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Abstract
All-solid-state lithium-ion batteries are considered a promising alternative to conventional
liquid electrolyte-based lithium-ion batteries. The use of solid electrolytes could enable lithium
metal as the anode material, which would lead to higher energy densities compared to
conventional energy storage systems. At the same time, safety aspects could be improved by
replacing highly flammable organic liquid electrolytes, making such systems particularly
attractive for the mobility sector. Thiophosphate solid electrolytes are considered particularly
promising in this context, as this materials class usually exhibits a high ionic partial conductivity
and is suitable for conventional industrial manufacturing processes due to their advantageous
mechanical properties (i.e., their malleability). However, large-scale application of all-solid-state
lithium-ion batteries is currently still hindered by numerous problems. On the positive electrode
side, interfacial reactions of the cathode active material with the thiophosphate solid electrolyte
are considered to be one of the main reasons for rapid capacity loss of the battery and poor
long-term stability. Detailed knowledge on such interfacial phenomena is scarce and studies on
this subject are rarely differentiated, currently hindering a fundamental understanding and thus
preventing a targeted solution to the problem.
In this work, interfacial degradation phenomena in lithium thiophosphate- and
LiNi0.6Co0.2Mn0.2O2-based composite cathodes were systematically investigated. It was shown
that interfacial degradation occurs at all interfaces within the composite cathode. This includes
interfacial reactions of the solid electrolyte against the (i) current collector, (ii) cathode active
material, and, if used, (iii) carbon-containing conductive additive, which is often employed to
enhance the electronic partial conductivity and to increase cathode active material utilization.
By combining spectrometric and spectroscopic studies by means of time-of-flight secondary ion
mass spectrometry and X-ray photoelectron spectroscopy, it was possible to separate the
convoluted degradation processes and provide detailed insights into the reaction processes
and the underlying chemistry. In addition, the reaction zones within the composite cathodes
could be visualized based on local compositional information with high spatial resolution.
Based on the knowledge gained, interfacial protection concepts were developed and
investigated in this doctoral thesis. This includes protection concepts for carbon-based
conductive additives and for cathode active materials. Analyses of a Li2CO3/LiNbO3-based
coating on the cathode active material LiNi0.6Co0.2Mn0.2O2 showed that the protective effect can
be attributed to the suppression of the interfacial reaction, in particular, of oxygenated
phosphorus and sulfur compounds. Furthermore, it was possible to discuss the influence of the
coating on the battery performance and the interfacial phenomena based on its microstructure
(i.e., morphology and chemical composition).
The results of this work extend the knowledge and understanding of interfacial degradation and
corresponding protection concepts in composite cathodes. Such knowledge is essential for
developing targeted protection concepts, overcoming problems related to interfacial
degradation, and paving the way to long-term stability in all-solid-state lithium-ion batteries.
The analytical approaches and workflows established in this doctoral thesis provide the
foundation for future investigations on interfacial processes. Corresponding concepts can be
transferred to other systems and material combinations, thus enabling the analytical
characterization of protection concepts.
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Zusammenfassung
Feststoffbatterien gelten als vielversprechende Alternative zu konventionellen Lithium-IonenBatterien auf Flüssigelektrolytbasis. Die Verwendung von Festelektrolyten könnte den Einsatz
von Lithiummetall als Anodenmaterial ermöglichen, was zu höheren Energiedichten gegenüber
konventionellen Energiespeichern führen würde. Gleichzeitig könnten Sicherheitsaspekte
durch das Ersetzen von leicht entzündlichen, organischen Flüssigelektrolyten verbessert
werden, was derartige Systeme insbesondere für den Mobilitätssektor attraktiv macht.
Sulfidische Festelektrolyte gelten in diesem Zusammenhang als besonders vielversprechend, da
diese Materialklasse meist eine hohe ionische Teilleitfähigkeit besitzt und aufgrund ihrer
vorteilhaften mechanischen Eigenschaften (u.a. Formbarkeit) für konventionelle industrielle
Fertigungsprozesse geeignet ist. Der großtechnische Einsatz von Feststoffbatterien wird
momentan jedoch noch durch zahlreiche Probleme verhindert. Auf der positiven Elektrodenseite gelten Grenzflächenreaktionen des Kathodenaktivmaterials mit dem sulfidischen
Festelektrolyten als einer der Hauptgründe für einen schnellen Kapazitätsverlust der Batterie
und eine daraus resultierende geringe Langzeitstabilität. Detailliertes Wissen zu derartigen
Grenzflächenphänomenen ist rar und Untersuchungen hierzu sind selten differenziert, was ein
grundlegendes Verständnis und somit eine gezielte Lösung des Problems derzeit oft erschwert.
Im Rahmen dieser Dissertation wurden Grenzflächendegradationsphänomene in LithiumThiophosphat- und LiNi0.6Co0.2Mn0.2O2-basierten Kompositkathoden systematisch untersucht. Es
konnte gezeigt werden, dass Grenzflächendegradation an allen Grenzflächen innerhalb der
Kompositkathoden stattfindet. Dies umfasst Grenzflächenreaktionen des Festelektrolyten zum
(i) Stromabnehmer, (ii) Kathodenaktivmaterial und – falls verwendet – (iii) zum kohlenstoffhaltigen Leitadditiv, welches häufig zur Steigerung der elektronischen Teilleitfähigkeit und zur
Erhöhung der Kathodenaktivmaterialausnutzung eingesetzt wird. Über die Kombination
von spektrometrischen und spektroskopischen Untersuchungen basierend auf FlugzeitSekundärionen-Massenspektrometrie und Röntgen-Photoelektronenspektroskopie konnten
die überlagerten Degradationsprozesse separiert und detaillierte Einblicke in die Reaktionsvorgänge und die zugrundeliegende Chemie gegeben werden. Zudem war es möglich,
Reaktionszonen auf Basis von Informationen zur chemischen Zusammensetzung mit hoher
räumlicher Auflösung zu visualisieren.
Auf Basis der gewonnen Erkenntnisse wurden im Rahmen dieser Dissertation
Grenzflächenschutzkonzepte entwickelt und untersucht. Dies umfasst sowohl Schutzkonzepte
für kohlenstoffhaltige Leitadditive als auch für Kathodenaktivmaterialien. Untersuchungen zu
einer Li2CO3/LiNbO3-basierten Beschichtung auf dem Kathodenaktivmaterial LiNi0.6Co0.2Mn0.2O2
zeigen, dass die Schutzwirkung auf die Unterdrückung der Grenzflächenreaktion –
insbesondere von sauerstoffhaltigen Phosphor- und Schwefelverbindungen – zurückgeführt
werden kann. Zudem war es möglich, den Einfluss der Beschichtung auf die
Batterieperformance und die Grenzflächenphänomene auf Basis ihrer Mikrostruktur
(Morphologie und chemische Zusammensetzung) zu diskutieren.
Die Ergebnisse dieser Arbeit erweitern die Erkenntnisse und das Wissen um
Grenzflächendegradation und entsprechende Schutzkonzepte in Kompositkathoden.
Derartiges Wissen ist essentiell, um gezielte Schutzkonzepte zu entwickeln,
Grenzflächendegradationsprobleme zu überwinden und so den Weg zu langzeitstabilen
Feststoffbatterien zu ebnen. Die in dieser Arbeit etablierten analytischen Ansätze und
Arbeitsabläufe stellen das Fundament für zukünftige Grenzflächenuntersuchungen dar.
Entsprechende Konzepte können auf andere Systeme und Materialkombinationen übertragen
werden und ermöglichen so die analytische Charakterisierung von Schutzkonzepten.
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Introduction
(Research Motivation and Outline)

Since its commercial introduction by Sony in 1991, the lithium-ion battery (LIB) has become the
predominant energy storage technology in a wide field of applications and is part of our daily
life.1,2 The reason for this remarkable success is that today’s LIBs can provide high energy
densities, long-term cyclability and exhibit fast-charging capability. Nowadays, LIBs are used in
portable devices such as smartphones, tablets, notebooks and more recently electric vehicles,
to name a few. There is no doubt that the LIB has laid the foundation for today's wireless society,
which is increasingly less dependent on fossil fuels. Against this background, it seems
unsurprising that the 2019 Nobel Prize in Chemistry honors its development.3
However, conventional lithium-ion technology may soon reach its physical limit.4,5 In contrast,
the demand for energy storage devices with high energy density, long-term cyclability and fastcharging capability is continuously increasing. One of the most famous examples of such
applications is in electric vehicles, which is seen as an important part of many measures to
combat climate change and further reduce our society's dependence on fossil fuels.6 The
requirements for this type of battery are high, since driving range, fast-charging capability and
safety are important marketing arguments.7,8 In addition, the cost of such batteries must be low
to enable large-scale application and commercialization.
In principle, the energy density of conventional LIBs could be increased, for example, by using
lithium metal as anode material, since it is lightweight and has a low redox potential of -3.04 V
vs. SHE.4,9 However, problems mainly related to dendrite formation and thermodynamic stability
of liquid electrolytes have not yet been solved, raising safety issues and limiting the energy
density of today’s conventional LIB technology.4,7,9–13
To overcome these issues, while meeting the aforementioned requirements, enormous research
efforts have been made to find alternatives to the conventional LIB technology.14 In this context,
all-solid-state lithium-ion batteries (ASSBs) have turned out to be one of the most promising
candidates.5,15–17 In ASSBs, the liquid electrolyte and the separator of conventional LIBs are
replaced by a lithium-ion conducting solid electrolyte (SE). It is believed that ASSBs may be
superior to conventional LIB technology. The commonly used arguments can be summarized as
follows:
First, ASSBs may enable the use of lithium metal as anode material, which could lead to higher
specific energy densities compared to conventional LIBs.2,5 At the same time, issues due to
dendrite formation are considered to be prevented or at least reduced by introducing the SE.
Second, the replacement of the highly flammable organic liquid electrolyte in LIBs can enhance
safety. This makes ASSBs particularly attractive for the automotive sector, where safety plays a
key role.7,8 Third, the cell design can be simplified, opening up new possibilities for module and
battery pack design.2 At the same time, the cell production could be compatible with
conventional roll-to-roll processes in the battery industry, which is an important driving factor
for large-scale application of ASSBs.18
Several classes of SEs have been developed and tested for application in ASSBs.19,20 Lithium
sulfides/thiophosphates are considered to be one of the most promising material class, as they
typically exhibit high ionic conductivities in the range of mS/cm and are of high practical
relevance due to the low Young’s moduli, which imparts good malleability and
processability.18,21–27 The latter is particularly important to enable continuous processes with
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high throughput (e.g., roll-to-toll processes), which in turn is necessary to make ASSBs
economically attractive.18
However, problems associated with the narrow thermodynamic stability window of this
material class must be solved to enable large-scale application.28–32 Furthermore, on the positive
electrode side, which is the focus of this doctoral thesis, interfacial reactions can lead to
passivating layers and undesirable products, resulting in increased cell resistance, overvoltage
and ultimately to a strong capacity fading during cell cycling.33–36
To overcome these problems, it is necessary to characterize the underlying reactions in order to
develop tailored solutions and characterize their protective effects. However, the analysis of
such interfacial reactions (with and without protective layers) is highly challenging for several
reasons: First, the solid/solid interfaces are mostly buried and therefore not easily accessible for
analytical methods. Second, the reaction zones are small (nm range) and the degradation
product volume fractions are low. Third, several reactions overlap within the composite
cathode, making it very difficult to separate the individual contributions from the analytical
data. Essentially, it is not possible to meet all upper requirements for a proper detection limit, a
high spatial resolution and chemical information simultaneously with one analytical method.
For this reason, it is necessary to combine several methods to compensate for their individual
drawbacks.
In this doctoral thesis, degradation phenomena in the LiNixCoyMnzO2- (NCM) and lithium
thiophosphate-based composite cathodes are investigated using the method combination of
time-of-flight secondary ion mass spectrometry (ToF-SIMS), X-ray photoelectron spectroscopy
(XPS) and focused ion beam scanning electron microscopy (FIB-SEM). The aim was to gain
detailed insights into interfacial degradation phenomena in composite cathodes, to develop
protection concepts to overcome associated problems, and to characterize their protective
effect. Since the measurement capabilities of ToF-SIMS were commonly not fully exploited in
the field of battery materials research at the beginning of this work, a major challenge of this
doctoral thesis was to extend the measurement capabilities and establish the method for the
analysis of composite cathodes and their individual components.
In the first publication of this thesis, entitled: “Visualization of the Interfacial Decomposition of

Composite Cathodes in Argyrodite-Based All-Solid-State Batteries Using Time-of-Flight
Secondary-Ion Mass Spectrometry”, the interfacial reaction between the cathode active material
(CAM) and the lithium thiophosphate-based SE was comprehensively investigated using a
combination of the analytical methods XPS and ToF-SIMS (see chapter 3.1).37 In this study, the
measuring capabilities of ToF-SIMS were fully exploited, providing valuable insights into
interfacial degradation. In particular, the local structure and morphology of the degradation
layer – the cathode electrolyte interphase (CEI) - was visualized for the first time on the basis of
information on its chemical composition using ToF-SIMS.
In the second publication, entitled: “Influence of Carbon Additives on the Decomposition
Pathways in Cathodes of Lithium Thiophosphate-Based All-Solid-State Batteries”, the
degradation picture of composite cathodes was extended by the effect of conductive carbon
additives in lithium thiophosphate-based ASSBs, which are commonly used to enhance the
electronic partial conductivity of the composite cathode and to increase the utilization of the
CAM (see chapter 3.2).38 In this study, the various reactions within the composite cathode could
be deconvoluted and conclusions could be drawn on the individual reaction sites. It was shown
that interfacial degradation reactions take place in three different areas of the composite
cathode, namely at the interfaces of the SE towards (i) the current collector, (ii) the CAM and (iii)
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the conductive carbon additive. Through this work, a comprehensive picture of degradation in
lithium thiophosphate-based composite cathodes was obtained, which ultimately resulted in a
detailed reaction scheme for the interfacial reaction between NCM and β-Li3PS4. Based on the
knowledge gained, a protection concept (i.e., protective coating) for conductive carbon
additives was developed as part of this thesis. The positive effect on the ASSB performance was
demonstrated in a collaborative project with Randau et al. and led to a patent application
together with BASF SE.39
In the third publication, entitled: “Working Principle of a Li2CO3/LiNbO3 Coating on NCM for
Thiophosphate-based All-Solid-State Batteries”, the effect of a protective CAM coating on the
degradation processes within the composite cathode was investigated (see chapter 3.3).40
Although CAM coatings are a common approach to address interfacial problems related to the
CAM/SE interface, the protective nature remains widely elusive.41 Even for LiNbO3-based
coatings, which are well established for application in ASSBs and whose beneficial effects have
been demonstrated many times, the functional principle of the coating is not yet fully
understood. The results of the third publication show that the protective coating suppresses the
interfacial degradation between the CAM and the SE, namely the formation of oxygenated
phosphorous and sulfur species. In addition, an analytical approach to comprehensively
characterize the coating microstructure (in terms of its morphology and chemical composition)
is provided. This publication further reveals the possibility to analytically benchmark the
efficiency of protective coatings in suppressing interfacial degradation based on ToF-SIMS
analyses.
Overall, the results of this doctoral thesis expand the understanding of degradation processes
and protective concepts in lithium thiophosphate-based composite cathodes. The obtained
picture of degradation phenomena within composite cathodes (with and without protective
coatings) is important, on the one hand, to avoid any misleading interpretations of analytical
data due to overlapping degradation processes and, on the other hand, to develop customized
protection concepts on the way to long-term stable ASSBs. Additionally, this work highlights the
key role that ToF-SIMS can play in such investigations and provides the foundation for future
studies on interfacial processes.
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Fundamentals
(Scientific Background, Analytical Hurdles and Degradation in Composite Cathodes)

In the following, the fundamentals necessary for understanding this doctoral thesis are briefly
summarized. The aim of this chapter is to give the reader an impression of the samples
investigated and the associated hurdles in the context of analytical investigations on interfacial
degradation. In addition, analytical advances on interfacial degradation and protective coating
analyses in composite cathodes are briefly summarized. This includes placing the results of this
doctoral thesis and more recent findings on this topic in the scientific context.

2.1

All-Solid-State Batteries and the Structure of Composite Cathodes

In general, “ASSB" is a collective term for batteries that consist only of solid components.
Currently, the term is mostly used to describe batteries that are similar to conventional LIBs in
terms of the electrode active materials used and in which the liquid electrolyte and the separator
have been replaced by a solid.5 Accordingly, the ASSB basically consists of five components: the
anode; the SE, which also serves as separator; the cathode; and two current collectors, one at
each electrode side. For intercalation materials, the anode and cathode active materials
accommodate lithium ions. The SE is a lithium ion conducting material that simultaneously
isolates both electrodes from each other electronically. During discharging, the anode active
material is oxidized and lithium ions are released from the anode, which move through the SE
to the cathode. The electrons generated move through the external electric circuit over the
device being powered to the cathode. On the cathode side, the CAM is reduced by the electrons
and taking up the lithium ions formed at the anode. The charging process corresponds to the
reverse process and can be described analogously. Charging is initiated by the application of an
external electrical potential or current.
Although the basic operation principle is relatively simple, the detailed processes occurring
during charging/discharging within the electrodes are complex. The following paragraph briefly
outlines this to provide an idea on this topic and its consequences for analytical investigations.
The cell voltage is determined by the difference of the chemical potentials of the active species
(here lithium) of both electrodes. The chemical potential in turn can be separated in an
electronic and an ionic contribution.42,43 For the cathode side, which is in the focus of this
doctoral thesis, charging/discharging is accompanied by changes in the electronic and ionic
states of the CAM and thus its chemical potential.43–46 Considering the electronic contribution,
changes in the electronic states can be described by the energetic position of the Fermi level
EF.42,43 The CAM can electronically be described as a small-band gap semiconductor.47 Therefore,
charging/discharging results in changes in electronic states and thus the energetic position of
EF. Since its energetic position is highly dependent, for example, on defects such as
intrinsic/extrinsic dopants, the mechanism during charging/discharging depends on the exact
electronic band structure and thus on the composition and the microstructure of the CAM.48
Consequently, effects such as Fermi level pinning can occur and need to be considered to avoid
misinterpretation of analytical data. As highlighted in publication III, the energetic signal
position in XPS data, for example, contains convoluted information on the chemical
environment and changes in the electronic states due to battery cycling.40 Since XPS data is
often directly correlated to changes in the chemical environment, a shift in the relative binging
energy position caused by charging/discharging-related changes in the electronic states can
easily be misinterpreted as a chemical reaction and a change in oxidation states.
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So far, only the electronic part to the chemical potential was described. Accordingly, the
respective changes in the ionic states and the interactions between both contributions must
additionally be taken into account in order to accurately describe the changes in the chemical
potential during charging/discharging. While it is important to be aware of this interplay, it is
not vital for understanding the results of this thesis. Of higher importance is the basic structure
and microstructure of the samples investigated, which will be outlined in the following. Detailed
information on the materials used, their supplier, material ratios and the cell assembly process
can be found in the respective publication and are not further addressed here.
Within this doctoral thesis, pellet-type ASSBs were investigated. Figure 1 shows a scheme of the
ASSB pellet structure studied. The ASSB pellet basically consists of three components: the
anode, the separator, and the cathode. The anode is located at the bottom of the ASSB pellet
schematic. In this work, anodes made of Li, In/InLi, or carbon-coated Li4Ti5O12-based composites
were used depending on the particular publication and the corresponding collaboration
partner. The SE is placed in the middle between both electrodes. In particular, β-Li3PS4 and
Li6PS5Cl were employed (described in the following as thiophosphate-based SEs), which are
currently established as standard scientific materials for fundamental studies on
thiophosphates. The cathode, which was studied in-depth, can be seen on the upper side of the
ASSB pellet schematic in Figure 1. The cathode consists of a composite material containing CAM
secondary particles, a thiophosphate-based SE and an optional conductive carbon additive (not
shown). The CAM dominates the electronic partial conductivity, while the SE dominates the
ionic partial conductivity of the composite cathode. Carbon additives can be used to increase
the electronic partial conductivity and to simultaneously enhance the utilization of – otherwise
electronically isolated – CAM. In contrast to common LIBs, no binder was used to reduce the
complexity of the interfacial processes within the composite cathode for the subsequent
analytical studies. The CAM used was LiNi0.6Co0.2Mn0.2O2 (NCM622), which is a common
intercalation material in conventional LIBs. The CAM is spherical and exhibits a secondary
structure consisting of small agglomerated primary particles (~100 nm range), resulting in a
relatively high surface area and roughness. The diameter of the CAM secondary particles is
typically in the range of ~ 5 µm. The SE material used in the composite cathode is the same that
was used as the separator. The carbon additives used were either Super C65 (particulate) or
vapor-grown carbon fibers (VGCFs, fibrous) depending on the particular publication. In addition,
the composite cathodes exhibit a typical porosity in the range of ~8-17% for uniaxially coldpressed ASSBs, which is dependent on the exact cell assembly process and the properties of
materials used such as grain size and hardness.
Figure 1 (left) shows a typical cell setup in which the ASSB pellets were cycled.49 The ASSB pellet
(inner diameter: 10 mm) is located in the center of the setup and surrounded by a cell casing
that is placed in an aluminum framework. Two stainless steel stamps serve as current collectors
and apply pressure to the negative and positive electrode sides, respectively. The pressure on
the ASSB pellet can be adjusted by the screw shown above and is typically in the range of
~50-70 MPa upon electrochemical testing. After cell cycling, the setup can be disassembled and
the pellet can be extracted. Since the current collector can be simply removed, the surface of
the electrodes is easily accessible for subsequent analytical investigations. Due to the relatively
high pressures applied during cell cycling and the good malleability of the SE (low Young’s
modulus), the cathode composite surface is relatively smooth at the beginning of the follow-up
studies.23,25
Overall, the microstructure of the composite cathodes and the material properties of its
components must be considered while interpreting the results of this thesis. For example, as a
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consequence of differences in hardness and thus sputtering rates of the composite
components, differential sputtering can be expected in depth profiling experiments (see
Figure 3). Furthermore, the results of this doctoral thesis show that the microstructure leads to
different reaction zones within the composite cathode (see Figure 4).

Figure 1 – Left: Typical cell setup for pelletized ASSB cells. The ASSB pellet is placed in the middle
and surrounded by a cell casing. The cell casing is in turn placed in an aluminum framework.
Two stainless steel stamps serve as current collector and apply pressure to the pellet. The screw
on top of the setup is used to adjust the pressure. Adapted with permission from Zhang et al.49
Copyright © 2017 American Chemical Society. Right: Basic structure of a pellet-type ASSB
analyzed in this doctoral thesis. The ASSB consists of anode, SE and cathode. The cathode
corresponds to a composite containing NCM particles, thiophosphate-based SE and an optional
conductive carbon additive (not shown).

8

2.2

Analytical Challenges and Requirements on Analytical Investigations

This chapter summarizes the main analytical challenges associated with interfacial degradation
studies in composite cathodes and the resulting requirements for analytical methods. Based on
this, the suitability of analytical methods for such investigations is briefly discussed and the role
of ToF-SIMS in the context of battery materials research is highlighted using the example of two
collaborative projects related to this thesis where ToF-SIMS was used to characterize CAMs.50,51
In general, the analysis of interfacial degradation processes in composite cathodes is not
straightforward for several reasons. In the following, three key challenges are introduced and
briefly discussed:
i)

Poor accessibility of solid/solid interfaces in composite cathodes.

Although the surface of the composite cathodes is easily accessible since the current collector
can be simply removed (see chapter 2.1), most of the CAM/SE interface is buried within the
composite. Basically, several strategies are conceivable to make such interfaces analytically
accessible, including mechanical polishing, ion beam etching, or various sputtering techniques.
However, it must be noted that each method can lead to material changes, for example by
introducing impurities or by beam damage. Therefore, the choice of method to expose
interfaces strongly depends on the respective sample properties and must be optimized in a
way that adverse effects are minimized.
Mechanical polishing, for example, is not trivial, especially for NCM- and thiophosphate-based
composite cathodes. The main reason for this is the composite cathode structure and the
deviating mechanical properties of the individual components. Thiophosphates are relatively
soft materials compared to oxides such as NCM.23,25 Consequently, the requirements for
mechanical polishing are different for both materials. The polishing process is further
complicated by the fact that the materials used are generally sensitive to air and moisture.27,52–55
Consequently, sample preparation must be performed under an inert atmosphere and typical
water-based polishing procedures cannot be exploited.
In contrast, sputtering-based cleaning procedures and FIB crater-based analyses have proven to
be suitable. However, an adjustment of the process parameters and cleaning procedure is
mandatory. Surface cleaning experiments with Ar+ ions for XPS analysis, for example, revealed a
strong dependence on the acceleration voltage. At higher voltages such as 4 kV, significant
material modifications could be observed in XP spectra, including decomposition of the SE
(forming Li2S and LixP) and damage of the CAM (reduction of Ni species due to differential
sputtering). These effects could be significantly reduced by applying lower acceleration
voltages such as 0.5 kV (0.5 µA, 2 x 2 mm2 raster size), allowing for subsequent reliable analyses.
These exemplary results already underline the sensitivity of the materials used and highlight the
general importance of optimizing sample preparation and cleaning routines. If such
considerations are not carefully taken into account, material changes can easily be induced,
which are subsequently wrongly attributed to interfacial degradation.
ii)

Detection limit issues.

The structure of the composite cathode and the size and shape of its components already
indicate low degradation product concentrations, mainly because the reaction zones are
typically considered to be in the nm range. This can easily lead to detection limit issues and
excludes the use of a number of analytical methods due to insufficient sensitivity. To further
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highlight this point, a rough calculation was performed to estimate the theoretical fraction of
the degradation layer (CEI) within a 2D analysis area (see Figure 2).

Figure 2 – Model to estimate the fraction of CEI within the analysis area. A) The (001) plane of
the simple cubic (sc, left) and hexagonal close-packed (hcp, right) structure are shown at the
bottom. The scheme above shows a cross-section assuming that the particles are bisected in
half. B) Fraction of the CEI for the sc and the hcp structure as a function of the NCM particle size.
A typical CAM secondary particle diameter of 5 µm is highlighted by dashed lines.
Two common packings of equal spheres were assumed (see Figure 2A), namely the hexagonal
close-packed (hcp) and the simple cubic (sc) structure corresponding to packing fractions of 0.74
and 0.52 respectively. The latter packing fraction of 0.52 (sc structure) is close to practical CAM:SE
volume ratios used (50:50), and is therefore more representative for practical application. In
contrast, the hcp structure can be seen as the ideal case and thus the upper limit.
For both structures, analysis on the (001) plane was assumed, representing ideal measuring
conditions since the fraction of CAM secondary particles and thus the degradation layer within
the analysis area is maximized. Figure 2B shows the fraction of the CEI as a function of the NCM
secondary particle size. A relatively thick degradation layer of 20 nm was assumed here. It can
be seen, that the fraction of the CEI layer increases in both cases with decreasing NCM secondary
particle size. This is not very surprising, since the fraction of NCM/SE interfaces is increased by
reducing the CAM secondary particle diameter – in other words: the surface-to-volume ratio of
CAM is increasing. Under the assumption of a typical NCM secondary particle diameter of 5 µm,
the fraction of the CEI layer corresponds to ~1.2% of the total analysis area for the hcp structure.
For the sc structure, this fraction is slightly reduced to ~1.1%.
Considering that the CEI contains a multitude of degradation products, the fractions of the
individual products in the analysis area are even smaller. In addition, the idealized cutting planes
assumed are practically impossible to achieve. Therefore, the fraction of the degradation layer
can be expected to drop even further in practice.
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At this point, the question arises why analytical methods with a relatively poor detection limit
such as XPS can still measure relatively intense degradation product signals. Based on the results
of publication I, the CEI layer appears to be more beam-stable/sputtering-resistive than the SE
(see ToF-SIMS analyses on FIB crater sidewalls).37 As a consequence, differential sputtering
occurs in depth profiling experiments, and near-surface NCM particles (with CEI on the surface)
are partially uncovered as the SE is removed more easily. This, in turn, increases the fraction of
accessible CAM particles and CEI for XPS analysis and increases the intensity of associated XP
signals. Another advantage for analytical studies is the rough NCM secondary particle surface,
which leads to a larger contact area to the SE compared to the model assumed and shadowing
effects during sputtering. These correlations are illustrated in Figure 3, showing the basic
principle of differential sputtering. For simplification, the considerations are related to the
CAM/SE interface and the influence of the current collector is neglected here.

Figure 3 – Scheme of differential sputtering of composite cathodes. On the left, the sample is
shown before sputtering. Towards the samples on the right, the sputtering time increases.
Above, the fraction of CEI in the analysis area is shown schematically in red. The higher
sputtering rate of the SE initially exposes CAM particles including CEI. With further sputtering,
the CEI and CAM are also ablated. The roughness of the sputtered area typically increases with
increasing sputtering time. The influence of the current collector has been neglected in this
scheme.
At the beginning of depth profiling experiments, only a small fraction of CAM secondary
particles and related degradation products are analytically accessible. Since the SE shows higher
sputter rates compared to the CAM and the CEI, NCM secondary particles are partially uncovered
upon sputtering, revealing a higher fraction of CEI in the analysis area. Further sputtering leads
to a successive ablation of the CEI at the top of the CAM particles as well as to an ablation of the
CAM itself. Under the assumption of a homogenous distribution of CAM within the composite
and a sputter equilibrium, the fraction of CEI in the analysis area reaches constant value after a
certain time. It can also be seen in Figure 3 that long-term sputtering typically results in
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roughening effects due to local differences in sputtering rates stemming from compositional
variations and different crystal orientations.
iii)

Overlap of degradation processes within the composite cathodes.

Finally, it must be noted that several reaction zones overlap within the composite cathode,
making it very difficult to separate the individual contributions in the analytical data. Figure 4
summarizes the findings on these reaction zones based on the results of publication II.38

Figure 4 – Scheme of reaction zones within thiophosphate-based composite cathode with
conductive carbon additives. Degradation reactions occur at all interfaces, namely (i) the current
collector/SE, (ii) the NCM/SE, and (iii) the carbon/SE interface. At the top of the composite
cathode, where the analyses are performed, all degradation reactions overlap and must be
considered to avoid misleading interpretation of analytical data. Adapted with permission from
Walther et al.38 Copyright © 2020 American Chemical Society.
Accordingly, decomposition and degradation reactions occur at all interfaces of the
thiophosphate-based SE, namely towards (i) the current collector, (ii) the CAM, and, if used, (iii)
the carbon-based conductive additive (VGCFs in this case). Therefore, a post-mortem analysis of
the surface which was oriented towards the current collector contains information on all
interfaces and is actually dominated by the degradation towards the current collector. Hence,
surface cleaning prior to analysis is recommended and even mandatory for analytical methods
with a poor detection limit in order to avoid misinterpretations. In contrast, a high detection
sensitivity can enable the separation of the individual contributions. In fact, this could be
observed in all three publications of this doctoral thesis. Accordingly, degradation signals could
be well separated from each other in ToF-SIMS surface analysis due to the high sensitivity and
the high mass resolution of the method. In contrast, this was not possible using XPS due to a
much poorer detection limit and significant signal interferences of degradation products. More
details on the analytical methods can be found in the next chapter. For a more detailed
discussion on the overlapping reaction zones in composite cathodes, the reader is referred to
publication II (see chapter 3.2).
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Overall, the aforementioned considerations result in certain requirements for analytics. They can
be summarized as follows:











The entire characterization process (sample preparation, sample transfer, and analytical
investigations) must be performed under inert atmosphere or vacuum conditions.
Otherwise, reactions due to the air- and moisture-sensitivity of the materials cannot be
excluded and the results cannot directly be related to specific interface reactions. In
addition, most investigations, e.g., XPS analyses, require a surface cleaning step in order
to increase the fraction of accessible interfaces and to reduce the detrimental influence
by the current collector as mentioned previously. Ideally, the cleaning procedure and
the subsequent analysis are both performed within the same instrument to avoid
additional transferring steps and thus, potential contaminations.
Ideally, analysis conditions do not change the sample composition. Consideration
should therefore be given to the application of certain (more suitable) analytical
methods, particularly for thiophosphates. These are known, for example, to be sensitive
to high-energetic beams (e.g., in transmission electron microscopy (TEM) analyses) and
thus can easily decompose during such analyses.
The method chosen should provide information on the underlying chemistry. Basic
information on the elemental concentration and distribution are not sufficient to
comprehensively characterize degradation processes. Instead, compositional
information is necessary.
A proper detection limit/sensitivity is required to allow analyses even at low degradation
product concentrations.
A high spatial resolution is advantageous to distinguish between overlapping reactions.
Accordingly, high spatial resolution allows direct assignment of degradation product
signals to certain interfacial reactions within the composite cathode.
Ideally, the analytical method can provide information on both surface and bulk
processes to separate, for example, the influence of the current collector. In addition,
locally resolved and bulk (i.e., integral) information is necessary to ensure the validity of
the results for the entire composite cathode.

Essentially, it is not possible to meet all upper requirements on chemical information within
a proper detection limit and a high spatial resolution simultaneously using only one
analytical method. For this reason, it is necessary to combine several methods to
compensate for their individual drawbacks. The next chapter addresses the question of
which analytical methods are available and how they can be combined to elucidate
interfacial phenomena.
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Analytical Methods and the Role of ToF-SIMS in Investigations of Interfacial
Processes.

For investigations in relation to interfacial processes in composite cathodes, a large variety of
analytical methods is available. As mentioned before, no analytical method can meet all
necessary requirements to characterize the interfacial processes. Therefore, combinations of
different analytical methods are mandatory. This becomes clearer when Figure 5 is considered.

Figure 5 – Scheme for comparing analytical methods in terms of their typical method-specific
properties such as detection limit, lateral resolution, and type of information obtained. It can be
seen that no analytical method fulfills all criteria simultaneously to the same extent. Therefore,
a combination of methods is usually the consequence for analytical investigations. Reprinted
with permission. Copyright © Eurofins Scientific (www.eurofinsEAG.com).
The scheme in Figure 5 provides a good overview of the characteristics of different analytical
methods and shows that they differ significantly in properties such as lateral resolution,
detection range, and the nature of information obtained. Imaging techniques, for example,
often lack chemical information, whereas spectrometric and spectroscopic methods tend to
have poor lateral resolution. Accordingly, most analytical methods are specialized for certain
tasks and must be combined in a way that they effectively compensate for their individual
drawbacks and disadvantages to fully characterize interfacial processes in composite cathodes.
The role of several analytical tools in the context of interface analysis in ASSBs were recently
reviewed by three research goups.56–58 In addition, Strauss et al. specifically reviewed operando
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techniques in the context of ASSBs very recently.59 Accordingly, the reader is referred to these
publications for detailed information on this topic. In the following, the choice of the
combination of analytical methods relevant in this work is briefly outlined, which includes
FIB-SEM, XPS, and ToF-SIMS.
FIB-SEM was used for imaging-related tasks since it can provide information on
morphology/topography with high lateral resolution (nm range). In addition, very basic
chemical information can be obtained by exploiting the sensitivity of back-scattered electrons
(BSE) to the atomic number of elements. However, since the chemical information obtained with
FIB-SEM is highly limited, a combination of XPS and ToF-SIMS was used in this thesis to gain
detailed information on the chemical environment and the compounds involved in the
interfacial reactions. XPS can provide information on the chemical environment, chemical
bonding, and, more general, electronic states (e.g., oxidation states).60,61 In addition, a major
advantage is that quantitative statements can be derived. However, XPS suffers from poor
lateral resolution (typical maximum lateral resolution of conventional XPS instruments:
~3-5 µm) and a relatively poor detection limit (~ 0.1 at%).60,61 Considering the low degradation
product concentrations in composite cathodes (see chapter 2.2), this can easily lead to detection
limit-related problems. For this reason, ToF-SIMS is utilized to compensate for disadvantages of
XPS and to gain further insights into the interfacial processes below the detection limit of XPS.
ToF-SIMS exhibits high sensitivity and can achieve chemical information with much higher
spatial resolution than XPS (see Figure 5 and 6).
Since ToF-SIMS is still not a standard method in the field of battery materials research and was
only used in a few studies in the context of ASSBs at the beginning of this PhD project, the
measuring capabilities and basic advantages of ToF-SIMS are exemplarily introduced in the
following using two collaborative works related to this doctoral thesis.
The basic operating principle of ToF-SIMS is relatively simple and can be described as follows:
A primary ion beam is exploited as a primary source and accelerated to the sample surface.
There, bombardment of the surface with primary ions induces a collision cascade and leads to
the ablation of secondary species such as electrons and material fragments from the surface into
the vacuum. Whereas most of the fragments are neutral, charged fragments can be extracted
by an electric field and subsequently analyzed in a ToF mass spectrometer system. It is important
to note here that ToF-SIMS is a destructive method that uses fragmentation information to draw
conclusions on the existing surface compounds. This means that the species are mostly not
directly present in the detected form in the sample. Instead, they correspond to fragments of
the existing compounds formed during the collision cascade and associated effects such as
material recombination/mixing. However, if the specific fragmentation of compounds is known,
it is possible to draw conclusions on the chemical environment.
Analogous to SEM, ToF-SIMS can be combined with various technical options such as sputter
and FIB guns. An alternating sequence of analyzing and sputtering/milling allows, for example,
depth profiling and 3D tomography. Therefore, ToF-SIMS can provide surface sensitive data as
well as information on buried interfaces and the bulk. For more details on the operation
principle, the underlying fundamental physical mechanisms and technical details related to ToFSIMS, the reader is referred to literature.60,62,63 Instead, the practicality of ToF-SIMS in the context
of battery research is further addressed in the following sections.
Besides the analysis of interfacial processes in composite cathodes, ToF-SIMS can already be very
helpful in the context of the pre-characterization of battery materials. This was demonstrated in
two collaborative works related to this thesis, which are discussed in the following.
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In a study by Neudeck et al., ToF-SIMS was used to characterize an organophosphate-based CAM
coating.50 A major advantage here is that the signal intensity of secondary ions is not only
directly proportional to the fractional concentration of a species x, but also to the ionization
probability. Since the ionization probability of phosphorous-containing compounds (negatively
charged fragments) is, based on experience, generally high, investigations at very low fractional
concentrations are possible. This allows detailed insights into the coating microstructure (i.e.,
morphology and composition). In general, the intensity of secondary ion fragments is
determined by the following equation:60
(1)

The ionization probability is often directly connected to the so-called matrix effect which
describes the dependency of the ionization probability on the chemical environment. Since the
ionization probability is in most cases unknown, ToF-SIMS is generally described as a semiquantitative method. Accordingly, under the assumption that all parameters on the right-hand
side of Equation 1, with the exception of θx , are similar or can be compensated by normalization
approaches, the secondary ion intensity is dominated by the fractional concentration θx . This in
turn allows semi-quantitative conclusions on concentration changes to be drawn. In addition,
model samples with known composition can be used to determine calibration curves
(secondary ion intensity vs. fractional concentration) and thus the determination of so-called
relative sensitivity factors (RSFs).63 These RSFs allow a conversion of the secondary ion signal
intensity I sx into the fractional concentration θx . Whereas this concept can be easily applied to,
for example, well-defined semiconductor structures, it is not straight forward to utilize it for
rather undefined composites (e.g., composite cathodes).64 However, although the dependence
of secondary ion intensity on ionization probability is often perceived rather negatively (due to
the matrix effect), it enables a high sensitivity for many compounds. The example of the work of
Neudeck et al. shows that this relationship can be exploited to visualize the coating material
based on its chemical composition which was not possible with other methods (see Figure 6A).50
It is also advantageous that not only inorganic but also molecular information can be obtained
by ToF-SIMS. Accordingly, it was possible to distinguish the two organic reactants used for the
coating process on the basis of their molecular fragmentation. In principle, this allows for the
monitoring of reactant residues on the CAM particle surface depending on the preparation
parameters, which is advantageous for optimizing coating processes and later for quality
control in large-scale applications.
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Figure 6 – Exemplarily ToF-SIMS analyses in battery material research. Both analyses were
performed in fast imaging mode (high lateral resolution, low mass resolution) in combination
with delayed extraction to provide high lateral resolution and simultaneously high mass
resolution. A) 3D reconstructions of depth profiles of NCM particles covered with a phosphatebased coating. (a) NCM secondary particles represented by the NiO2 − fragment. (b) Phosphatebased coating represented by the PO2 – and PO3 – fragments. (c), (d) Combined images of the
NCM secondary particles and the coating for two different coating approaches. Adapted with
permission from Neudeck et al.50 Copyright © 2018 American Chemical Society. B) 3D
reconstruction of depth profiles of an uncycled cathode for LIBs. The NCM secondary particles
are shown in gray (represented by the NiO2 − fragment), whereas sulfur-containing pores are
depicted in red (represented by SOx – fragments). The cross-section on the right show that sulfurcontaining pores/inclusions can be found within the CAM secondary particles. Adapted with
permission from Ahmed et al.51 Copyright © 2019 American Chemical Society.
Another example can be found in a collaborative work with Ahmed et al.51 Previous to the
ToF-SIMS analysis, intergranular nanopores were found in a NCM-based material using
TEM-based techniques. Since these nanopores were found to be undesirable as they contribute
to internal CAM degradation, the question of their origin emerged. While energy-dispersive Xray spectroscopy (EDX) could only provide the very basic information that the pores contain
sulfur, ToF-SIMS allowed to attribute corresponding fragments of the material in the nanopores
to Li2SO4. Similar to the work by Neudeck et al., ToF-SIMS analyses were beneficial here, since
sulfur compounds usually have high ionization probabilities for negatively charged fragments.50
This enabled their analysis despite extremely low concentrations. At the same time, the high
special resolution of ToF-SIMS was also exploited. In this way, it was possible to determine sulfur-
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rich areas in 3D reconstructions and analyze their origin with a region-of-interest (ROI) analysis.
The high spatial resolution was necessary to unambiguously assign the sulfur species to regions
within the CAM secondary particles and to exclude surface impurities as the cause of the signals.
Overall, these examples demonstrate the high value of ToF-SIMS in the field of battery materials
research. Accordingly, ToF-SIMS is excellently suited to compensate for weaknesses of other
methods. In particular, the combination of ToF-SIMS with XPS is extremely powerful to provide
compositional information, since both methods are complementary and compensate for most
of their respective drawbacks. Since both analysis techniques suffer from relatively poor lateral
resolution compared to typical imaging techniques, they were complemented by SEM. All three
methods (SEM, XPS, and ToF-SIMS) were combined with sputter and/or FIB profiling within this
doctoral thesis to allow the separation of surface contributions and thus, the analysis of the bulk
material.

2.4

Degradation Processes in Thiophosphate-Based Composite Cathodes

In general, degradation phenomena in composite cathodes can be divided into two main
categories: morphological/structural degradation of the CAM and interfacial degradation due
to (electro-)chemical reactions. In the following, both will be described in separate sections, with
a focus on interfacial (electro-)chemical reactions, analogous to the entire doctoral thesis.

2.4.1 Morphological/Structural Degradation of the CAM
The morphological/structural degradation of CAM summarizes effects caused by structural
changes during charging and discharging. A distinction can be made between structural
changes due to (de)lithiation and phase transformations due to (electro-)chemical reactions.
The latter already indicates that both degradation categories (chapter 2.4.1 and 2.4.2) can be
mutually dependent and are often accompanied by each other, making a clear deviation of the
individual processes highly challenging.
It is well known that NCM-based materials undergo anisotropic volume changes during
(de)lithiation depending on the exact composition.65–67 These effects can result in pressureinduced changes in the microstructure such as crack formation, contact loss between NCM and
SE, voids and electronically isolated NCM particles within the composite cathode, to name a
few.66,67 This in turn has a massive influence on the resultant battery performance.68 Strauss et al.
have recently shown that it is possible to design quasi-zero strain NCM by intentionally
modulating the composition.65 However, commonly used NCM material compositions differ
from the reported stoichiometries and are therefore affected by anisotropic volume changes.
For this reason, pressure-dependent studies of battery performance are an ongoing research
topic.66,69
Besides volume changes, phase transformations, e.g., the formation of spinel- and rock-salt-like
phases cause additional stress/strain leading to cracking of the CAM. Analogous to LIBs, it was
shown that rock-salt formation takes place at CAM/SE interfaces in ASSBs.70,71 In addition, Ahmed
et al. have recently shown that intragranular nanopores present within the CAM undergo
morphological changes during cycling, which are based on the formation of spinel- and rocksalt-like phases.51 This internal CAM degradation can in turn lead to strain-induced intragranular
cracking and can be expected in LIBs and ASSBs.

18

2.4.2 Interfacial Degradation Due to (Electro-)Chemical Reactions
Interfacial degradation due to (electro-)chemical reactions is mainly attributed to the narrow
thermodynamic stability of the thiophosphate-based SE and its reactivity with other
materials.28–32 Up to now, three interfacial degradation modes have been identified and need to
be considered (see Figure 7).

Figure 7 – Scheme for interfacial degradation due to (electro-)chemical reactions. Three
interfacial degradation modes can be distinguished, namely A) electrochemical SE
decomposition, B) interdiffusion and chemical reaction and C) gas evolution. Whereas mode A)
dominates the degradation processes at the current collector/SE and carbon/SE interface, all
three modes contribute to the CEI formation at the NCM/SE interface (bottom). Overall, the
interfacial degradation due to (electro-)chemical reactions is detrimental for the ASSB
performance and results in strong capacity fading upon cycling.
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The processes shown in Figure 7 can be described as follows:
A) Electrochemical SE decomposition.
Electrochemical decomposition of the SE is due to the generally narrow thermodynamic stability
of thiophosphates.28–32 Accordingly, depending on the electric potential applied, an uptake and
release of electrons is accompanied by decomposition reactions and phase transformations of
the SE. First-principle calculations indicate that these oxidation reactions occur at about
2.1 – 2.3 V vs. Li+/Li, whereas Dewald et al. have recently shown that the practical oxidative
stability limit is in the range of 2.8 – 3.1 V vs. Li+/Li and therefore noticeably higher than
theoretically predicted.28,72
Taking the electronically conductive components on the positive electrode side into account,
these reactions can be expected at all interfaces of the SE, namely towards: (a) the CAM, (b) the
current collector, and (c) the conductive carbon additive. Indeed, in publication II, the three
independent reaction zones were experimentally proven.38 The products formed during
oxidation were analyzed and described several times in literature.34–38,73–77 The identified
compounds mostly include various anionic frameworks that Li-P-S phases can pass through
towards the formation of P2S5 and S0-like species such as polysulfides. The latter was
experimentally confirmed for NCM- and thiophosphate-based composite cathodes in
publication II using XPS and ToF-SIMS.
In this context, it must be pointed out that these reactions are partially reversible. Accordingly,
the redox behavior of thiophosphates was described several times in literature and allows, in
principle, conversion-type composite cathodes based on thiophosphates.36,72,77–79 Indeed, Wang
et al. have very recently shown that the Li6PS5Cl0.5Br0.5 argyrodite can be used as precursor
material in composite cathodes based on multi-walled carbon nanotubes (MWCNTs) and
enables high capacities and long-term cyclability if the appropriate potential range is chosen.80
In NCM-based ASSBs, however, the lower cut-off potential is too high to enable the reduction
reactions postulated by Wang et al.80 Therefore, most of the oxidation products formed during
charging remain after discharging. Since the products formed such as polysulfides show poor
ionic conductivities, the oxidative products result locally in an increased resistance in the
interface region.33,36 With prolonged SE decomposition, the overall effective ionic partial
conductivity in the composite decreases and thus, the ASSB cell performance does as well. The
SE decomposition mechanism must be considered as a dynamic process. Accordingly, the local
CEI composition and the products present are dependent on the reactants, the state-of-charge
(SOC) and the number of cycles, among others.
B) Interdiffusion and chemical reaction.
Chemical reactions can, in principle, occur at all interfaces (Figure 7A, a-c) and are dependent on
various parameters such as the applied potential/SOC, temperature and time, to name a few.
At the interfaces of the SE towards the current collector and the carbon additives, the chemical
reaction is mostly limited to reactions with functional groups on the surface. Indeed, Park et al.
have shown that functional groups on carbon additives are directly involved in reactions with
thiophosphate-based SEs.81 The results of publication II indicate that despite material drying,
oxygen-containing species on the carbon surface such as −OH groups, carbonates, and water
residuals can react with the SE under the formation of compounds such as Li3PO4.38 However,
the fraction of functional groups on carbon additives and on the current collector are limited.
Therefore, it can be assumed that degradation processes at these interfaces are rather
dominated by the electrochemical SE decomposition.
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In contrast, the chemical reaction plays a major role at the CAM/SE interface. Several
computational studies were carried out to gain insights into the interfacial processes and the
chemical reaction between CAM and SE.29–32,82,83 It must be taken into account in this context
that the reactions and related reaction products are strongly dependent on material
combination (CAM/SE) and the SOC (degree of (de)lithiation). Nevertheless, some general
conclusions and tendencies can be inferred:
Calculations indicate a strong tendency for the reaction of oxides and thiophosphates to form
POx-containing compounds.29–32,82 In addition, the formation of sulfates such as Li2SO4 and
transition metal sulfides are often reported to be energetically preferable.29–32 It should be noted
here that these reactions can already occur due to the mere contact of NCM (lithiated) and
thiophosphate-based SE and are not limited to cell operation.32
Experimental evidence for the predicted degradation reactions is highly challenging, not at least
due to the poor accessibility of the CAM/SE interface and the convolution of degradation
processes within the composite cathode as indicated in chapter 2.2. Accordingly, in many
experimental studies, the electrochemical decomposition of the SE could not be well separated
from the chemical reaction at the NCM/SE interface and therefore dominates degradation
product signals, for example, in XP spectra. A clear correlation of degradation products to the
CAM/SE interface is, therefore, often rare. However, some conclusions directly related to the
CAM/SE interface can be drawn from literature and the results of this doctoral thesis.
Sakuda et al. have experimentally shown that interdiffusion occurs between LiCoO2 and a
lithium thiophosphate-based SE, which is in accordance with the calculations by Haruyama et
al.83,84 The interdiffusion process between CAM and the thiophosphate-based SE is accompanied
by several reactions. Analogous to the computational studies mentioned, experimental
evidence is often related to the formation of oxygenated phosphorous and sulfur species as well
as to the formation of transition metal sulfides.37,38,40,85–90
Visbal et al., for example, have shown that cell cycling can be correlated with an increase in SOx−
and POx− fragments in ToF-SIMS surface spectra (LiNi0.8Co0.15Al0.05O2/Li2S−P2S5 glass ceramic).85
Since this study was limited to surface analyses with low lateral resolution, clear evidence that
these fragments can be unambiguously related to the CAM/SE interface was missing. In
publication I, depth profiling with high spatial resolution and imaging of FIB crater sidewalls
allowed for the direct correlation of the formation of the oxygenated phosphorous and sulfur
compounds to the NCM622/Li6PS5Cl interface.37 Accordingly, the CEI formed could be visualized
for the first time based on chemical information with high spatial resolution using ToF-SIMS.37
Combined with results from XPS, it was concluded that sulfates such as Li2SO4 and phosphates
such as Li3PO4 and potentially transition metal phosphates such as Ni3(PO4)2 and Mn3(PO4)2 are
reasonable interfacial degradation products. These results were further strengthened by the
results of publication II.38 Accordingly, similar interfacial processes were detected for NCM622 in
contact to β-Li3PS4, indicating that these processes are somehow universal for NCM- and
thiophosphate-based composite cathodes. In addition to the compounds discussed in both
publications, anionic frameworks of thiophosphates such as PS4-xOx3− are also conceivable to be
formed in the interfacial region. Such compounds could lead to similar fragments in mass
spectra such as SOx− and POx− and the energetic signal position in XPS spectra should be in the
typical energy range of other phosphates and sulfates. Thus, a clear differentiation of the
compounds mentioned is analytically quite challenging. However, overall, the aforementioned
experimental results agree well with the reaction trends for the formation of oxygenated
phosphorus and sulfur compounds derived from calculations.
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The role of transition metal sulfides in the interfacial reaction is not entirely clear at the moment.
In contrast to computational predictions and some experimental studies, there was no clear
evidence gained for the formation of transition metal sulfides in XPS and ToF-SIMS data in this
thesis.29–32,86–91 Taking the small dimension of the CEI and the low fractions of degradation
products into account, detection limit issues seem reasonable, as discussed in the respective
publications. In fact, reliable studies suggesting the formation of transition metal sulfides are
often based on highly resolving/highly sensitive analytical methods such as (scanning)
transmission electron microscopy ((S)TEM), supporting the assumptions on low degradation
product volume fractions.86,87 In contrast, experimental studies using other methods with worse
detection limits, such as XPS, are often rather questionable. Accordingly, some experimental
studies show intense XP signals and postulate the formation of transition metal sulfides based
on the assigned signal contributions.88–90 However, the analytical data is often poorly
documented and evaluation procedures (e.g., energy calibration in XP spectra and information
on the fitting models used) remain rather elusive in these publications.
For example, Jung and Gwon et al. reported a significant change of SE-related XP signals and
derived the formation of transition metal sulfides from these spectra.88 Taking a closer look at
the respective spectra revealed a systematic shift of about 0.25 eV in all SE-related signals (S 2p,
P 2p and Cl 2p), indicating a misleading energy calibration. Since this shift was not detected after
surface sputtering, detrimental surface effects such as differential charging and potential
gradients seem reasonable, which can easily lead to a relative signal shift in XPS spectra and
thus, an incorrect energy calibration.92,93 Maibach et al. have already discussed effects related to
detrimental surface layers and explicitly stated that LiF, among other polar compounds, can
cause such phenomena.92 Indeed, ToF-SIMS depth profiles shown in the study by Jung and
Gwon et al. reveal an accumulation of LixCly fragments on the surface of the respective sample,
indicating the presence of LiCl. Remarkably, despite ToF-SIMS analyses, no fragments associated
with transition metal sulfides such as NiS− or NiS2− were shown in this study which could further
strengthen their conclusions. The proof of the formation of transition metal sulfides remains
therefore highly doubtful here.
Another example can be found in a recent study by Lim and Park.89 They investigated effects of
a precursor-based CAM modification and performed XPS measurements to characterize
interfacial degradation. Based on their XPS results, the modifications suppress interfacial
reactions indicated by a decrease in S 2p signal contributions at lower binding energies, which
are typically associated with transition metal sulfides. Taking a closer look at the XPS data and
the information about the XPS measurements given in the work, several inconsistencies and
questions arise. As already pointed out earlier, XPS alone is mostly not sufficient to deconvolute
the individual degradation contributions, making it challenging to draw conclusions on the
degradation at the NCM/SE interface. Since Lim and Park used conductive carbon additives in
the thiophosphate-based composite cathode, electrochemical decomposition of SE can be
expected, as previously mentioned. However, based on their results, the formation of species at
higher binding energies, such as polysulfides, seem to play a minor role, which contradicts
typical observations for thiophosphate-based composite cathodes. Consequently, the question
of the energy calibration procedure arises, since a systematic energy shift could explain this
observation. Unfortunately, the manuscript does not provide any information on the energy
calibration procedure, nor on fitting parameters and respective fitting restrictions. In addition,
when the envelope of S 2p of the cycled composite cathodes (unmodified and modified) are
compared, it becomes clear that they match to a high extent. Taking the fits into account, it
appears that the signal intensities of the degradation products for the unmodified case are only
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higher due to a smaller full width at half maximum (FWHM) of the main contribution.
Consequently, the postulated suppression in interfacial reactions seems mainly caused by a
misleading signal fitting procedure.
Overall, the role of transition metal sulfides is not yet unequivocally clarified, largely due to the
low quantities and related detection limit issues. Based on the results of this doctoral thesis, a
reaction scheme for the interfacial reaction of NCM-based materials and β-Li3PS4 was proposed
in publication II.38 It was assumed that the thermodynamically preferred path involves the
formation of transition metal sulfides as intermediate products, which can further react to
oxygenated sulfur species such as sulfates upon charging, e.g., in a metathesis-type reaction.
This could explain the low quantities of transition metal sulfides in the experimental data of this
thesis and the aforementioned experimental observations. In addition, the proposed reaction
scheme based on the interfacial reaction of both components could also explain the formation
of a rock-salt-like phase on the surface of the CAM particles, which is a well-known degradation
phenomenon in LIBs and was also very recently proven for thiophosphate-based ASSBs.70
Besides the identification of the compounds present in the interfacial region, the microstructure
of the CEI is also important to understand the underlying interfacial mechanisms. However,
information on the microstructure is highly limited due to the analytical requirements for high
imaging resolution, high detection limit and sufficient stability of the CEI. While most analytical
methods already suffer from the first two factors, the latter significantly prevents TEM-based
investigations. Accordingly, the CEI is often partially destroyed by the sample preparation
procedure and/or the high-energetic electron beam, making conclusions on the original CEI
difficult to be drawn. Besides the more general statement that the CEI is homogeneously
distributed on the CAM secondary particle surface according to publication I, Zhang et al. very
recently observed a segregation of transition metals in Co/Ni-rich and Mn-rich domains within
the CEI of NCM523/Li3PS4-based composite cathodes using STEM combined with EDX.87 These
observations suggest that the CEI microstructure is not necessarily a layered structure, but may
be more mosaic-like and dependent on the elements involved. However, this needs to be
further investigated in future experiments.
In general, it can be assumed that the CEI composition and microstructure changes during cell
cycling. In follow-up studies to publication I and II, the dynamics of the interfacial degradation
layer were investigated in more detail. Yamagishi et al. reported for a LiNi0.8Co0.15Al0.05O2 and
75Li2S·25P2S5-based composite cathode that the fraction of oxygenated phosphorous species
shows an increasing trend with cell cycling, whereas oxygenated sulfur species showed a
partially reversible behavior indicating a redox-activity of such species.94 This is consistent with
the results of publication III, in which the successive formation of oxygen-containing
phosphorus and sulfur species with increasing number of cycles was found for a composite
cathode containing Li2CO3/LiNbO3-coated NCM622 and Li6PS5Cl.40 The increasing trend in
oxygenated degradation products already suggests a diffusion-based model for the interfacial
degradation processes. This was further strengthened by a very recent study of Zuo et al. which
probed the kinetics of the interfacial degradation reactions in NCM622/Li10GeP2S12-based
composite cathodes.95 Therein, the authors demonstrated that the interfacial reactions show a
typical parabolic rate behavior and can be well described by the Wagner-type model for
diffusion-controlled reactions. Since the chemical reactions between CAM and SE can be
described by a diffusion-controlled model, it seems not very surprising that these reactions were
reported to be dependent on SOC, temperature and time. Therefore, the CEI formation must be
considered as a dynamic process. Overall, these results fit well to previous studies on the
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chemical reaction between the CAM and thiophosphate-based SEs, including the results of
publications I, II and III.
C) Gas evolution.
Analogous to conventional LIBs, gas evolution also needs to be considered in the context of
ASSBs.96–99 Accordingly, the evolution of gaseous O2 and CO2 was reported, which can be related
to oxygen release from the NCM lattice at high SOCs and/or electrochemical decomposition of
Li2CO3 which is a typical surface contaminant of Ni-rich NCM materials.96–103 According to
literature, the released oxygen could be partially present as highly reactive singlet 1O2 which can
lead to subsequent reactions with the SE in the interfacial region.104,105 Indeed, SO2 evolution was
reported for thiophosphate-based ASSBs.96–99 In addition, it seems conceivable that the
formation of oxygenated phosphorous and sulfur species reported under reaction mode B) can
be partially attributed to the reactions based on the released oxygen. The release of oxygen is
probably accompanied by the formation of spinel-like and rock-salt-like phases on the particle
surface, as already mentioned in the context of morphological/structural degradation.
At this point it becomes clear again that the degradation processes within the composite
cathodes are somehow interconnected and accompanied by each other. It must also be noted
here that the processes mentioned in A) - C) are to some extent in competition with each other.
Depending on the reaction conditions, a dynamic change of reactions and the associated
products can be expected. In fact, such behavior could be observed in publication II.38 In this
work, the influence of conductive carbon additives in NCM622/β-Li3PS4-based composite
cathodes was investigated. ToF-SIMS studies indicated the formation of oxygenated sulfur
species and polysulfides due to cell cycling for the sample without conductive additives. In
contrast, with conductive additives, polysulfide formation was dominant and signal intensities
for oxygenated sulfur fragments (SOx−) even fell below the signal intensities for the uncycled
reference. Accordingly, the polysulfide formation appeared to be preferred in this case and
sulfates/sulfites acted rather as intermediate products. Similar processes could explain the
findings of Yamagishi et al. who observed a partially reversible SOC dependence of oxygenated
sulfur fragments (SOx−) in LiNi0.8Co0.15Al0.05O2/75Li2S·25P2S5-based composite cathodes.94
Overall, the processes in Figure 7 A) – C) result in undesirable products and highly resistive
interfacial layers that impede lithium-ion transport and ultimately lead to a decrease in ASSB
performance. For this reason, several strategies to overcome these interfacial issues were
developed. These include modifications of the CAM and the SE, e.g., by doping approaches, but
also protective coatings for modifying interfacial regions.41,106,107 The latter strategy will be
discussed in more detail in the next section.
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2.5

Protective Coatings in Composite Cathodes

Coating approaches are a common strategy to address degradation phenomena in composite
cathodes (see chapter 2.4). In this context, it must be noted that protective coatings are not
limited to the CAM. Accordingly, coatings were also successfully applied to conductive additives
and were reported to enhance the ASSB performance.39,108 The desired function of the coatings
and the material properties required for this purpose therefore depend strongly on the
component and the associated degradation phenomena.

2.5.1 Coatings on the CAM
In general, CAM coatings can address both categories of degradation phenomena, namely
morphological/structural degradation of the CAM (see chapter 2.4.1) and interfacial
degradation due to (electro-)chemical reactions (see chapter 2.4.2).
The aim of CAM coatings is often directly related to the narrow thermodynamic stability of the
thiophosphate-based SE and its reactivity with the CAM.28–32,83 Therefore, the coating material
should prevent the thiophosphate-based SE from electrochemical decomposition and the
chemical reaction between the CAM and the SE. Additionally, protective coatings could stabilize
the CAM surface preventing gas evolution at high potentials and accompanied phasetransitions to spinel-like and rock-salt-like phases on the particle surface. It is also not completely
clear whether a protective layer can mechanically stabilize the CAM surface to inhibit volume
changes and particle cracking. Such an effect could be caused, for example, by mutual diffusion
between the coating and the CAM corresponding to a surface-like doping. Another parameter
discussed in the context of CAM coatings is the influence on so-called space-charge layers
(SCLs).109–113 SLCs can be formed in the interfacial region between the CAM and the SE due to
differences in the electrochemical potential and are reported to potentially impede the Li-ion
transport and thus, cause high interfacial resistance. Calculations indicate that the detrimental
effects of SCLs can be reduced by coatings.110 However, the extent of SLC-related effects on the
interfacial transport of Li-ions is controversially discussed in the literature and seems to be
strongly dependent on the material combination used.111,113
Guidelines and design criteria derived from these considerations such as electron-blocking and
ion-conducting and calculations in the context of the reactivity of CAM coatings can be found
in literature and are not further addressed here.28,30,32,41,114–116
The suitability of CAM coatings to enhance the performance of thiophosphate-based ASSBs was
widely demonstrated experimentally in the literature, as described in a recent progress report
by Culver et al.41 Accordingly, it has been clearly proven that CAM coatings can reduce the rise
of interfacial resistance between the CAM and the SE during battery cycling, suppress related
interfacial degradation, improve the rate performance and enhance the long-term cycling
stability of CAMs.
However, since many studies focus mainly on electrochemical investigations related to ASSB
performance, detailed knowledge on the underlying mechanistic working principle of CAM
coatings is lacking.117–119 Therefore, it is often not clear as to which specific degradation
mechanism the coating has an influence on and which mechanistic effects correlate with the
improvement of ASSB performance. Analytical investigations often suffer from an insufficient
pre-characterization of the coating which makes it almost impossible to interpret its influence
on the processes within the composite cathode. Accordingly, information on the composition
and the microstructure of the coating is often rather vague. In addition to the insufficient
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coating pre-characterization, the individual degradation processes in the composite cathode
(see chapter 2.4) are often not sufficiently separated from each other in analytical data. In many
cases this results in unspecific statements such as a general suppression of interfacial
degradation or, much worse, in misleading conclusions. However, a small number of studies
give detailed experimental insights into the working principle of protective coatings. At this
point it should be considered that the functioning of the CAM coating is, among others, highly
dependent on the coating composition and its microstructure. Therefore, the protective effect
and reactions may differ depending on the material combination.
Sakuda et al. demonstrated that a Li2SiO3 coating on LiCoO2 suppresses the mutual diffusion of
Co, P and S and thus, the formation of the interphase between the CAM and the thiophosphatebased SE using (S)TEM and EDX.84 This is in accordance to a report by Zhang et al. who
additionally stated that segregation effects of transition metals in Co/Ni-rich and Mn-rich
domains were inhibited by the protective coating.87
Analogous to reports on the reaction of the uncoated CAM with thiophosphate-based SE, the
protective effect of CAM coatings can be mainly correlated with three different types of
interfacial reactions: (i) suppressed electrochemical decomposition of the SE (ii) suppressed
formation of oxygenated phosphorous and sulfur species and (iii) suppressed formation of
sulfides such as transition metal sulfides.40,85,87–91 From an analytical point of view, reports on the
latter must be considered with caution.88–90 As pointed out in chapter 2.4.2, the postulation of
transition metal sulfides is frequently based on poorly documented XPS analysis. Thus, the
evaluation procedure is often not comprehensible since information on energy calibration and
fitting procedure is lacking and deficiencies in energy calibration and fitting models are present
(e.g., systematic signal shifts, poor signal matching, lack of signal fitting contains).88–90 However,
since the calculated, thermodynamically preferred path should involve the formation of
transition metal sulfides, a suppression of the transition metal sulfide formation due to the CAM
coating is generally reasonable and should therefore be considered.
Conclusions on the influence of the protective layer on the electrochemical decomposition of
the SE are difficult to draw from the literature. The reason for this is that these processes also
occur at the current collector/SE and the carbon/SE interface and can therefore often not be
directly attributed to the CAM/SE interface. In principle, a coating compromising an insulating
material (e.g., a wide-band gap semiconductor) should suppress the electrochemical
decomposition of the SE due to an inhibited electron transfer between the CAM and the SE.
Since common coating materials, such as LiNbO3, are at least semiconducting materials, the
suppression of such decomposition processes seems plausible.120 However, unequivocal
experimental proof of this has yet to be provided for the CAM/SE interface.
Publication III supports the conclusions drawn on a suppressed formation of oxygenated
phosphorous and sulfur species due to the CAM coating, similar to a study by Visbal et al.40,85
Accordingly, a reduced formation of species, such as phosphates and sulfates/sulfites, seems
reasonable and could be correlated with significantly enhanced ASSB performance. In addition,
a suppressed formation of anionic frameworks such as PS4-xOx3− is also conceivable, as indicated
in chapter 2.4. In contrast, no clear evidence of transition metals could be found in XPS and ToFSIMS data, analogous to publication I and II.
Indirect evidence for a suppressed interfacial reaction due to CAM coatings was recently
provided by differential electrochemical mass spectrometry (DEMS).98,99 Accordingly, it was
reported that CAM coatings can suppress the SO2 evolution during cell cycling, which is
associated with degradation reactions involving the SE. Since the oxygen source in this reaction
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can be, in principle, due to oxygen release from the NCM lattice at high SOCs and/or
electrochemical decomposition of surface contaminants such as Li2CO3, the protective effect is
not completely clarified here.96–100 Therefore, it remains unclear whether the coating stabilizes
the CAM particle surface, and inhibits an accompanied phase transformation, or interacts with
the surface contaminant (e.g., Li2CO3) and prevents its typical electrochemical decomposition
behavior.101–103
In this context it must also be considered that the coating material microstructure can change
upon cycling. Zhang et al. have experimentally shown that a Li2ZrO3 coating is not stable at high
voltages and undergoes a phase transition to ZrO2 nanocrystallites.87 Therefore, it must also be
taken into account that CAM coatings can change dynamically in terms of their microstructure
(composition and morphology) and thus, their material properties during cell cycling.
All experimental studies mentioned up to this point prove, more or less, that the working
principle of CAM coatings can be related to the suppression of the interfacial degradation due
to (electro-)chemical reactions. Details on the exact compounds differ depending on the
materials and conditions used. In contrast, effects of the coating on morphological/structural
degradation in ASSBs are unclear, since studies on this topic are rather rare at the moment. As
previously mentioned, the influence of the gas evolution could be an indirect indication for
stabilizing effects of the CAM particle surface that inhibits oxygen release from the CAM
lattice.98,99 More detailed insights on morphological/structural degradation were recently
provided by Zhang et al.87 In this study, the formation of a rock-salt-like structure underneath a
Li3B11O18-based protective coating after cell cycling was observed, indicating that this particular
coating could not generally prevent phase transformations of the CAM particle surface.87 This
study indicates that not only the electron and lithium-ion transport through the CAM coating is
of interest, but also the transport of other species present, such as oxygen-ions, to better
interpret the interfacial processes. However, studies on morphological/structural degradation
need to be further addressed in future experiments to gain a deeper understanding of the
functioning of CAM coatings.
More generally, it is necessary to clarify whether other approaches such as doping of the CAM
or the transition from the secondary particle structure to CAM single crystals are more effective
strategies to solve degradation-related problems, analogous to LIBs.121–126 Especially in relation
to structural degradation, such approaches are highly interesting and promising.123

2.5.2 Coatings on Conductive Carbon Additives
Coatings on conductive carbon additives should mainly address degradation related to
electrochemical SE decomposition, since such processes are dominating at the carbon/SE
interface (see chapter 2.4.2). Because these processes are highly dependent on electron transfer
at the carbon/SE interface, coatings should preferably be electronic insulators to prevent SE
decomposition. However, an insulating coating also prevents the electrically conductive contact
of the carbon with the CAM, the current collector, and between the carbon additives
themselves. Thus, the function of the coating is dependent on inherently uncoated areas or the
mechanical abrasion of coating material in the contact areas, which contradicts the general
requirement for a closed coating.
Based on the results of publication II, a protective coating was developed in the context of this
doctoral thesis. In a collaborative work with Randau et al., the positive effect of this approach
was demonstrated.39 Accordingly, an insulating AlxOy coating was deposited on the surface of
VGCFs by atomic layer deposition (ALD) to suppress electron transfer at the carbon/SE interface.
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Since the coating exhibited island growth, the coating reduced the fraction of interfacial
reaction zones, thus suppressing the electrochemical decomposition of the SE. At the same
time, the coating allowed electrical contact in less coated areas between the islands. In fact, the
coating resulted in a reduced capacity fading during cell cycling and significantly enhanced the
overall ASSB performance compared to the uncoated case. In addition, Deng et al. recently
demonstrated the positive effect of a surface coating on conductive carbon additives.108 In
contrast to Randau et al., the semiconductive polymer poly(3,4-ethylenedioxythiophene)
(PEDOT) was used as coating material.39,108 Based on their results comprising cyclic voltammetry
(CV) and XPS analysis, the beneficial effect of the coating is comparable to the results of Randau
et al.39 Accordingly, the electrochemical decomposition of the SE at the carbon/SE interface is
suppressed and thus the ASSB performance can be enhanced. However, the underlying
processes leading to the suppressed electron transfer appear to be different in detail, since
PEDOT is semiconducting whereas AlxOy is electronically insulating. Overall, both studies
demonstrate that protective coatings can effectively address interfacial issues related to the
carbon/SE interface.
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Results
(Scientific Publications)

At the beginning of this doctoral thesis, insights on individual interfacial degradation
phenomena within NCM- and thiophosphate-based positive electrodes were highly limited.
Due to significantly overlapping reaction processes and reaction zones, the separation of
individual contributions is highly challenging and was therefore not often performed in
literature. The aim of this thesis was hence to gain detailed insights into individual interfacial
degradation phenomena in composite cathodes and to characterize the protective effect of
CAM coatings in terms of the interfacial degradation at the NCM/SE interface.
In this chapter, the three publications related to this doctoral thesis are introduced.
Publication I and II contribute to a better understanding on the individual degradation
phenomena in NCM- and thiophosphate-based composite cathodes. Accordingly, both
publications deal with interfacial degradation due to (electro-)chemical reactions within the
composite cathode and separate the overall interfacial degradation into the influence of the
current collector, the CAM and the conductive carbon additive. Publication III deals with the
functionality of a Li2CO3/LiNbO3 coating, which was introduced to overcome interfacial reaction
related to the CAM/SE interface. Accordingly, the effect of the protective coating on the
interfacial degradation was analytically investigated and characterized in this publication.

3.1

Publication I: “Visualization of the Interfacial Decomposition of Composite
Cathodes in Argyrodite-Based All-Solid-State Batteries Using Time-of-Flight
Secondary-Ion Mass Spectrometry”

In the first publication of this doctoral thesis, an analytical approach to characterize the
interfacial degradation in composite cathodes was developed. For this purpose, a degraded
composite cathode of an In/InLi|Li6PS5Cl|NCM622/Li6PS5Cl ASSB was investigated.
By combining results from integral XPS measurements with local compositional information
derived by ToF-SIMS, the CEI formation was visualized for the first time with information about
their morphology and chemical composition. In contrast to previous studies, the measuring
capabilities of ToF-SIMS were fully exploited and routines for investigations related to
composite cathodes were developed and established. The results of this publication show that
the capacity fading and thus the degradation of the ASSB is accompanied by a formation of
oxygenated phosphorous and sulfur species in the NCM/SE interfacial region, which form a
uniform shell around the NCM secondary particles. In addition, XPS data indicate the formation
of polysulfides (S0-like species) within the composite cathode. In contrast, no evidence for the
formation of transition metal sulfides and transition metal phosphides was observed.
Overall, the results of publication I improve the understanding of degradation processes in
thiophosphate-based composite cathodes and provide an analytical approach to characterize
and compare the local structure and composition of interfacial reactions. This approach can be
used, for example, to study the influence of protection concepts such as CAM coatings - as done
in publication III - which will help to develop and characterize advanced protection concepts to
enable stable, or at least slowly degrading, interfaces/interphases analogous to conventional
LIBs.
The experiments were designed and planned by the first author under the supervision of
W. G. Zeier and J. Janek. S. Ohno synthesized and characterized the SE used. R. Koerver and
T. Fuchs prepared the ASSB cells and performed the electrochemical characterization. The first
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author performed the analytical measurements (XPS and ToF-SIMS) and the subsequent analysis
and evaluation. All authors contributed to the scientific discussion. In particular, J. Sann and
M. Rohnke assisted with scientific discussions on the XPS and ToF-SIMS data, respectively. The
manuscript was written by the first author and edited by seven co-authors.
This study was part of the International Network for Batteries and Electrochemistry by BASF SE.
Reprinted with permission from Walther, F.; Koerver, R.; Fuchs, T.; Ohno, S.; Sann, J.;
Rohnke, M.; Zeier, W. G.; Janek, J. Visualization of the Interfacial Decomposition of Composite
Cathodes
in
Argyrodite-Based
All-Solid-State
Batteries
Using
Time-of-Flight
Secondary-Ion Mass Spectrometry. Chem. Mater. 2019, 31 (10), 3745–3755.
https://doi.org/10.1021/acs.chemmater.9b00770. Copyright © 2019 American Chemical
Society.
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3.2

Publication II: “Influence of Carbon Additives on the Decomposition Pathways in
Cathodes of Lithium Thiophosphate-Based All-Solid-State Batteries”

In the second publication of this doctoral thesis, the degradation scheme of NCM- and
thiophosphate-based composite cathodes was extended by the effect of conductive carbon
additives. For this purpose, the influence of VGCFs on the degradation processes in composite
cathodes based on NCM622/β-Li3PS4 was investigated.
Carbon additives are used in conventional LIBs to improve the electronic partial conductivity
and to maximize the utilization of the CAM within the composite cathode. The introduction of
carbon additives in ASSBs, however, typically suffers from increased capacity fading during cell
cycling. The underlying chemical degradation processes were widely unknown due to the
complexity of the composite cathode with convoluted degradation processes, making it
difficult to draw conclusions on individual degradation processes and to develop targeted
solutions to overcome related problems.
In publication II, the various degradation processes within the composite cathode could be
deconvoluted. By means of comprehensive surface and bulk analyses with XPS and ToF-SIMS, it
was shown that three independent degradation zones can be distinguished, namely
degradation reactions at the interfaces of current collector/SE, CAM/SE and carbon/SE. In
addition, information on the respective degradation reactions was provided. This work reveals,
for example, that the application of conductive carbon additives is accompanied by a massive
increase in polysulfide formation, which is directly detected in such composite cathodes for the
first time by ToF-SIMS. Through this work, a comprehensive picture of degradation in
thiophosphate-based composite cathodes has been provided and a detailed reaction scheme
for the interfacial reaction between NCM-based CAM and β-Li3PS4 has been proposed.
The second publication extends the knowledge about degradation phenomena in composite
cathodes with conductive carbon additives significantly. Furthermore, the results clearly show
that all interfaces within the composite cathode must be independently addressed to prevent
thiophosphate-based SE from decomposition/degradation reactions. Indeed, based on this
knowledge, a protection concept for conductive carbon additives was developed and its
suitability was demonstrated in a recent collaborative work with Randau et al.39 These studies in
turn resulted in a patent application together with BASF SE.
The first author designed the experiments under the supervision of F. H. Richter, W. G. Zeier and
J. Janek. S. Randau and Y. Schneider prepared the ASSB and CV cells and performed the
electrochemical characterization. The analytical measurements (XPS and ToF-SIMS) and the
subsequent analysis and evaluation were performed by the first author. All authors contributed
to the scientific discussion. In particular, the analytical data was discussed with J. Sann and M.
Rohnke. The manuscript was written by the first author and edited by seven co-authors.
This study was part of the International Network for Batteries and Electrochemistry by BASF SE.
The project was accompanied by J. Kulisch and X. Wu through scientific exchange.
Reprinted with permission from Walther, F.; Randau, S.; Schneider, Y.; Sann, J.; Rohnke, M.;
Richter, F. H.; Zeier, W. G.; Janek, J. 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. https://doi.org/10.1021/acs.chemmater.0c01825. Copyright © 2020
American Chemical Society.
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Publication III: “The Working Principle of a Li2CO3/LiNbO3 Coating on NCM for
Thiophosphate-Based All-Solid-State Batteries”

In the third publication of this doctoral thesis, the effect of a Li2CO3/LiNbO3-based protective
CAM coating on the battery performance and the degradation processes within a
thiophosphate-based composite cathode was investigated. For this purpose, composite
cathodes based on NCM622/Li6PS5Cl/Super C65 were analyzed.
Although CAM coatings are a common strategy to address issues related to interfacial
degradation and seem promising to increase the battery performance, the working principle
often remains elusive, which makes it difficult to draw fundamental conclusions necessary to
develop tailored protection concepts on the way to long-term stability in ASSBs. From an
analytical point of view, this is mostly due to an insufficient pre-characterization of the coating
and an insufficient separation of degradation processes within the composite cathode.
To meet these requirements, the coating microstructure was comprehensively characterized
using a combination of FIB-SEM, XPS and ToF-SIMS and revealed a particulate coating (thickness
~15 nm) consisting of an amorphous LiNbO3 core, a Li2CO3 shell and a low fraction of carboncontaining residues from the coating process. By means of in-depth post-mortem analyses
using XPS and ToF-SIMS, it was shown that the CAM coating suppresses the interfacial chemical
reaction at the CAM/SE interface. In particular, it was revealed that the improved ASSB
performance is accompanied by a suppressed formation of oxygenated phosphorous and sulfur
species.
Overall, publication III extends the knowledge on the working principle of protective CAM
coatings considerably and contributes to a deeper understanding of the protective nature of
coating materials in general.
The analytical approach developed in this work can easily be applied to other protective
coatings and allows for the semi-quantitative benchmarking of the influence of protective
coatings on the degradation processes in thiophosphate-based composite cathodes.
The experiments were designed and planned by the first author under the supervision of
T. Brezesinski and J. Janek. F. Strauss prepared the ASSB cells and performed the electrochemical
characterization. B. Mogwitz conducted the FIB-SEM analysis. J. Hertle prepared and provided
the Li2CO3/LiNbO3-coated reference sample. The first author performed the analytical
measurements (XPS and ToF-SIMS) and the subsequent analysis and evaluation. The scientific
discussion was stimulated by all authors. In particular, J. Sann and M. Rohnke assisted with
scientific discussions on the XPS and ToF-SIMS data, respectively. The manuscript was written
by the first author and edited by eight co-authors.
This study was part of the International Network for Batteries and Electrochemistry by BASF SE.
The project was accompanied by J. Kulisch and X. Wu through scientific exchange. In particular,
X. Wu contributed to the scientific discussions.
Reprinted with permission from Walther, F.; Strauss, F.; Wu, X.; Mogwitz, B.; Hertle, J.; Sann, J.;
Rohnke, M.; Brezesinski, T.; Janek, J. The Working Principle of a Li2CO3/LiNbO3 Coating on NCM
for Thiophosphate-Based All-Solid-State Batteries. Chem. Mater. 2021, 33 (6), 2110–2125.
https://doi.org/10.1021/acs.chemmater.0c04660. Copyright © 2021 American Chemical Society.
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Conclusions

In this doctoral thesis, interfacial degradation phenomena in NCM- and thiophosphate-based
composite cathodes were studied in-depth. Detailed insights into the interfacial processes were
provided and protective concepts to suppress interfacial degradation were developed and
subsequently investigated.
As part of this thesis, the measuring capabilities of ToF-SIMS were fully exploited and routines
for investigations related to degradation reactions in composite cathodes were developed and
established. The combination of XPS and ToF-SIMS was found to be particularly useful to
compensate for most of their individual method-related disadvantages, which include
limitations in terms of lateral resolution, detection limits and the nature of information. In this
way, it was possible to derive detailed compositional information related to interfacial
degradation phenomena in composite cathodes.
Within this doctoral thesis, three independent reaction zones were identified within composite
cathodes. This includes the interfaces of the thiophosphate-based SE towards (i) the current
collector, (ii) the CAM and, if used, (iii) the conductive carbon additive.
The degradation reactions at the interfaces (i) and (iii) are mostly dominated by electrochemical
decomposition reactions of the SE due to its narrow thermodynamic stability window. Although
thiophosphate-based SEs are found to show redox behavior and the decomposition reactions
are (partially) reversible, the typical lower cut-off potential of ASSBs is too high to allow for
reduction reactions. Thus, oxidative reaction products are mostly irreversibly formed at these
interfaces. A wide variety of decomposition products upon SE oxidation have been reported in
the literature. Based on the results of this doctoral thesis and very recent studies, the
decomposition reactions of thiophosphates are mainly driven by two reaction paths: First,
anionic framework transformations of the SE towards the formation of the thermodynamically
favored P2S5. Second, the formation of S0-like species. For the latter, the results of this doctoral
thesis indicate the formation of polysulfides (-Sx- species). Overall, the decomposition products
degrade the properties of the SE (e.g., the ionic partial conductivity) and are therefore
detrimental for the overall performance of the composite cathode and thus the ASSB. For this
reason, the application of carbon additives, which is typically used to enhance the CAM
utilization and to increase the electronic partial conductivity in common LIBs, is mostly
accompanied by increased capacity fading. Thus, the application of carbon additives is often
hindered in thiophosphate-based ASSBs and the beneficial effects cannot be maintained for
higher cycle numbers.
Based on these results, a protective concept for conductive carbon additives was developed,
which corresponds to an electronically insulation coating. The aim was to shield the potential
from the SE and to prevent or at least suppress the electron transfer between SE and carbon and
thus prevent decomposition reactions. In fact, the beneficial effect of the protective concept
was demonstrated in a collaborative work related to this doctoral thesis and led finally to a
patent application together with BASF SE.
Degradation reactions at the interface of the SE towards the CAM (interface (ii)) due to cell
cycling were found to be manifold. Part of the degradation processes can be attributed to the
electrochemical decomposition of the SE, analogous to interfaces (i) and (iii). In addition, it was
shown in this doctoral thesis that capacity fading of NCM- and thiophosphate-based composite
cathodes is accompanied by the formation of oxygenated phosphorous and sulfur species in
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the NCM/SE interfacial region. Local compositional information derived by ToF-SIMS allowed to
visualize the CEI formation at the NCM/SE interface with high spatial resolution corresponding
to a uniform shell around NCM secondary particles. The formation of oxygenated phosphorus
and sulfur species is most likely due to chemical reactions between NCM and SE, but may also
be partly due to the chemical reaction of released O2 (suggested to be partially present as singlet
1
O2). The latter can either originate from the NCM lattice at high SOC or from the electrochemical
decomposition of Li2CO3, which is a typical surface contamination on Ni-rich NCM materials.
Additionally, these interfacial processes can be accompanied by a rock-salt-like phase formation
at the surface of the NCM particles. In contrast, no clear evidence for the formation of transition
metal sulfides and transition metal phosphides was observed after cell cycling in this doctoral
thesis. This suggests that the formation of transition metal sulfides, as predicted in the
computational studies, is more likely to be intermediate.
Based on the results of this thesis, a reaction scheme for the interfacial reaction between NCMbased materials and β-Li3PS4 was proposed. It was assumed that the thermodynamically
preferred reaction path involves the formation of transition metal sulfides as intermediate
products which can further react to oxygenated phosphorous and sulfur compounds, for
example, in a metathesis-type reaction.
In the last part of this doctoral thesis, the analytical approach developed and the knowledge
gained on interfacial processes was used to study the beneficial effect of a protective
Li2CO3/LiNbO3 CAM coating on the ASSB performance in-depth. By combining FIB-SEM, XPS, and
ToF-SIMS, the coating microstructure was comprehensively characterized in terms of
morphology and chemical composition. The results revealed a particulate coating (mean layer
thickness of ∼15 nm) containing an amorphous LiNbO3 core, a Li2CO3 shell, and a small fraction
of carbon-containing residues form the coating process.
The reduced capacity fading during cell cycling could be attributed to a suppressed interfacial
reaction at the CAM/SE interface, in particular, a reduced formation of oxygenated phosphorous
and sulfur compounds. Thus, the protective coating seems mainly to suppress the chemical
reaction of NCM and SE. Since the coating is particulate - allows for unprotected areas - and the
coating composition is not ideal in terms of its stability against SE, a less pronounced, but steady
capacity fading can be observed.
Overall, this doctoral thesis extends the knowledge on interfacial degradation and protective
concepts in NCM- and thiophosphate-based composite cathodes considerably. This knowledge
is essential to design targeted solutions for related interfacial issues, which are a key challenge
on the way to long-term stability in ASSBs. In addition, this thesis provides advanced analytical
approaches and measuring protocols for investigations on interfacial processes in composite
cathodes. These can be easily transferred to other systems and allow, for example, to benchmark
the effectiveness of protective coatings in suppressing individual degradation reactions.
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Outlook

Several tasks and follow-up studies can be derived from this doctoral thesis, which could be
considered in future work. Accordingly, three tasks related to interfacial degradation
phenomena in composite cathodes are briefly presented, which are crucial for improving ASSB
performance.
(i) Benchmarking CAM coatings.
Currently, it is very difficult to understand and compare the protective effects of CAM coatings,
which makes it difficult to determine the most suitable CAM coatings for thiophosphate-based
ASSBs. Often, an insufficient pre-characterization of the coating microstructure (morphology
and composition) and an insufficient separation of the individual degradation processes in the
composite cathode after cell cycling (see chapters 2.4 and 2.5) prevent a fundamental
understanding of the mechanistic effects behind the improvement in ASSB performance and
the often observed remaining capacity fading. In particular, for the latter, it often remains
unclear whether an improper thermodynamic stability, morphological deficiencies (e.g., a too
thin/too thick/inhomogeneous coating), or a non-ideal composition (e.g., impurities,
stoichiometric deviations) cause such detrimental effects. A direct (quantitative) comparison of
the effects of CAM coatings is therefore often not possible and fundamental conclusions on
protective coatings cannot be drawn. However, benchmarking of CAM coatings is crucial to
better understand the nature of the protective effect and to find the most suitable CAM coatings
for thiophosphate-based ASSBs.
Essentially, a benchmarking approach for CAM coatings should comprise a comprehensive precharacterization of the coating microstructure and electrochemical factors such as impedance,
rate-performance, and long-term capacity fading, but should also include information on the
interfacial processes during cell cycling to characterize the effectiveness of CAM coatings in
suppressing degradation reactions. In this way, it should be possible to directly compare and
understand the effects of the CAM coatings on the ASSB performance. Publication III already
provides analytical approaches and measuring protocols to pre-characterize the coating
microstructure and to analyze the influence of the CAM coating on the degradation processes
within the composite cathode. In general, surface analysis is desirable for the latter task due to
low experimental complexity, short measuring time and thus high throughput, but suffers from
the detrimental influence of the current collector (see chapter 2.2). Surface cleaning routines
such as sputtering with ion beams can, in principle, reduce the detrimental influence, but result
in additional experimental effort and are time-consuming. Alternatively, to overcome these
issues, a modified current collector was recently developed together with Jonas Hertle. This
corresponds to a conventional steel stamp, which contains a small circular region (a few mm in
diameter) of electrical insulator in the center of its contact area. In this area, the decomposition
of the SE is suppressed and surface analyses without the related detrimental influence are
possible. The suitability of this concept needs to be investigated in-depth in future studies.
(ii) Rational design of CAM coatings based on degradation products.
The results of this doctoral thesis emphasize the strong tendency of the formation of
oxygenated phosphorous and sulfur species in the interfacial region of NCM and the SE. This
implies that coatings based on similar chemistries could be superior to stabilize the CAM/SE
interface, because the reaction between CAM and SE should be inhibited due to the preformation of similar products in the interfacial region. It could be advantageous here that the
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composition of such an artificial CEI can be specifically optimized with regard to its transport
properties. (Pseudo-)binary and -ternary systems containing, for example, Li3PO4 and Li2SO4
show phases with high ionic partial conductivities, which should be targeted for this
approach.127–130 Two main strategies are conceivable to prepare the coating. Accordingly, the
coating could either be deposited (by various methods) on the CAM particle surface prior to cell
assembly, or the coating could be achieved by a reactive-coating approach. The latter exploits
the strong intrinsic tendency to form oxygenated phosphorous and sulfur species by the
chemical reaction of the oxide-based CAM and the thiophosphate-based SE. In principle,
utilizing local additives on the CAM particle surface opens up the possibility to specifically tune
the local composition and thus the properties of the CEI formed. For this purpose, the CEI can
be formed either by thermal treatments of CAM/SE/additive mixtures or intrinsically during cell
operation. However, further studies are needed to verify these considerations.
(iii) CAM single crystals.
At present, polycrystalline CAMs are still predominantly used. In recently published studies it
has been shown that single crystals can have significant advantages in terms of ASSB
performance.123–125 For example, by using single crystals, morphological/structural degradation
effects, such as particle cracking, can be reduced, which are particularly disadvantageous for
ASSBs due to the immobile SE that cannot penetrate the cracks formed during cell cycling.
From an analytical point of view, single crystals could have the advantage that the otherwise
rough particle surface is smoother and thus, for example, the interface to CAM coating is more
easily accessible for analytical methods. Additionally, although the lower roughness decreases
the fraction of interfacial surface, which seems to be a drawback in terms of the detection limit,
the single crystals are usually smaller than the polycrystalline material, which in turn increases
the surface-to-volume fraction (see chapter 2.2). Overall, single crystals appear to be very
promising and investigations in this direction should be undertaken in the future.
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