⇌ Li0.083C6 (1) 

 Li0.083C6 + 0.083Li+ + 0.083e− ⇌ Li0.166C6 (2) 

 Li0.166C6 + 0.056Li+ + 0.056e− ⇌ Li0.222C6 (3) 

 Li0.222C6 + 0.278Li+ + 0.278e− ⇌ Li0.5C6 (4) 

 Li0.5C6 + 0.5Li+ + 0.5e− ⇌ LiC6 (5) 

 

The potential of the graphite electrode is approximately 0.15 - 0.25 V against Li+/Li. A 

reduction of the cell voltage between AAM and CAM and the associated influence on the 

energy density is therefore only minor.56 Graphite is a semi-metal with an high electronic 

conductivity at room temperature of about 10-3 S·cm-1. LiC6 has a high Li-ion diffusion 

coefficient of 10-8 - 10-10 cm2·s-1. These values are sufficient for battery applications and higher 

current rates (approx. 1C).56 

In a battery with liquid electrolyte, graphite must be protected from the electrolyte. 

Otherwise the electrolyte or additional lithium ions would intercalate into the graphite planes. 

Additionally, electrolyte decomposition can lead to gas formation. The intercalation and gas 

formation lead to an expansion of the anode and a cracking of this. To prevent this and realize 

the high reversibility of the graphite anode, ethylene carbonate (EC) is used as electrolyte or 

major portion of it. During the first charge EC is reduced due to the high potentials. The formed 

decomposition products and resulting SEI consist of (CH2OCO2Li)2, CH3OLi, CH3OCO2Li, 

Li2CO3. These products adhere compact onto the graphite anode and act as a passivation layer 

to prevent massive reduction of other electrolyte species. The chemical composition and 

thickness are crucial for the positive effect of the SEI. However, the use of the chemical 

related, but higher conductive solvent propylene carbonate (PC) is not suitable, because the 

resulting SEI is too thick and not homogeneous. Increased decomposition and gas formation 
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of other electrolyte components will be the result.60 In general the lithium ion flow must be 

small enough to give the ions time to diffuse into the graphite.63,64 Otherwise the Li deposition 

is not homogeneous and additional safety problem will result (dendrite formation and thermal 

runaway). This fact clearly limits the maximum achievable current density in batteries with a 

liquid electrolyte and a graphite anode. An overview of the different interphase challenges is 

shown in comparison to a Li/SE interphase in Figure 7. 

One aim of the research is to further increase the capacity of the anode. However, in order 

to effectively increase the total capacity of the battery cell, the balancing of the capacities of 

CAM and anode active material (AAM) is crucial. Typical CAM show capacities of 140-200 

mAh·g-1 65, the gain in capacity of the total cell by increasing that of the anode element alone 

is thus limited. If the specific capacity of a typical 18650 cell is calculated as a function of the 

anode capacity, taking into account a cathode capacity of 200 mAh·g-1 and all package 

components, the total cell capacity will increase till saturation above an anode capacity of 

approximately 1200 mAh·g-1. This illustrates the interdependence of the cathode and anode 

capacities and at the same time shows that an increase in capacity for the AAM is still 

reasonable.65 

 

Figure 6: Total capacity of a 18650 LIB as a function of the anode capacity, for two cathodes having 

capacities of 140 and 200 mAh g-1. Reprinted with permission from J. Power Sources Copyright 2006 

Elsevier B.V.65 

Beside the thermal runaway and dendrite formation, especially the SEI formation is a 

strong motivation for the replacement of liquid electrolytes by an SE. The SEI formation must 

be done by the manufacturer and is time and cost intensive. SEs have a lithium transference 

number close to 1 (liquid electrolyte ≈ 0,5)8,66,67 and in the last years SE conductivities have 

been achieved which are comparable to those of liquid electrolytes or even higher.37,68,69 

Resulting in an more homogeneous lithium deposition and dissolution due the absence of an 

lithium concentration gradient and fast lithium ion diffusion kinetics. SE are unaffected by a 
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thermal runaway, suppress dendrite formation and the formation of an SEI is not necessary. 

These advantages allow potentially the realization of much higher current densities.37 

However, the use of SE also raises new challenges. The contact between SE, AAM and 

current collector is very important. A bad contact would result in high interfacial resistances. 

Due to the viscous character of the liquid electrolytes, they always have good contact and can 

compensate volume effects of active materials. When a SE is applied the volume extension of 

the AAM (due to LiC6 formation) is difficult to compensate, due to its solid character. The 

intercalation of Li+ into the graphite lattice results in an expansion of the unit cell by almost 

46 %.70 This significant expansion will further compact the SE or lead to cracks within the SE. 

If Li+ is now removed again during discharge, the graphene lattice shrinks. Since most SEs are 

not elastic in this way, there will be a contact loss between AAM and SE. Additionally, SEs 

show various degradation mechanism due to the chemical potential of lithium in the battery. 

Decomposition reactions on the anode are discussed in chapter 2.3.2 and for the cathode side 

in chapter 2.5.3. 

In recent publications, however, it has been found that carbons can cause decomposition 

reactions in combination with a sulfidic SE. The electronic contact, low chemical potential of 

lithium and potentials above approx. 2 V vs. Li+/Li lead to a formation of a redox pair. The SE 

is oxidized to long-chain polysulfides with S0 character.15,16,19 These products have lower ionic 

conductivities than the intact SE and therefore cause resistances to build up within the battery 

cell, which leads to a decrease in cell performance. However, these decomposition reactions 

are monitored in symmetrical cells and a transfer of these findings to the battery anode should 

be possible.71 The exact relationships and influences within SSBs need to be investigated more 

closely. 

 

2.3.2 Lithium metal anode 

The lithium metal anode is considered to be the most promising anode for modern and 

future battery concepts. However, the use of this anode is hindered for batteries with liquid 

electrolytes, due to severe dendrite formation. Low transference numbers and concentration 

gradients in liquid electrolytes result in an non homogeneous lithium plating, a locally thicker 

lithium and after several cycles dendrites can cause a short circuit. 72,73 Therefore, the use of a 

lithium metal anode is only practical in combination with an SE and the following discussions 

refers to solid-state cell systems. 

Lithium has the lowest electrochemical potential at -3.04 V compared to the standard 

hydrogen electrode. This allows the highest voltage differences between cathode and anode to 

be achieved. Therefore, the energy and power densities are influenced positively by usage of 
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this anode material. The theoretical capacity of 3860 mAh·g-1 is also exceptionally high. As a 

result, only small amounts of lithium metal are needed as host structure, or as lithium source, 

if the CAM is not lithiated. Furthermore, a small excess of lithium metal can have additional 

benefits for the battery performance, as lithium loss due to e.g. SEI formation can be 

compensated to a certain degree. Additionally, lithium also has a low density of 0.534 g·cm-3. 

This means that if lithium is needed in the system, it will have only a small negative effect on 

the total mass of the cell. 

The ductility of lithium also allows easy pressing onto the current collector or the SE. 

Thus, a low interfacial resistance can be obtained. A respective example is provided by the 

work of Krauskopf et al.11 This work shows that the interfacial resistance between SE and pure 

lithium can be reduced to practically 0 Ω·cm2 with an external pressure of 400 MPa. Impurities 

on the surfaces (carbonate species), or SE decomposition products cause a higher resistance. 

When using lithium metal in solid systems, particular care must therefore be taken to ensure 

clean materials and surfaces. In systems with liquid electrolyte, it would be possible to remove 

impurities via electrolyte additives or to remove them from the system via degassing. This is 

not possible in solid-state cells. 

It must be mentioned, that solid-state cells require a certain pressure, which compresses 

the cell components during cyclization. This can improve the contact between anode and SE. 

Typical pressures are 2 - 100 MPa. A homogeneous contact also reduces the probability of 

dendrite formation. An external pressure can also be combined with an elevated temperature. 

In general, the aim is to operate the cells at room temperature and achieve high performances. 

This simplifies the application and it may not be necessary to use additional energy from the 

battery for heating. However, the temperature has a strong influence on the lithium deposition 

or dissolution. At higher temperatures, the problem of dendrite growth is often greatly 

reduced.26 The combination of external pressure and elevated temperature improves the 

kinetics of lithium dissolution or deposition. The loss of contact due to pore formation is 

suppressed by the rapid vacancy diffusion.27 

In addition, lithium is very reactive due to its low electrochemical potential. Especially 

contamination of the atmosphere with carbonates, N2 and H2O leads to a rapid passivation of 

the surface. It is likely that during fabrication of the lithium foils a passivation layer is formed. 

In general an outer Li2CO3/LiOH layer with a 1-20 nm thickness is superimposed on a Li2O 

layer (10-100 nm).74 The lithium ions can then no longer diffuse through the passivation layer. 

If lithium is added to water, highly flammable hydrogen is produced. The handling of lithium 

is therefore connected with a greater expense. Gloveboxes filled with argon are used on a 

laboratory scale. This would be too expensive for industry, which is why the focus is on dry 

rooms with low boiling points. However, operating these is also a large cost factor. 
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The low potential of lithium can also lead to reactions at the interface to the SE. If a 

sulfide electrolyte is used, these reactions take place due to the small stability window of the 

SE. Oxide and polymer SEs, on the other hand, have wider stability windows, which does not 

lead to decomposition. For example, if Li10GeP2S12 is used as a sulfidic SE, phosphorus is 

reduced from +5 to +3 and germanium from +4 to 0, resulting in Li2S, Li3P and Ge as 

decomposition products. Wenzel et al.12 investigated this reaction in detail by in situ XPS and 

the growth rates are determined. For Li10GeP2S12 a rate of 3.60·10-7 cm·h-0.5 and for Li7P3S11 a 

rate of 2.33·10-8 cm·h-0.5 is found. After one year the formed SEI of Li10GeP2S12 shows a 

thickness of 370 nm and for Li7P3S11 of 23 nm. This would result in significant overvoltage 

and the corresponding cells would only deliver low performance. These experiments clearly 

show that sulfide SEs are thermodynamically unstable, but the reaction is kinetically hindered. 

Thus, practical batteries on a laboratory scale are possible. However, for industrial application, 

this decomposition must be prevented. An overview of the different interphase challenges is 

shown in Figure 7. 

This can be done either by using other anode concepts (e.g. LiIn alloy or Ag-C anode by 

Lee et al.20) or by investigating protection concepts, as is already being done for CAM. The 

development of anode protection concepts is still in its early stages and literature is rare. An 

example is the work of Zhang et al.29 where lithium metal is coated with phosphoric acid to 

form LiH2PO4. This protective layer prevents the reduction of Li10GeP2S12 SE, because 

elemental Lithium is not in contact with the SE. The protection layer forms a uniform surface 

and shows only a lithium ion conductivity. Battery cells could be operated with more than 500 

cycles without major losses of capacity. 
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Figure 7:Overview for the anode/electrolyte interphases of liquid electrolyte and SE based batteries 

and for different interphase properties. For a liquid electrolyte battery, a thin and dense SEI is needed 

for stable cycling. The SEI promotes a homogeneous Li incorporation into the graphite anode. Is the 

SEI not fully close, locally higher a Li+ flux will lead to dendrite formation. The absence of an SEI, or 

the use of high conducting electrolytes (e.g. PC) can lead to an intercalation of lithium and electrolyte 

molecules. Gas formation and anode cracking are the result. For an anode SE interphase, a stable SE 

will lead to high Li+ transference numbers and a small interphase resistance. A bad contact due to the 

presence of hollows or grain boundaries can result in a fast formation of dendrites. The SE can as well 

show chemical instabilities and decompose to products with small ionic conductivities, resulting in 

higher interphase resistances.  

 

2.3.3 In situ formed anodes 

To describe this concept, it is first necessary to define the term in situ formed anode and 

to put it into context with other terms in the literature. The aim of this type of anode concept 

is to avoid the use of AAM on the anode side when building the battery. The lithium ions are 

obtained from the CAM only and must shuttle completely reversibly between the anode and 

cathode when operating the battery. In addition, there is no host material, such as graphene, in 

which the lithium ions could be stored. The lithium ions must be deposited as lithium metal 

on the anode current collector. There is no excess lithium in the system. As a result, it is 

assumed that the more complex handling of lithium metal in production can be replaced in 

order to save costs. Furthermore, an attempt is made to replace the established graphite anode 

for LIB. This will increase the energy density, since no electrochemically inactive material 

(graphite) is used. 

In the literature the term anode-free battery is often used for this concept. This is of 

course not a correct term, as a battery must have an anode at which oxidation takes place 

during discharge, and a better term would be lithium metal-free or lithium metal reservoir-

free. As already described at the beginning of the chapter, the anode alternates between the 
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battery electrodes depending on whether it is charged or discharged. The term in situ formed 

anode is therefore more suited for this type of concept. 

As already mentioned, the graphite anode is dominant in the field of LIBs. For SSB, the 

focus of research is on the lithium metal anode due to the use of SEs and the high capacity and 

low atomic mass of lithium metal. Further research is needed to show whether the in situ 

formed anode can be applied successfully in SSBs and whether they will have advantages over 

the lithium metal anode. 

In literature, several approaches to implement an in situ formed anode for LIB are known. 

The first approach is focused on the modification of the liquid electrolyte used. The 

composition of the liquid electrolyte is changed to achieve a higher ionic conductivity. It is 

intended that this will lead to a more homogeneous lithium deposition and dissolution. In this 

example a 4 M LiFSi-DME electrolyte was used.75 Usually electrolyte concentrations of 1 M 

are used in the literature.  

A similar approach was reported by Jote et al.76 However, they also consider the resulting 

SEI formation at the liquid electrolyte/anode interface. Without the modification of the liquid 

electrolyte the resulting SEI shows mainly ROCO2Li and Li2CO3 as components. By adding 

FEC/TTE/DEC a LiF enriched SEI is formed. In the resulting SEI the Li2CO3 concentration 

was reduced and a high concentration of LiF was present. The high Li+ conductivity of LiF 

prevents dendrite formation and improves the Coulomb efficiency of the batteries. 

The common current collector on the anode side is copper. Zhang et al.77 have coated this 

copper foil with tin. At the beginning of the charging step a Li-Sn alloy is formed on the current 

collector. Further lithium is now deposited on this alloy. Due to the high lithium diffusivity of 

the alloy, it acts as a mediator for reversible deposition and dissolution of lithium. 

Polymers are widely used to address interface problems. They are notable for their simple 

processing and good contact with adjacent components. Assegie et al.78 has coated the widely 

used polymer (PEO) onto the copper current collector. The liquid electrolyte diffuses into the 

PEO and allows ionic conductivity. When the battery is charged, lithium deposits between 

copper and PEO. This allows reversible lithium deposition and dissolution to be achieved. 

Wondimkun et al.79 coated the copper current collector with graphene oxide. The 

graphene oxide is additionally wetted with fluoroethylene carbonate (FEC). The use of these 

interface agents resulted in homogeneous lithium deposition between the copper current 

collector and the graphene oxide. The Coulomb efficiency of corresponding batteries was 

improved and lithium dendrites were apparently avoided. 
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Finally, a reference needs to be made to the work of Neudecker et al.55 In this paper an 

in situ formed anode for a thin film battery is demonstrated, i.e. lithium was deposited between 

the LIPON solid electrolyte and the copper current collector. The use of a gas tight overlayer 

for the anode is crucial for the function of the battery. 

The literature presented misses one crucial issue that significantly influences the concept 

of the in situ formed anode. In LIBs as well as ASSBs there is currently always the formation 

of different SEIs, both in the cathode and at the anode interfaces. As far as known, lithium is 

consumed in the formation of these SEIs. Since all lithium in this concept is provided by the 

active material, lithium consumption through SEI formation has a much stronger influence on 

battery performance than when there is excess lithium in the system.55 Therefore, it may be 

reasonable to accept a slightly reduced energy density and the more expensive production due 

to lithium metal, if the battery performance remains more constant for high cycle numbers. 

 

2.3.4 Evaluation of the anode concept from Lee et al. 

The design and the functional principle of the Ag-C composite anode by Lee et al.20 has 

already been described in detail in chapter 2.2. If this anode is now compared with the other 

anodes presented, the concept of Lee et al. can be assigned to the field of an in situ formed 

anode. According to our knowledge, this publication is the first to present an in situ formed 

anode for SSBs with comprehensive data. 

A quantitative comparison between an Ag-C composite anode and lithium metal anode 

is very difficult because it is not clear how a pure lithium metal anode would appear and 

influence the battery performance. The crucial point is whether excess lithium is required on 

the anode side as host structure. If not, and a homogeneous deposition of lithium metal between 

SE and current collector is possible, the improvement in energy density would be significant. 

The Ag-C composite could be completely spared. On the anode side, only the deposition of 

lithium metal from the CAM would have to be considered. This would be the same for both 

cases and is therefore negligible.  

If excess lithium is required on the anode side, an improvement in energy density can 

still be achieved by using lithium metal. The density of lithium is five times lower than that of 

the Ag-C composite. This would directly affect the gravimetric energy density. Since the same 

dimensions (thickness 7.5 µm) are assumed for the lithium metal as for the Ag-C anode, there 

is no improvement in the volumetric energy density. 

The theoretical maximum capacity of the two anode concepts will be identical, since in 

both cases elemental lithium is deposited, which represents the AAM. 
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According to the current state of the art, however, the concept of the Ag-C anode by Lee 

et al. is still the best solution. The instability of the sulfidic SE compared to lithium metal, the 

formation of dendrites when using a pure lithium metal anode and the technically high effort 

for the production of very thin lithium metal foils currently prevent the use of lithium metal 

for the battery concept of Lee et al. If these challenges are solved, a further significant increase 

in energy density can be achieved by using lithium metal as anode. 

 

2.4 Compact separating electrolyte 

Like any electrochemical device, a lithium ion battery or SSB consists of two electrodes 

(anode and cathode) and an electrolyte. The electrolyte separates anode and cathode 

electronically to prevent self-discharge and avoids mechanical short circuit. It needs to have a 

sufficient ionic conductivity to enable repeated shuttling of Li+ ions between anode and 

cathode. The type and properties of the electrolyte are determined by the choice of anode and 

cathode. This means that the chemistry of the two electrode-electrolyte interfaces determines 

the properties of the optimum electrolyte. These properties of an ideal electrolyte can be 

summarized: (1) A large window of phase stability (e.g. no decomposition). Usually only 

certain phases of a compound show the desired electrochemical properties (e.g. conductivity, 

3D Li diffusion), these phases may in addition not be the energetically most stable phases. 

Such compounds have to be produced by specific synthesis routes (stoichiometric ratio, 

temperature programs, quenching). A phase change must not take place during operation of 

the battery, e.g. caused by temperature effects; (2) A wide electrochemical stability window, 

as the chemical potentials adjacent to the electrolyte influence its stability. High chemical 

potentials of lithium lead to a reduction of the electrolyte, low potentials of lithium lead to 

oxidation. The decomposition products usually have lower conductivities and thus reduce the 

battery performance; (3) Non-flammability; (4) Non-toxicity; (5) robust against electrical, 

mechanical and thermal strains; (6) good electrode-electrolyte contact. Resulting in small 

interfacial resistances; (7) Abundant availability; (8) Non-corrosive to battery components; (9) 

Environmentally friendly. 

The large amount of work published on lithium ion batteries, solid-state batteries and 

solid electrolytes in general, shows that an “ideal” electrolyte does not exist. A general 

overview on the properties of the three main types of electrolytes (oxide, polymer and sulfide) 

is given in chapter 1.1. The task is to find an electrolyte suited for the specific combination of 

anode and cathode, with enough combination of desirable properties for an acceptable 

commercial battery. There are several review papers published giving a broad overview on 

SEs.80–82  
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As already mentioned in chapter 1.1, the class of sulfide electrolytes is the most 

promising due to their good mechanical properties. A first relevant representative of this class 

is the β-Li3PS4. Besides this phase, Li3PS4 can be found amorphous, in α- and in γ-phase. β-

Li3PS4 shows higher conductivities than the α-phase and is, in contrast to the γ-phase, 

obtainable via synthesis. The space group is Pnma and the ionic conductivity is about  

1.7·10-4 S·cm-1, with an activation energy of about 0.36 eV. However, the conductivity of this 

electrolyte is not sufficient to operate batteries with high active material loadings and high C-

rates.83,84 

For this reason, recent literature increasingly uses another sulfide electrolyte, namely 

Li6PS5Cl. This electrolyte shows a significantly higher ionic conductivity of about 1.8 mS·cm-

1 at room temperature. This value is comparable to liquid electrolytes and therefore high 

current densities are possible. The activation energy is 0.35 eV and the space group is F3m. In 

addition, this electrolyte shows a higher chemical stability against a lithium metal anode than 

the β-Li3PS4.85 

The following chapter will address a property of the SE which is not as present in the 

current literature as e.g. the optimization of the ionic conductivity. This property is the 

morphology of the SE, or more precisely the possibilities of obtaining a compact SE. The work 

of Lee et al.20 shows in a remarkable way the strong influence of this property. In this work 

the SE shows almost no porosity. A dense SE reduces the probability of the formation of 

lithium dendrites.86 Dense pellets increase the mechanical stability, whereby the thickness of 

the SE can be reduced.86 Thus, the energy density can be significantly increased.54 

Furthermore, a  thin  SE reduces the corresponding resistance and therefore allows higher 

current densities for a battery. 86 

 

2.4.1 Syntheses of solid electrolytes with small particle size 

A first approach would be to modify the synthesis of the SE and then investigate the 

influence of the resulting particle size. In general, the focus of research is more on optimizing 

conductivity than on the resulting particle size. Therefore, there are currently only few works 

on the topic of particle size and its correlation with electrochemical performance. 

An example is provided by Liu et al.84 Here the solid electrolyte β-Li3PS4 was 

synthesized. The starting materials were dissolved in THF, and a Li3PS4·3THF complex was 

formed. The solvent was removed by heating, followed by a temperature treatment of the 

amorphous Li3PS4 to obtain nanoporous β-Li3PS4. The annealing can take place at different 

temperatures, which has an influence on the resulting crystallite size. At 140 °C 80 nm and at 
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200 °C 200 nm large crystallites were obtained (Figure 8). The conductivity was higher for 

small crystallites (σ25°C = 2.1·10-4 S·cm-1) than for larger crystallites (σ25°C = 1.7·10-4 S·cm-1). 

 

Figure 8: SEM images of SE particles received by the synthesis route described by Liu et al. 

Respective pore diameters for the SE particles. Reprinted with permission from J. Am. Chem. Soc. 
Copyright 2013, American Chemical Society.84 

A work based on this synthesis method was published by Wang et al.87 This work makes 

use of the small crystallites on the one hand, but on the other hand it extends the synthesis in 

such a way that very thin layers were produced. The synthesis of β-Li3PS4 is similar to the 

work of Liu et al.84 The used solvent was replaced by ACN and the crystallization of the SE 

took place at 200 °C. Crystallites with lateral sizes of 1 to 2 µm and thicknesses of 80 nm were 

obtained (σ25°C = 1.2·10-4 S·cm-1). The solid electrolyte was again suspended with ACN and 

was dip coated onto a Ni foil. The solvent was removed during a temperature treatment. 

Depending on the suspension concentration or how often the dip coating step was repeated, 

the resulting thickness on the carrier foil was adjusted. Thicknesses from 8 to 50 µm were 

achieved. Layers with 30 to 50 µm could be produced freestanding. 

When comparing the voltages observed for Li stripping and plating experiments in 

symmetrical Li|SE|Li cells, an eight times reduction (to 0.01 V) was observed when using a 

50 µm membrane compared to a 500 µm membrane, which are typical layer thicknesses of 

cold pressed SE powders. This indicates the possibility of achieving significantly higher 

current densities in full cells. For stable cold pressed pellets, considerably higher amounts of 
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SE material are required than for the methods described in this chapter. 20 % porosity is 

expected for cold pressed pellets, which significantly reduces the mechanical stability of 

corresponding SE pellets. Furthermore, the number density of grain boundaries is higher than 

for more compact pellets. Along these grain boundaries the growth of lithium dendrites is 

typically enhanced. To avoid these issues, more material has to be used. Pellet thicknesses of 

approx. 500 µm are the result, which means lower energy densities and higher resistances 

within the batteries. 

 

2.4.2 Methods to reduce solid electrolyte porosity after synthesis 

The adjustment of the particle size during the synthesis is limited. The synthesis 

conditions are specific for the respective product, and if they are not met, other products may 

be obtained. Furthermore, the synthesis routes are often not published in detail by the 

manufacturers, which makes it difficult to optimize the particle size during production on a 

laboratory scale. Methods for adjusting the particle size or compacting after the synthesis 

therefore seem promising. The aim is always to keep the porosity of the resulting SE pellets 

as low as possible.  

Due to the good ductility, cold uniaxial pressing of powders dominates in the field of 

sulfide SEs. This gives good results, with common SE pellets having approx. 15-20 % 

porosity.17 The publication discussed in the previous chapter and of Lee et al.20 clearly show 

that more compact SEs are beneficial. 

An extension of cold pressing is pressing at elevated temperature. The industry 

differentiates between warm (> 500 °C) and cold (approx. 100-300 °C) pressing. It is possible 

to compact the material uniaxially or isostatically. Uniaxial pressing can also be realized 

continuously, which is called calendaring. When low temperatures are used, the material will 

soften. Is pressure applied, pores can be closed and compact pellets are obtained. The 

corresponding temperatures depend on the respective SE and should always be well below the 

synthesis temperature. For sulfide-type SE, not more than approx. 200 °C should be used. If 

the temperature is too high, phase transformations or recrystallization may occur. In 

comparison, significantly higher temperatures (> 1000 °C) are required for compacting oxide-

type SE (e.g. LLZO). At these high temperatures a sintering process takes place in addition to 

compaction due to softening. During sintering, impurities from the material are transported to 

the surface of the material by solid-state diffusion. This step can additionally result in lower 

porosity. A first publication that shows the positive effect of pressing at elevated temperatures 

is the work of Hood et al.88 This work produces freestanding LPS membranes with thicknesses 

between 6 and 35 µm. By pressing the SE uniaxially at 200 °C and 200 MPa, membranes with 
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a porosity of 2-5 % were obtained (Figure 9). Stripping and plating experiments with lithium 

were performed with these membranes. It was possible to prepare thin membranes with 

thicknesses of down to 12 and 6 µm. The 12 µm membrane of β-Li3PS4 shows a conductivity 

of 7.2·10-5 S·cm-1 at 25 °C. The voltage for reversible lithium stripping and plating was very 

low at 0.01 V. Lithium stripping and plating was demonstrated at current densities of 0.1 and 

0.3 mA∙cm-2 for up to 580 hours without the formation of lithium dendrites. 

 

Figure 9: SEM images of β-Li3PS4 freestanding thin films with various thicknesses. Reprinted with 

permission from Adv. Energy Mater. Copyright 2018 WILEY-VCH.88 

Lee et al.20 extends this procedure once again. In this work the cathode, anode and SE 

were pressed together isostatically. Thus, in addition to the low porosity, the individual battery 

components show very good contact with the adjacent battery components. This is represented 

by a cell resistance of only 50 Ω·cm2 at 25 °C after the first charging step. Isostatic pressing 

is performed at elevated temperatures (not specified) and 490 MPa. This procedure contributes 

substantially to the extraordinarily good battery performance (see chapter 2.2) 

 

2.4.3 Evaluation of warm isostatic pressing of Lee et al. 

The advantages and effects of a compact SE have already been described in detail in 

sections 2.2 and 2.4. Beside the high ionic conductivity (σRT = 1.8 mS·cm-1) and the oxidation 

stability of the Li6PS5Cl SE, the compact SE pellet is crucial for the high battery performance. 

The compact pellets in the work of Lee et al.20 were obtained by firstly using a SE synthesized 

with small particle size (3 µm) and secondly isostatic pressing at elevated temperature for all 

battery components. The pressing provides very good results on a laboratory scale. However, 

it is not suitable for industrial applications because it cannot be operated continuously. The 

resulting costs would be too high.89 The aim therefore should be to realize a continuous 

compacting at elevated temperature. The calendaring method would be suitable for this 
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purpose. The influence of this method on LIBs is still part of the current research.90 Work on 

this method for SSB is currently awaiting publication. 

 

2.5 The Cathode  

Charging/discharging of a battery is an electrochemical process. The movement of 

electrons from the cathode to the anode is induced by an external power source during 

charging. This also results in the migration of lithium ions from the cathode to the anode. The 

CAM is therefore delithiated and the anode is lithiated. During discharging, this process is 

reversed, lithium ions diffuse from the anode to the cathode and a consumer can be operated 

by an external power circuit by the electrons. The battery performance (e.g. capacity and 

working voltage) depends mainly on the structure and type of the CAM. The capacities of 

common CAM are approx. 130 to 220 mAh·g-1 and significantly lower than those of AAM 

(graphite: 372 mAh·g-1, Li metal: 3860 mAh·g-1).91 The voltage difference between cathode 

and anode is also significantly influenced by the CAM. Graphite shows only a slightly higher 

redox potential than lithium metal (chapter 2.3.1), which has the lowest redox potential of the 

elements (chapter 2.3.2). Potentials for CAM can range from about 2 V to 5 V vs. Li+/Li. This 

strongly influences the energy and power density.91 In most cases, about 50 % of the battery 

manufacturing costs can be attributed to cathode processing.92 

Beside the choice of the CAM, the cathode performance is influenced by several factors 

(e.g. material contact, chemical stability, mechanical stability, mixing ratios, additives). If 

CAM particles are not contacted, they cannot be delithiated/lithiated. Another important aspect 

is the chemical stability of the components used in the cathode. This includes on the one hand 

the stability of the CAM as such and on the other hand the interaction between CAM and SE. 

The stability of the CAM itself is not a major challenge. With intercalation CAM (lithium ions 

are built into the structure) only a certain amount of lithium can be removed reversibly. If more 

lithium is removed, the CAM structure is irreversibly damaged (Chapter 2.5.1).93 With 

conversion-type CAM (active material reacts chemically with lithium) only as much active 

material can be converted as is present and contacted in the cathode.94 Both limitations can be 

clearly seen from the cell voltage and the limits are known for each CAM, batteries can 

therefore be cycled accordingly. 
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Table 1: Electrochemical and material properties of common CAM.95,96 

CAM Capacity / mAh·g-1 Mean cell voltage vs 

Li+/Li / V 

Density / g·cm-3 

LiCoO2 137 3.8 4.79 

LiNi0.6Mn0.2Co0.2O2 170-190 3.7 4.78 

LiNi0.8Co0.15Al0.05O2 199 3.6  

LiFePO4 170 3.2 2.7 

LiMn2O4 148 4.1 4.29 

 

The narrow stability window of different SEs and the resulting oxidation of the SE has a 

much stronger influence. This aspect will be described in a separate chapter in the following 

(Chapter 2.5.3). Due to this topic a separate field of research has developed. Coatings for the 

CAM have become a focus of current research, as it has been found to be difficult to further 

improve the stability of the SE without losing its positive properties (structure and ionic 

conductivity). 

Furthermore, certain CAM may have special properties. The focus here is on the 

mechanical breaking of intercalation CAM particles, due to the reversible change in structure 

caused by delithiation. This affects the contact surface between CAM and SE. At freshly 

formed CAM/SE interfaces, degradation reactions can occur repeatedly. Another important 

issue is the diffusion of lithium ions within a CAM particle. If this is limited, an overvoltage 

can build up in the CAM, which reduce the maximum current density and can lead to an early 

interruption of a charging step due to the earlier reach of the upper cut-off potential. This 

results in a non-complete usage of the CAM. These mentioned points represent the most 

important aspects of cathode research and are therefore discussed in separate chapters in the 

following. An overview on problems and the influence of coating materials on the CAM/SE 

interphase is shown in Figure 10. 
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Figure 10: Overview on CAM/SE interphase instabilities and positive effects of coating materials on 

the interphase. 

 

2.5.1 Cathode active materials 

The first commercially used CAM for LIBs is LiCoO2. This is the parent phase for the 

formula group of LiMO2 (M = Co, Mn, Ni). This intercalation compound was first suggested 

by Goodenough and Mizushima et al.97 It was commercialized in the 1990s by Sony.98 

Depending on the synthesis method, two crystallographically different phases can result. The 

material with layered lattice shows better electrochemical performance compared to the cubic 

spinel lattice. In the fully lithiated state LiCoO2 shows a layered structure with a hexagonal 

unit cell. The crystal structure is compared to α-NaFeO2, which has the space group 𝑅3̅𝑚. The 

unit cell consists of three slabs of edge-sharing CoO6 octahedra, separated by interstitial layers 

of Li. This phase is called O3 phase. With the removal of Li, nonstoichiometric Li1-xCoO2 is 

formed and Co3+ is oxidized to Co4+. From LiCoO2, 50 % of lithium can be reversibly removed. 

When more lithium is removed, the structure changes from hexagonal to monoclinic. Due to 

this intrinsic structural instability the maximum achievable discharge capacity is 137 mAh·g-

1. The average discharge potential for this CAM is 3.7 V vs Li+/Li.92 However, LiCoO2 is 

undesirable for the application in the field of BEVs due to its  high costs, safety concerns due 

to the use of Co and relatively low energy density in resulting cathode composites. 

Great efforts are therefore made to develop new CAM and to improve them. The aim is 

to reduce the Co content or replace Co completely. Three main classes of materials have 

emerged from this, namely α-NaFeO2-type layered oxide, poly-anion oxide and spinel-type 

oxide. Representatives of these groups are LiNixCoyMn1-x-yO2, LiFePO4, and LiMn2O4. 

The LiNixCoyMn1-x-yO2 is a further development out of LiCoO2
 and LiNi0.5Mn0.5O2, a first 

substitution attempt of Co from Ohzuku et al.99 The LiNixCoyMn1-x-yO2 class is mainly used in 
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state-of-the-art LIBs. In LiNi0.5Mn0.5O2 the redox pairs Ni2+/Ni4+ and Mn2+/Mn4+ are 

electrochemically active. The Mn4+ stabilizes the structure during processing. However, 

extensive characterization revealed a Li/Ni disorder presence in the pristine material.100,101 

Eight to ten percent lithium-nickel exchange was observed. The similar ion radii of Li+ and 

Ni2+ are the reason for the exchange. The presence of Ni in the Li layer impedes the lithium 

extraction and blocking the lithium diffusion path. Since the Li/Ni disordering was the major 

issue, new CAM materials were investigated. In 2001, Ohzuku et al.102 reported a class of 

CAM with three transition metal ions, Co, Mn, Ni with the composition LiNixCoyMn1-x-yO2. 

This CAM shows a comparable mean discharge voltage as LiCoO2 (3.7 V vs Li+/Li). 

LiNi0.33Co0.33Mn0.33O2 is a commercially available CAM of this class and many other 

compositions for LiNixCoyMn1-x-yO2 are used in laboratory scale and commercial applications. 

A practical capacity for LiNi0.33Co0.33Mn0.33O2 is 195 mAh∙g-1 at 1 C.103 The presence of Co in 

the structure reduces the Li/Ni disorder to 6 % for LiNi0.33Co0.33Mn0.33O2. During charging 

lithium is extracted and the oxidation states of Ni change from +2 to +4 via +3 and of Co from 

+3 to +4, whereas Mn remains +4 during charge/discharge of the CAM. Since the oxygen 2p 

band overlaps with the M3+/M4+ band, some fraction of electrons could be extracted from the 

oxygen and oxygen loss occurs when charging beyond 4.5 V.104 This results in an irreversible 

structural change and should be avoided. 

LiFePO4 was first reported by Padhi et al.105 This CAM was considered a promising 

CAM due to its low cost, abundant availability, low toxicity, low volume effect (6.81 % 

reduction during oxidation)106, relatively high specific capacity, low capacity fade and high 

safety. LiFePO4 has a flat discharge plateau at 3.4 V and a theoretical specific discharge 

capacity of 170 mAh·g-1.107 LiFePO4 belongs to the space group Pnma with Li, Fe and P atoms 

occupying octahedral 4a, 4c and tetrahedral 4c sites, respectively. Oxygen atoms are in a 

slightly distorted, hexagonal close-packed arrangement. The separation of the FeO6 octahedra 

by PO4 polyanions significantly reduces the electronic conductivity (10-9 S·cm-1). The low 

ionic conductivity results from the slow 1D migration of Li ions limited by the close-packed 

hexagonal oxygen atoms. Both effects significantly reduce the practical discharge capacity.108 

Different methods were used to increase the electronic conductivity of this CAM. This can be 

achieved by reducing particle/grain sizes or by applying a conductive layer. Nanostructured 

LiFePO4 shows significantly improved rate capability.109 But the synthesis effort is also 

increased.110 The increased surface leads to pronounced decomposition reactions and 

formation of an SEI at the interface to the SE. This significantly reduces the long-term stability 

of the capacity.111 Carbon coatings are the most efficient method to increase the electronic 

conductivity of this CAM and has become an established technique. Electronic conductivity 

has been increased to 10-2 S·cm-1 and batteries show very good performance at room 

temperature.112 
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The various positive properties seem to make LiFePO4 a good candidate for batteries. 

But its properties are not sufficient for use in the BEV area. The low volumetric energy density 

is the main disadvantage. This is due to its low density (ρLiFePO4 = 3.53 g·cm-3) compared to 

other CAM (ρLiCoO2 = 5.05 g·cm-3, ρLiNi0.3Co0.3Mn0.3O2 = 4.78 g·cm-3). It is further reduced if a 

carbon coating is used on the surface of the CAM. The discharge potential of 3.4 V is lower 

than with comparable CAM as well. Therefore, it is not possible to achieve energy densities 

of 800 Wh/L, which is required for BEVs. 

Michael Thackeray first proposed LiMn2O4 for the use as CAM in LIB in the early 

1980s.113 Compared to other oxide-based CAM it is low cost and environmentally friendly. 

The MnO2 framework of the structure provides a fast three-dimensional diffusion of lithium-

ions. In this oxide the metal cation occupies ¾ of the octahedral sites in the lithium layer, with 

the other ¼ of octahedra sites vacant. The lithium ions occupy the tetrahedral sites and are face 

sharing with the empty octahedral site. Excellent rate capability is provided by the 3D Li 

diffusion path in this CAM. While the average discharge voltage of 4.1 V vs Li+/Li is 

particularly high, the theoretical discharge capacity is rather low at 148 mAh·g-1. This prevents 

batteries with high energy densities, but applications in niche markets where high power 

densities are needed are possible. 

The LiMn2O4 additionally suffers from severe capacity fading especially at elevated 

temperatures. Two main mechanisms are known. 1) Dissolution of Mn2+ into the electrolyte 

by corrosion of H+ ions and 2) irreversible structural transformation from a spinel to tetragonal 

structure due to the Jahn-Teller active Mn3+ ions.114,115 The dissolution of Mn ions proceeds 

by the disproportion reaction of Mn3+ to Mn4+ and Mn2+. An important strategy to suppress the 

Mn dissolution is doping the CAM. Various dopants such as Ni, Mg, Al, Cr, Zn, Ti, Fe, Co, 

Ni, Cu, Nd and La were tried to suppress the formation of Mn3+ and increase the 

electrochemical performance.116 The Ni-doped LiNi0.5Mn1.5O4 shows the best electrochemical 

performance with a reversible discharge capacity of around 155 mAh·g-1 and a discharge 

voltage of 4.8 V vs Li+/Li.117 

 

2.5.2 Cathode composite 

A cathode is influenced by more than just the active material. In a cathode composite, 

both ionic and electronic percolation paths must be present in order to contact the active 

material with the separator electrolyte on the one hand and with the current collector on the 

other. Lithium ions diffuse through the cathode electrolyte and the separator electrolyte 

towards the anode. The electrons must reach the current collector in order to diffuse to the 

anode via the external circuit. Furthermore, the cathode composite ideally has contact to all 



  On the way to commercial solid-state batteries 

31 

 

active material particles. The electrolyte used in the cathode is usually identical to the separator 

electrolyte. This reduces interfacial resistance between the two components.  

Many CAMs show intrinsic electronic conductivity, including LiCoO2, LiFePO4 and the 

NCM materials.118 However, depending on the mixing ratios, morphology of the CAM and 

the desired current density, it may be necessary to add additional additives that provide 

electronic percolation paths. This is mainly done with different types of carbons. This will be 

discussed in more detail later in this chapter.  

The mixing ratios of the cathode components are decisive for the adequate contacting of 

the CAM. First the simplest case will be considered, only an electrolyte is added to the CAM. 

By simulating the microstructure of the cathode, clear conclusions can be drawn about the 

ionic and electronic percolation paths. This was the central question in the work of Bielefeld 

et al.17 Depending on the volume ratio of the two cathode components the utilization of the 

CAM particles during the operation of a battery could be simulated by Bielefeld et al.17 The 

calculations showed that an optimal mixture contains 86 wt.% CAM and 14 wt.% SE. The 

optimum ratio is also largely determined by the porosity of the cathode composite, where a 

realistic value of 20 % porosity was assumed. In earlier publications reporting laboratory 

experiments, batteries with a ratio of 70:30 wt.% CAM to SE have shown better battery 

performance than mixtures with ratios of 60:40 or 80:20 wt.%.119 A possible explanation for 

the differences may be the mixing of the cathode composite. In practical cells, the components 

are mixed using a mortar and pestle. In this process and the following pressing, CAM 

agglomerate and domains are formed which are not electronically contacted. It is difficult to 

systematically investigate the influence of the preparation technique, therefore only 

assumptions can be made. 

From the simulation by Bielefeld et al.17 it is also seen that the porosity within the cathode 

composite significantly influences the properties. There are various possibilities to reduce the 

porosity. Chapter 2.4 focuses on the realization of compact SEs. These considerations can also 

be applied to the cathode. Examples are also given in this chapter. Small SE particles and 

compacting at high pressures and elevated temperatures reduce the porosity. In addition, the 

particle size of the CAM can be reduced, which also results in a reduction of porosity. This 

improves the contacting of the CAM particles and thus increases the battery performance.120 

As already mentioned, a mixing ratio of 70:30 wt.% has established itself for the cathode 

composite. The simulation work of Bielefeld et al.17 and Neumann et al.118 indicates that there 

are electronic limitations for these mixing ratios. On the one hand, this reduces the discharge 

capacities, on the other hand, only lower current densities can be realized. The limitation is 

due to a lack of electronic conduction pathways, based on low contact area between spherical 

CAM particles. Therefore, not all CAM particles are electronically contacted, these particles 
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cannot be delithiated/lithiated during battery cycling. Additionally, during delithiation of 

contacted CAM, the particles shrink. Resulting in a further reduction of contact area and in a 

possible isolation of certain CAM particles. This volume change can be balanced by liquid 

electrolytes, but compact SEs compensate this only to a small degree. Furthermore, the 

electronic conductivity within the CAM particle is reduced for contacted particles during 

lithiation. If such a particle is only locally connected, high polarization resistances are the 

result, leading to higher overvoltages and an early reaching of the cut off potential and a non-

homogeneous lithiation can result.  

The addition of conductive additives to the cathode composite can compensate these 

problems. Carbon is a suitable material for this purpose, as shown and already established in 

the field of LIBs. However, there are publications that see a positive impact on SSB 

performance. Shi et al.18 have shown a positive effect with an addition of 5 wt.% of VGCF. 

Higher discharge capacities and better performance at higher current densities are the result. 

However, there are also publications that demonstrate a negative influence on battery 

capacities. Zhang et al.14 have used various particulate carbons. All of them show an additional 

decomposition in the charging step of batteries. Dewald et al.15 could prove a redox activity 

between sulfide electrolytes and carbons by cyclic voltammetry investigations. The influence 

of carbon additives on cathode composites is therefore part of current research. Walther et al.19 

were able to elucidate the underlying degradation mechanism using XPS and ToF-SIMS 

analysis. The follow-up to this publication is the second publication of this thesis. In this 

publication carbons with different morphologies and specific surfaces are compared. It is 

found that the degree of decomposition depends on the specific surface. The morphology of 

the carbons mainly influences the contact to the CAM. The carbon with the lowest 

decomposition is identified and a protection concept is developed to further reduce 

decomposition. 

 

2.5.3 Stability issues and coating strategies 

The CAM themselves usually show wide stability windows, even at high potentials. As 

mentioned in the previous chapter, some CAMs can be irreversibly changed in their structure 

by too excessive delithiation. This problem can easily be eliminated by using the appropriate 

potential limits. A central challenge in the use of high-performance CAMs is the narrow 

stability window of the SEs used. Using thermodynamic calculations, these were evaluated for 

a large number of SEs.13 Especially the sulfide SEs have very small stability windows and tend 

to oxidize during battery discharging (approx. 1.8 - 2.1 V vs Li+/Li). The resulting 

decomposition reactions are defined by the applied potential range during battery cycling. At 

every SE interface, polysulfides and phase changes of the sulfidic electrolyte are present. 
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Sulfate/sulfite and phosphate formation requires an oxygen source. All common CAM (see 

chapter 2.5.1) are oxides, therefore these decomposition products are formed at the CAM/SE 

interface. Additionally, oxygen impurities can be found on the surface of the current collector, 

carbon additives, battery housing materials (e.g. PEEK) or in the passivation layer of the 

lithium metal. The products block the ion flow within the cathode composite and CAM 

particles can be isolated. The capacities and battery performance are reduced.121,122 

Zhu et al.13 calculated the stability window of various SEs. With higher potentials an 

oxidation and with lower potentials a reduction of the SE can be present. In the cathode a low 

chemical potential of lithium is present. When this is beyond the stability window of the 

cathode an oxidation takes place at the CAM/SE interface. In that paper, the influence of an 

additional interphase was also calculated. This interphase is intended to compensate the 

chemical potential difference. The interphase is stable against the low chemical potential 

(oxidation stable) and shows no electronic conductivity. This is the basis for one of the most 

active fields of research in the field of cathode research for SSB, i.e. the development of 

coating concepts of the CAM. For practical reasons, these coatings are applied to the CAM 

particles by various methods. To give a review of investigated coatings would exceed the 

scope of this thesis. An overview of known coatings and theories on the functional principle 

of these coatings can be found in the work of Culver et al.123 In summary, it can be stated that 

oxide-based coatings both reduce the interfacial resistance and increase the stability of the 

CAM or SE. LiNbO3 has turned out to be a prototype coating, which is often used. LiO2-ZrO2 

is also frequently reported. The mechanism behind the function of the coating is still the 

subject of current research and systematic studies are necessary for an understanding. 

Besides the chemical stability problems, the mechanical stability of CAM materials is 

also critical. The most commonly used NCM consists of spherical secondary particles, which 

consist of primary particles. The secondary particles are optimized for liquid electrolyte-based 

cells. It is not yet clear whether this morphology is also advantageous for SSB. The particular 

feature of LiCoO2 and NCM materials is the volume effect of the CAM. During charging a 

CAM particle shrinks. Cracks form, which leads to the breaking of the secondary particle. In 

LIBs this is an advantage, because now the liquid electrolyte can flow into the CAM particle, 

the contact area is significantly increased and the diffusion paths for lithium ions are reduced. 

An SE usually cannot fill these newly created cracks and no positive effects are the result. 

Rather, the diffusion paths increase in this case and a non-homogeneous lithiation of the CAM 

particle is likely. In addition, fresh contact surfaces can be created between the SE and the 

CAM particle, which allow the decomposition of the SE to take place.124 

It is conceivable that suitable coating materials for the CAM particles can have a positive 

effect. Ti(OH)4 coated CAM showed a reduced crack formation and a more stable cycling 
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compared to a pristine sample. Especially, the increase in charge transfer resistance between 

the CAM and the SE for prolonged cycling is reduced with reduced crack formation.125 But 

more studies are needed to understand the formation of anisotropic strain and develop methods 

to reduce CAM crack formation.  

 

2.5.4 Evaluation of the cathode composite of Lee et al. 

As already mentioned, only the combination of all components (anode, SE and cathode) 

will result in a battery with high performance. Regarding the cathode, Lee et al.20 used a CAM 

with a high discharge capacity, but also designed the cathode composite optimally. Lee et al. 

used a nickel-rich NCM (LiNi0.90Co0.05Mn0.05O2) as CAM, which is characterized by a high 

discharge capacity of about 200 mAh·g-1 at 1C.126 This discharge capacity is also achieved in 

the practical cell. Furthermore, the CAM content is high with 85 wt.%, which is in the optimal 

range, based on the simulations by Bielefeld et al.17  

The CAM also has a LiO2-ZrO2 coating to prevent the SE from decomposition. As 

already mentioned, there are a variety of possible protective layers for the CAM.123 Besides 

LiNbO3, LiO2-ZrO2 is also a known protective layer, which prevents decomposition. While it 

has been clearly proven that oxide-based coatings can reduce interfacial contact resistances 

and improve the stability, the number of detailed systematic studies is still relatively low, and 

the mechanism behind the functionality of the coatings is not yet well understood. Whether 

the protective layer used represents the optimal solution must be proven in future systematic 

studies. 

The applied SE is a good choice. The high conductivity (σRT = 1.8 mS·cm-1) is in the 

range of the conductivity of liquid electrolytes and allows a sufficiently fast transport of 

lithium ions. The narrow stability window of this SE is addressed by the CAM coating, and a 

reaction is kept to a minimum. Very small SE particles were used (< 1 µm). This improves the 

contacting and the porosity of the cathode composite.  

Furthermore, carbon nanofibers were used in the cathode composites. These lead to 

sufficient electronic percolation paths. As already mentioned in chapter 2.5.2, the literature 

shows that carbon additives induce SE degradation in the cathode. This problem is not 

addressed in the concept of Lee et al.20 However, it is not commented if the carbon additive is 

modified by the author or the supplier. It can be concluded that the cathode composite 

represents the current state of research and addressed most of the potential problems.  
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3 Results and Discussion 

 

Calculations show that a lithium metal anode has distinct positive properties on energy 

density and is therefore preferable to a graphene or In/Li anode. At the time of the start of the 

thesis, an In/Li alloy was mostly used for cells on a laboratory scale. Thus, problems of 

instability at the An/SE interface could be avoided.  

However, when using lithium metal as anode in solid-state batteries, batteries with 

reasonable performance were obtained (publication 1). The degradation reaction at the Li/SE 

interface appears to be kinetically inhibited to an extent that cycling is possible. The large 

number of publications on the topic of solid-state batteries and the inconsistent information in 

the publications has made it very difficult to classify our own work in the context of the 

literature. Therefore, it was necessary to review and evaluate the existing literature. The own 

battery data then serve as comparison for a minimalistic battery cell. For a reasonable review 

of the published literature it was also necessary to describe the theoretical and mathematical 

correlations of the parameters for the evaluation of batteries. The first publication therefore 

provides in summary reliable battery data for an unmodified (no protection concepts) battery 

cell (Li|LPS|NCM-622), an evaluation of the current literature, the theoretical background to 

the battery performance and a tool for calculating the battery performance from the basic 

battery data. 

After the performance of the battery cells was shown without modifications, an 

optimization was performed (publication 2). Simulations of the cathode composite have 

suggested that there is a deficiency of electronic percolation paths. The focus of the second 

publication was thus on the investigation of the influence of different carbon additives on cell 

performance. To a different degree, carbons induce an additional decomposition of the SE in 

the cathode. The carbon with the smallest degree of decomposition induced was identified. To 

further reduce the decomposition, a protection concept was developed, which functions 

according to the principle of an insulated cable, thus reducing the decomposition but not 

preventing the positive effect of the carbon additives on the battery performance. 

 

3.1 Publication 1: Benchmarking the Performance of All-

Solid-State Lithium Batteries 

The first publication of this thesis evaluates the performance of solid-state batteries. A 

general evaluation is often difficult to derive from published reports, due to interdependence 

of performance measure, due to a lack of a basic reference system and due to missing data. A 
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battery cell reduced to the minimum of compounds was presented to benchmark the 

performance of cell reported in literature. In a Ragone-type graph literature data for 

thiophosphate, oxide-, phosphate- and polymer-based solid-state batteries were compared. 

Key performance parameters are discussed and calculated by fundamental equations. As a 

result, research targets could be identified. 

The publication was written by the author and edited by the co-authors. The experiments 

were designed by the author, D. A. Weber, W. G. Zeier, F. H. Richter and J. Janek. The 

experimental work was carried out by the author and O. Kötz. R. Koerver carried out the XPS 

measurements. P. Braun, A. Weber and E. Ibers-Tiffée carried out the DRT analysis. Reprinted 

with permission from Nat. Energy Copyright 2020 Springer Nature. 

S. Randau, D. A. Weber, D. A.; Kötz, O.; Koerver, R.; Braun, P.; Weber, A.; Ivers-Tiffée, 

E.; Adermann, T.; Kulisch, J.; Zeier, W. G.; Richter, F. H.; Janek, J., Benchmarking the 

Performance of All-Solid-State Lithium Batteries, Nat. Energy, 2020, 5 (3), 259–270. 

  



  Results and Discussion 

37 

 



Results and Discussion   

38 

 



  Results and Discussion 

39 

 



Results and Discussion   

40 

 



  Results and Discussion 

41 

 



Results and Discussion   

42 

 



  Results and Discussion 

43 

 



Results and Discussion   

44 

 



  Results and Discussion 

45 

 



Results and Discussion   

46 

 



  Results and Discussion 

47 

 



Results and Discussion   

48 

 

 

  



  Results and Discussion 

49 

 

3.2 Publication 2: On the Additive Microstructure in 

Composite Cathodes and Alumina-Coated Carbon Microwires 

for Improved All-Solid-State Batteries 

Carbon-based conductive additives improve the performance of conventional lithium ion 

batteries. However, their influence in solid-state batteries is yet not fully understood. In the 

second publication the influence of several carbon additives with different morphologies and 

surface areas were investigated on the cell performance. Cycling tests and microstructure-

resolved simulations show that a higher utilization of the cathode active material can be 

achieved with fiber-shaped additives. However, carbon additives generally lead to an 

increased capacity loss during cycling and an enhanced formation of decomposition products. 

The latter was studied in more detail using cyclovoltammetry, X-ray photoelectron 

spectroscopy and cycling experiments. To overcome the issues caused by the use of carbon 

additives, a protection concept is developed. 

The publication was written by the author and edited by the co-authors. A. Neumann, K. 

Becker-Steinberger, T. Danner, S. Hein and A. Latz conducted the simulation experiments and 

wrote the respective sections. The experiments were designed by the author and F. Walther 

under the supervision of B. Mogwitz, J. Sann, F.H. Richter and J. Janek. The author and Y. 

Schneider carried out the experiments. R. S. Negi applied the carbon coating by ALD. F. 

Walther carried out the XPS analysis. 

  



Results and Discussion   

50 

 



  Results and Discussion 

51 

 



Results and Discussion   

52 

 



  Results and Discussion 

53 

 



Results and Discussion   

54 

 



  Results and Discussion 

55 

 



Results and Discussion   

56 

 



  Results and Discussion 

57 

 



Results and Discussion   

58 

 



  Results and Discussion 

59 

 



Results and Discussion   

60 

 



  Results and Discussion 

61 

 



Results and Discussion   

62 

 



  Results and Discussion 

63 

 

 

  



Results and Discussion   

64 

 

 

3.3 Contribution to Publications 

3.3.1 Li+-Ion Dynamics in β-Li3PS4 Observed by NMR: Local 

Hopping and Long-Range Transport 

In this publication the Li+-ion dynamic in β-Li3PS4 was investigated. The aim was to 

elucidate the local and long-range transport mechanisms of Li+-ions in this material. Besides 

6Li and 31P magic-angle spinning NMR, X-ray and neutron diffusion, high temperature X-ray 

diffraction and impedance measurements were performed. 

The long-range crystal structure was probed by X-ray and neutron diffraction techniques, 

whereas the local environments around Li and P could be investigated by MAS NMR 

spectroscopy. The phase transition from β-Li3PS4 to α-Li3PS4 was determined by XRD. The 

β-phase is present in the temperature range from 298 to 773 K. Above 773 K the 

transformation to the high temperature alpha phase occurs. This phase is stable up to 873 K 

and above 923 K the material is completely melted and no Bragg reflections are present. 

The transport of the Li+-ions takes place locally in the nanosecond range and a long-range 

transport occurs on the much longer timescale. The activation energy of this transport was 

determined to be 0.24 eV. A room temperature Li diffusion constant was determined to be 

9·10-14 m2·s-1, the corresponding Li conductivity is 1·10-4 S·cm-1 and was calculated using the 

Nernst-Einstein relation. Electrochemical impedance measurements confirmed these results. 

Furthermore, the diffusion path of the Li+-ions was elucidated by the combination of X-ray 

and neutron diffraction. This involves a 2D diffusion using two of the three available Li sites. 

The work was written by Heike Stöffler and the SEM images (Figure 11), impedance 

measurements and Arrhenius plot (Figure 12) were performed by Simon Randau at the JLU. 

Images reprinted with permission from The Journal of Physical Chemistry C 2018 American 

Chemical Society. 

H. Stöffler, T. Zinkevich, M. Yavuz, A. Senyshyn, J. Kulisch, P. Hartmann, T. 

Adermann, S. Randau, F. H. Richter, J. Janek, S. Indris, and H. Ehrenberg, Li+-Ion Dynamics 

in β-Li3PS4 Observed by NMR: Local Hopping and Long-Range Transport, The Journal of 

Physical Chemistry C, 2018, 122 (28), 15954-15965. 
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Figure 11: Scanning electron microscopy images of β-Li3PS4 powder. Reprinted with permission from 

The Journal of Physical Chemistry C 2018 American Chemical Society127 

 

Figure 12: a) Impedance plot of β-Li3PS4 at selected temperatures (60 mg, 425 μm thickness, 10 mm 

diameter). b) Arrhenius plot of the ionic conductivity, as obtained from temperature dependent 

impedance measurements. Reprinted with permission from The Journal of Physical Chemistry C 2018 

American Chemical Society127 

 

3.3.2 Amorphous versus Crystalline Li3PS4: Local Structural 

Changes during Synthesis and Li Ion Mobility 

In this paper the synthesis of Li3PS4 is discussed in detail. The focus was on the 

identification of the different structural building blocks and in which stage of the synthesis 

they occur. In a first step the starting materials have to be amorphized with a ball mill. The 

amorphous Li3PS4 is compared with the crystallized β-Li3PS4. The crystallization kinetics 

were investigated using the intensities of Bragg reflections. 7Li NMR relaxometry and pulsed 

field-gradient (PFG) NMR was used to study the short-range and long-range Li+ dynamics in 

both materials.  

The formation mechanism during amorphization was elucidated. During ball milling of 

the educts the amorphization process involves several anionic building blocks such as [PS4]3-, 

[P2S6]4-, and [P2S7]4-, as confirmed by 31P MAS NMR and Raman spectroscopy. Phase pure 

crystallization of β-Li3PS4 was achieved at 548 K. 
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For the glassy sample and the glass-ceramic β-Li3PS4, a Li+ bulk conductivity σLi of 

1.6·10-4 S·cm-1 (298 K) was obtained by PFG NMR, showing that for this system a well-

crystalline material is not essential to achieve fast Li-ion dynamics. Impedance measurements 

reveal a slightly higher overall conductivity for the amorphous sample, suggesting that the 

influence of grain boundaries is small in this case. The results show that a certain nanostructure 

is not essential to obtain a good ionic conductivity in Li3PS4, not even a crystalline material is 

necessary. This might facilitate future upscaling of the synthesis procedure because a sintering 

step is not necessary. 

This publication was written by Heike Stöffler. The impedance measurements and 

Arrhenius calculations were performed by Simon Randau at the JLU. The physisorption 

experiments were performed by Simon Randau and Felix H. Richter. 

H. Stöffler, T. Zinkevich, M. Yavuz, A. Hansen, M. Knapp, J. Bednarčík, S. Randau, F. 

H. Richter, J. Janek, H. Ehrenberg, and S. Indris, Amorphous versus Crystalline Li3PS4: Local 

Structural Changes during Synthesis and Li Ion Mobility, J. Phys. Chem. C, 2019, 123 (16) 

10280–10290. 

 

Figure 13: Arrhenius plots from impedance measurements for the (a) amorphous and (b) calcined 

samples. Reprinted with permission from The Journal of Physical Chemistry C 2018 American 

Chemical Society.128 
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Figure 14: Nyquist plot of electrochemical impedance for the (a) amorphous and (b) calcined sample 

various temperatures. Reprinted with permission from The Journal of Physical Chemistry C 2018 

American Chemical Society.128 

 

Figure 15: Nitrogen physisorption isotherm of (a) amorphous and (b) calcined sample. Reprinted with 

permission from The Journal of Physical Chemistry C 2018 American Chemical Society.128 

 

3.3.3 Analysis of Interfacial Effects in All-Solid-State Batteries 

with Thiophosphate Solid Electrolytes 

Current cathodes in SSBs have a lower utilization of the active material than in batteries 

with liquid electrolytes, so a significant increase in energy density can be achieved by 

optimizing the composite cathodes. The common understanding is that interface processes 

between the active material and solid electrolyte are responsible for the reduced performance. 

To further understand the origin of this problem, 3D microstructure-resolved simulations were 

combined with electrochemical investigations of batteries. The 3D microstructure was 

obtained by X-ray tomography of cathode composites. Cell data were obtained by cyclization, 

impedance experiments and symmetrical cells.  
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The 3D micro- structure-resolved simulations were run on reconstructed electrodes 

obtained by CT measurements of β-LPS/NMC-622 composite cathodes. By this simulation 

conclusions on tortuosity effects and structural inhomogeneities can be drawn. The 

computational results are validated by the experimental data. Two competing mechanism were 

identified. First, capacity losses are caused by the decreased electronic conductivity of the 

CAM during lithiation. This results in a self-accelerated electronic blocking of the cathode, 

especially for high rates lowering the CAM utilization. Second, the low ionic conductivity of 

LPS promotes an inhomogeneous intercalation of the CAM close to the separator. The 

competition of both mechanisms leads to an inhomogeneous and imperfect utilization of the 

active material, resulting in an interesting sandwich like lithiation of the active material, 

especially pronounced in thicker electrodes with higher energy density. These inherent 

material properties can be potentially enhanced by morphological inhomogeneities. 

Two morphological changes were investigated in more detail, which can occur during 

the cell operation. First, a reduced contact of the electrode layer to the current collector and 

second the delamination of the solid electrolyte from the active particle surface. For the first 

case the small contact area between the active material and current collector reduces the 

specific capacity at high currents. The enhanced local currents enhance an inhomogeneous 

lithiation close to the current collector, which pronounces the mentioned local reduction of 

electronic conductivity. For the second case of the particle delamination large overpotentials 

at high discharge rates might be coupled to the reduced active surface caused by volume 

changes of the active material within the composite cathode during cycling. Still, this effect 

does not give a complete explanation for the capacity loss at high currents. A study combining 

this effect with the formation of space charge layers seems to be necessary. This publication 

demonstrates that both the internal and external interfaces of the composite cathode influence 

cell performance. 

This work was written by Anton Neumann. Simon Randau is the Coauthor and wrote the 

description of the electrochemical experiments. Furthermore, the electrochemical 

experiments, material parameters and data for the simulation were provided by Simon Randau. 

The samples for the CT measurements were provided by Simon Randau. 

A. Neumann, S. Randau, K. Becker-Steinberger, T. Danner, S. Hein, Z. Ning, J. Marrow, 

F. H. Richter, J. Janek, A. Latz, Analysis of Interfacial Effects in All-Solid-State Batteries 

with Thiophosphate Solid Electrolytes, ACS Appl. Mater. Interfaces, 2020, 12 (8), 9277-9291. 
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Figure 16: a) Schematic of the cell setup and corresponding layer thicknesses. (b) CT images inside 

(xy-plane) and top view (yz-plane) showing the pristine composite cathode and parts of the compressed 

separator (yellow inset). Reprinted with permission from ACS Appl. Mater. Interfaces C 2020 American 

Chemical Society.118 

 

Figure 17: Comparison between experimental (gray symbols) and simulated 0.1C discharge curves for 

the virtual standard (solid red), low-AMSVF (solid green), and high-energy electrodes (solid blue). 

Reprinted with permission from ACS Appl. Mater. Interfaces C 2020 American Chemical Society.118 
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Figure 18: a) Simulation (line) and measured (symbol) impedance spectra for a charged cell (OCP = 

4.2 V) with the standard electrode. b) Results of the C-rate test measured (symbols) and simulated 

(lines) on the standard electrode. Reprinted with permission from ACS Appl. Mater. Interfaces C 2020 

American Chemical Society.118 

 

Figure 19: Simulated impedance for each delamination scenario (solid lines) and experimental 

impedance spectra after cycles 1 and 11. All data are shifted by the corresponding solid electrolyte bulk 

resistance RElyte as indicated in the legend. Reprinted with permission from ACS Appl. Mater. Interfaces 

C 2020 American Chemical Society.118 
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3.3.4 Influence of Carbon Additives on the Decomposition 

Pathways in Cathodes of Lithium Thiophosphate-Based All-

Solid-State Batteries 

The fact that the CAM cannot be completely addressed in the composite cathode is a 

known challenge within SSBs. In liquid electrolyte batteries it is common to add carbon-based 

conductive additives for better CAM contacting. Due to a pronounced long-term capacity fade 

the beneficial effect of carbon additives is not maintained for SSBs. This capacity fade is due 

to several decomposition mechanism and the formed products show bad ionic conductivities, 

resulting in a buildup of resistances. So far, these effects have not been analyzed in depth and 

are not fully understood because of the complexity of the composite cathode structure. 

Together with overlap of the occurring degradation paths, this makes a separation of the 

individual decomposition processes challenging. 

Cycling experiments highlight the influence of the carbon additives on the battery 

performance. These experiments are also used to induce the degradation by prolonged cycling. 

The influence of VGCF as carbon-based conductive additive on the degradation within the 

cathode composite is investigated by XPS and Tof-SIMS. Surface and bulk analyses were 

combined to separate the overlapping degradation mechanism.  

The electrochemical studies revealed a higher initial capacity by using VGCF, which is 

not only attributed to a higher utilization of active material but also to a contribution from 

redox-active decomposition products of the SE. At the same time the capacity fading was 

significantly increased with VGCF, making the additive detrimental for higher 

charge/discharge cycles. By XPS and ToF-SIMS three independent degradation path were 

distinguished for the composite cathode. These degradations are located (i) at the current 

collector, (ii) at the active material and (iii) at the carbon-based conductive additive. The 

decomposition reactions show a high degree of similarity. With regard to sulfur-containing 

decomposition products, sulfate/sulfite formation (e.g., Li2SO4 seems plausible) and 

polysulfide formation were observed. The polysulfide formation is dominant and could be 

verified by long-chain Sx
- fragments. Phosphate formation is dominant for the phosphorus-

containing decomposition and Li3PO4 seems to be reasonable. 

This work was written by Felix Walther. The electrochemical experiments and SEM 

images were performed and the description of the electrochemical experiments was written by 

Simon Randau. Felix Walther and Simon Randau planed the analysis experiments. Simon 

Randau prepared the analyzed samples. Felix Walther conducted the analytical experiments 

and performed the interpretation.  
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F. Walther, S. Randau, Y. Schneider, J. Sann, M. Rohnke, F. H. Richter, W. G. Zeier, 

and J. Janek, Influence of Carbon Additives on the Decomposition Pathways in Cathodes of 

Lithium Thiophosphate-Based All-Solid-State Batteries, Chem. Mater., 2020, 32 (14), 6123-

6136. 

 

Figure 20: a) Charge and discharge curves for the first and the hundredth cycle of a Li|β-

Li3PS4|LiNi0.6Co0.2Mn0.2/β-Li3PS4 ASSB with 3 wt.% and without (w/o) VGCF in the composite cathode. 

b) Charge and discharge capacity and Coulomb efficiency as a function of the cycle number. Adding 

VGCF results in higher initial capacities, but at the same time in a significantly increased capacity 

fading. Reprinted with permission from Chemistry of Materials 2020 American Chemical Society.19 
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Figure 21: Scanning electron micrographs showing the microstructure and the morphology of the solid 

electrolyte β-Li3PS4 and the active material NCM-622. a) Overview image of the solid electrolyte, b) 

Large-magnification image of the solid electrolyte, c) Overview image showing the particle size 

distribution, d) Large-magnification image of single NCM-622 secondary particles formed by several 

primary particles. Reprinted with permission from Chemistry of Materials 2020 American Chemical 

Society.19 

 

Figure 22: Charge and discharge curve for the first cycle of a Li|β-Li3PS4|LiNi0.6Co0.2Mn0.2/β-Li3PS4 

ASSB cell with 3.8 wt.% VGCF in the composite cathode. The slope at the beginning of the first charge 

curve is smaller compared to the reference without VGCF, indicating an increase in side reactions. 

Additionally, the charge and discharge capacity are further increased compared to the sample with 

3 wt.% VGCF, supporting the hypothesis of further capacity contributions due to decomposition 

reactions. Reprinted with permission from Chemistry of Materials 2020 American Chemical Society.19 
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Figure 23: Cyclic voltammogram for a In|β-Li3PS4|VGCF/β-Li3PS4 cell. Reprinted with permission 

from Chemistry of Materials 2020 American Chemical Society.19 

 

3.3.5 Macroscopic Displacement Reaction of Copper Sulfide in 

Lithium Solid‐State Batteries 

Copper sulfide (CuS) is due to its intrinsic mixed conductivity and high theoretical 

capacity of 560 mAh·g-1 an attractive electrode material. Additionally, its ductility and 

possibility for low temperature synthesis makes it appealing for use in SSBs. In this 

publication the electrochemical properties of respective SSBs (LiLi3PS4Li3PS4/CuS) are 

investigated. The galvanostatic cycling is combined with SEM, EDX and XPS measurements. 

The initial discharge capacity at 0.1 C was 498 mAh·g−1, i.e. 84% of its theoretical 

capacity. After 100 cycles, the capacity reached 310 mAh·g−1. The cell delivered an energy 

density of 58.2 Wh·kg−1 at a power density of 7 W·kg−1. Furthermore, the macroscopic phase 

separation between the discharge products (Cu and Li2S) was investigated. CuS underwent a 

displacement reaction with lithium, leading to the macroscopic phase separation. In particular, 

Cu formed a network of µm-sized, well-crystallized particles that seems to percolate through 

the electrode. This separation was reversed upon charging. The displacement mechanism is in 

agreement with literature based on liquid electrolyte batteries, although the Cu crystals are 

larger for SSBs. A comparison with literature in a Ragone plot shows that the cells are among 

the best conversion-type SSBs reported so far. 

This study shows that the use of CuS can mitigate two limitations of the conversion 

reaction, named the polarization and the low Coulombic efficiency in the first cycle. The 

displacement reaction of the active material is reversible enough for rechargeable batteries at 



  Results and Discussion 

75 

 

room temperature. The ductility of the active material and SE, the electrochemical stability of 

the active material and the SE, the intrinsic conductivity of copper and the displacement 

mechanism benefit the SSB properties.  

The publication was written by Aggunda L. Santhosha. The benchmarking of the battery 

data, comparison with the literature and Ragone plot were provided by Simon Randau. 

A. L. Santhosha, N. Nazer, R. Koerver, S. Randau, F. H. Richter, D. A. Weber, J. 

Kulisch, T. Adermann, J. Janek and P. Adelhelm, Macroscopic Displacement Reaction of 

Copper Sulfide in Lithium Solid‐State Batteries, Adv. Energy Mater, 2020, 10, 2002394 

 

Figure 24: Ragone plot of the ambient temperature performance of solid-state batteries with transition 

metal sulfides CoS, TiS2, FeS2, NiS, MoS2 and CuS (this work) as cathode, lithium as counter electrode 

and thiophosphates as solid electrolyte. The performance of the SSBs is estimated from the current 

density, average charge/discharge voltage and cell mass excluding current collectors and casing. 

Reprinted with permission from Wiley-VCH GmbH 2020.129 
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4 Conclusion and Outlook 

 

In this Ph.D. thesis the current literature for SSBs was reviewed and evaluated from a 

quantitative perspective. A comparison between different cell concepts and to a minimalistic 

cell was performed. From this the current state of the art could be derived and specific research 

goals for the further development of SSBs with lithium anode could be derived. It is 

demonstrated that the differences in specific energy and specific power of the multitude of 

available ASSBs mostly originate from differences in layer thicknesses and internal resistance. 

The Ragone plot and the plot of the cycle-dependent specific discharge energy offer direct 

comparison of different cell concepts and varying cycling protocols relative to the minimalistic 

cell. This comparison clearly shows that currently the large thicknesses of the separator are 

mainly responsible for a reduction of the energy density in SSBs. From the comparison it could 

also be concluded that protection concepts, especially for CAM, will be necessary. 

Furthermore, key research targets were identified using fundamental equations. These are: 

achieving less than 40 Ω cm2 internal resistance, less than 50 µm separator thickness, in-situ 

generation of the anode, more than 5 mAh cm-2 area capacity and 500 Wh kg-1 hypothetical 

cathode specific energy. This analysis projects a pathway to lithium metal SSBs and highlights 

the remaining challenges still to be overcome in order to surpass the performance of state-of-

the-art lithium-ion batteries. 

Based on this, the battery performance was optimized. For this purpose, the influence of 

different carbon conducting additives in the cathode composite was considered. Their 

morphology and specific surface area have a strong influence on battery performance. The 

presented combination of simulation and experiment highlights that the balance of ionic and 

electronic percolation is crucial for the performance of SSBs. In addition, it was found that 

fiber-like carbons form interconnected conduction networks, which leads to a better contact 

between CAM and current collector. Particular carbons form a multitude of isolated areas 

which are contacted within the area, but long-range contacting is not guaranteed. The 

particular carbons showed no positive influence on the battery performance. Additionally, the 

results of cyclic voltammetry show that all investigated carbons increase the cathode 

degradation, which decreases the cycling performance of full cells. XPS analysis indicates the 

formation of oxidized sulfur species such as polysulfides. With higher surface areas of the 

carbons, the volume fraction of the decomposition products increases. Although batteries with 

VGCF initially showed the highest discharge capacities, this positive effect was used up during 

prolonged cycling by the constant decomposition of the SE. This was addressed by a 

nanometer thin, electronically insulating alumina coating on VGCF. This coating decreased 

fading of the discharge capacity, without decreasing the initial battery performance. The 
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resulting microwire concept for carbon additives reduces cell decomposition effectively and 

may be crucial to realize high power ASSBs.  

In summary, this thesis shows that for a useful optimization of SSBs, the entire cell must 

be considered. A battery cell is a system of anode, separating electrolyte and cathode 

composite. In the future, the focus should therefore be on a reduction of the separating 

electrolyte thickness and thus a reduction of the resistances within the battery. In addition to 

the material thickness, the overall cell resistance needs to be reduced. This can be influenced 

by the contacting of the individual components. Especially within the cathode composite there 

are possibilities for optimization by means of carbon conducting additives. However, the 

decomposition of the SE induced by the carbons must be effectively prevented. For this 

purpose, it will be necessary to understand the mechanism of the Al2O3 coating for carbon 

fibers presented in this thesis. Suitable layer thicknesses have to be identified. Furthermore, it 

may be possible to further vary the coating material. Alternative oxides or insulating polymers 

can also result in increased performance. 

Solid-state batteries still face a variety of challenges, which need to be solved for a 

successful commercial application. The achieved progress in academia and industry as well as 

the emerging drive towards expanding renewable energy use by politics and society allow an 

optimistic outlook 
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