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Abstract

Due to their potentially higher energy and power density, lower influence of the ambient
temperature (freezing of liquid electrolyte) and higher safety compared to liquid electrolyte based
lithium ion batteries, solid electrolyte based lithium batteries are gaining more and more interest. A
variety of anode concepts, solid electrolytes and cathode concepts have been developed. All battery
characteristics, such as energy and power density, cycle stability, but also the chemical stability between
the materials can be influenced by a wide variety of combinations. Additionally, it may be necessary to
use further additives or protection concepts.

The first goal of this dissertation was to make a comprehensive comparison of the current literature
and to put it into context with own battery data as a reference. This was necessary because results are
sometimes not classified in the existing literature, no reference is added or no consistent data on masses
and manufacturing methods are given. With this first work it was possible to draw in-depth conclusions
about the minimal information needed for reproduction, but also to make recommendations for future
research goals. Furthermore, an application for the calculation of battery performance was designed,
where the calculations are based on minimal information. In the evaluation of the literature it was found
that in the majority of publications carbon additives are used in the cathode composites. In the second
publication, the focus was on the optimization of battery performance using carbon additives and the
influence of their carbon morphology and surface. Cycling experiments and microstructure-resolved
simulations show that with fibrous carbons a higher utilization of the cathode active material can be
achieved. However, carbon additives lead to an increased capacity loss due to the decomposition of the
solid electrolyte. The latter was investigated in more detail by means of cyclovoltammetry, X-ray
photoelectron spectroscopy and cyclization experiments. The degree of degradation is directly related
to the carbon morphology and surface. To prevent the reactions caused by the use of carbon additives,

a protective concept was developed and tested.

The results of this dissertation form the context for a comprehensive comparison of different cell
concepts. The basic parameters are presented and discussed. Thus, the current state of the art in the field
of solid-state batteries is summarized and evaluated. Recommendations and goals for a successful
further development of solid-state batteries can be derived from this thesis. In the second part of the
thesis such an optimization was carried out. The positive influence of carbon additives was examined

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






Zusammenfassung

Aufgrund ihrer potentiell htheren Energie- und Leistungsdichte, dem geringerem Einfluss der
Umgebungstemperatur (Gefrieren des Flissigelektrolyten) und héherer Sicherheit im Vergleich zu
flussigelektrolytbasierten Lithiumionenbatterien gewinnen festelektrolytbasierte Lithium-Batterien
zunehmend an Bedeutung. Es haben sich eine Vielzahl von Anodenkonzepten, Festelektrolyten und
Kathodenkonzepten entwickelt. Uber die verschiedensten Kombinationen kénnen alle KenngréRen der
Batterie, wie die Energie- und Leistungsdichte, Zyklenstabilitat, aber auch die chemische Stabilitét
zwischen den Materialien beeinflusst werden. Zusétzlich kann es ndtig sein, weiter Additive oder

Schutzkonzepte einzusetzen.

Das erste Ziel dieser Dissertation war es, einen umfassenden Vergleich der aktuellen Literatur
durchzufuhren und diese mit eigenen Batteriedaten als Referenz in Kontext zu bringen. Dies war nétig,
da in der Literatur Ergebnisse teilweise nicht in die vorhandene Literatur eingeordnet werden, keine
Referenz beigefligt oder keine konsistenten Angaben zu Massen und Herstellungsmethoden gemacht
werden. Mittels dieser ersten Arbeit konnten tiefgreifende Rickschlisse auf die minimal nétigen
Informationen flir eine Reproduktion, aber auch Empfehlungen fir zukinftige Forschungsziele
getroffen werden. Weiterhin wurde eine Anwendung zur Berechnung der Batterieleistung entworfen,
bei der die Berechnungen mittels minimaler Angaben erfolgt. Bei der Auswertung der Literatur wurde
festgestellt, dass in der Mehrzahl der Publikationen Kohlenstoffadditive in den Kathodenkompositen
verwendet werden. In der zweiten Veroffentlichung lag der Schwerpunkt auf der Optimierung der
Batterieleistung mittels Kohlenstoffadditiven und dem Einfluss der Kohlenstoffmorphologie und
Oberflache auf Diese. Zyklisierungsversuche und mikrostrukturaufgeltste Simulationen zeigten, dass
mit faserformigen Kohlenstoffen eine hohere Ausnutzung des Kathodenaktivmaterials erreicht werden
kann. Allerdings fuhren Kohlenstoffadditive zu einem erhéhten Kapazitatsverlust aufgrund der
Zersetzung des Festelektrolyten. Letzteres wurde mit Hilfe der Zyklovoltammetrie, der Rontgen-
Photoelektronenspektroskopie und von Zyklisierungsversuchen néher untersucht. Der Grad der
Abreaktion steht dabei im direkten Zusammenhang mit der Kohlenstoffmorphologie und Oberfl&che.
Um die durch die Verwendung von Kohlenstoffadditiven verursachten Reaktionen zu unterbinden,

wurde ein Schutzkonzept entwickelt und getestet.

Die Ergebnisse dieser Dissertation bilden den Kontext fiir einen umfassenden Vergleich
verschiedener Batteriekonzepte. Die grundlegenden Parameter werden vorgestellt und diskutiert. So
wird der aktuelle Stand der Technik im Bereich der Feststoffbatterien zusammengefasst und bewertet.
Aus dieser Arbeit kénnen Empfehlungen und Ziele fiir eine erfolgreiche Weiterentwicklung von
Feststoffbatterien abgeleitet werden. Im zweiten Teil der Arbeit wurde eine solche Optimierung
durchgefuhrt. Der positive Einfluss von Kohlenstoffadditiven wurde naher untersucht und die

bestehende Zersetzung durch ein neuartiges Schutzkonzept reduziert.
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Introduction

1 Introduction

1.1 Motivation

In recent years, the awareness increased that the use of non-renewable goods must be
reduced and that the climate on our planet must be treated more carefully. Especially, in the
last 40 years, carbon-based energy production resulted in an explicit increase of atmospheric
carbon dioxide.»? This results in a transformation from a purely consumerist society to a
modern society that is conscious of the available resources and aware of their limitations.
Social developments, such as the desire for a rapid exit from energy production using coal and
nuclear power, the desire to base future mobility on electric vehicles or the efforts to develop
new climate goals illustrate the rise of this new awareness.® Considering this transformation,

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

Renewable resources such as wind, water and solar energy must be used more
intensively.® The greatest challenge in using these energy sources is to be able to balance the
natural fluctuations in their availability. In addition to the optimization of other aspects in the
modern energy supply chain, such as production processes or the transport of energy, a new
field will establish itself in this system, namely energy storage. Centralized or decentralized
energy storage enables the compensation of production fluctuations. Storage of the produced
energy is possible with rechargeable battery systems. In order to be able to use battery electric
vehicles (BEV) — vehicles with internal combustion engine are responsible for 20 % of global
CO, emissions* - modern and rechargeable battery systems are necessary, specially adapted to

the requirements in the area of mobility.®

The financial funding of BEVs and increased use of renewable energies leads to a
significant grow in demand for current state-of-the-art lithium-ion batteries (LIBs).® For many
companies, battery manufacturing is a core competence and should be developed and produced
in-house. This also enables the possibility of specific designs for the respective requirements
and ensures a stable supply.” In particular, power and energy density are key parameters for
batteries in the automotive sector. The power density enables fast battery charging, while high
energy densities enable long range of vehicles and compact design of batteries. Since 1991 the
energy density of liquid electrolyte-based LIBs increased by a factor of four. But a
physicochemical limit will soon be reached.® This is manly defined by the limited capacity of
the graphite electrode (372 mAh-g?). Therefore, lithium metal with a superior capacity of

3860 mAh-g! attracts increasing attention as anode material.
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In the case of liquid electrolyte systems, inhomogeneous lithium deposition and
dissolution during charge and discharge can lead to lithium dendrite formation. These grow
through the electrolyte, as soon as they reach the cathode side, self-discharge along the
dendrite occurs, resulting in heat formation and in a possible ignition of the liquid organic
electrolyte.” Due to these safety concerns “beyond LIB” systems are becoming more attractive
for industry and research. These often include a solid electrolyte (SE). The high shear modulus
and high Li* transference number of SEs potentially prevent the dendrite growth.® SEs have
transference numbers of around 1 and liquid electrolytes around 0.5. These so-called solid-
state batteries (SSB) are promising candidates for future high-energy applications.®

The properties of the SE are of particular importance for the success of solid-state
batteries. SEs can be classified as solid polymer electrolytes and inorganic SE. Inorganic

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

For the polymer electrolyte class polyethylene oxide (PEO) is one of the most extensively
studied  polymers. In the polymer a lithium salt (e.q. Lithium
bis(trifluoromethanesulfonyl)imide, LiTFSI) must be solved to achieve the needed ionic
conductivity. These electrolytes benefit from low manufacturing costs due to established roll-
to-roll processing. The good electrical contact to the adjacent cell components and the stability
against lithium metal are positive for the application as well. The ratio of binder, lithium salt
and other additives makes the development of these electrolytes very complex. Furthermore,
the polymer electrolytes show only low conductivities at room temperature. To obtain

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

The class of oxide-based electrolytes is characterized by easy handling in atmosphere and
resistance against dendrites, due to a compact composition. LLZO is one of the most popular
representatives of these electrolytes. However, sintering of the electrolyte is necessary to
obtain the compact composition and to reduce the otherwise too high grain boundary
resistances within the electrolyte. Sintering steps are associated with high efforts and costs for
the industry. Furthermore, the interfacial resistance to other battery components is usually

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

The class of sulfide electrolytes is currently one of the most likely candidates for
industrial application (e.g. LisPS4 and LigPSsCl). These electrolytes show room temperature
conductivities comparable to liquid electrolytes. Their good malleability leads to easy
processing and low grain boundary and interfacial resistances. The synthesis is potentially
scalable and liquid phase-based syntheses seem to be possible as well. One of the challenges
of this material class is clearly the small thermodynamic stability window. This results in the
formation of a solid electrolyte interphase (SEI) upon contact with lithium metal. This results

in poorly conducting products (e.g. polysulfides, Li.S, P,Ss) that reduce battery performance.?
2
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However, SEI formation is Kkinetically inhibited, which enables batteries with good
performance data on a laboratory-sized scale. For industrial applications, protection concepts

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

On the cathode side, the SE is combined with a cathode active material (CAM) and
possible further additives. Due to the good contact and low porosity during compacting,
mainly sulfide-based electrolytes are used. For the active material there is again a wide range
of possible materials. The best known are LiCoO., nickel-rich intercalation materials (e.g.
Li(NixCoyMn;)O., NCM), LiFePO4 and high-voltage spinels such as LiNigsMn1504. LiC0O;
and LiFePO. have too low capacities for solid-state cells with high power and energy densities.
Due to the large potential difference between spinels (low chemical potential of lithium) and
anode (high chemical potential of lithium), a pronounced degradation results when used with
sulfide electrolytes. The nickel-rich intercalation materials are already being used in liquid
cells and experience is available. They are known for their high capacities. Successful coating

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

The multitude of possible combinations for battery materials and the current focus of
research on batteries leads to a very high number of publications in this field. Competitive
thinking and also commercial interest result in the fact that the way of publication is not
uniform. That could imply that information on masses, volume ratios or manufacturing
methods are omitted or not fully reported. Therefore, it is difficult to reproduce results
mathematically (e.g. calculation of energy densities) or to reproduce results practically in the
laboratory. Additionally, reference data of unmodified systems are missing often. Critical
parameters such as power, energy or current density are influenced by many different
parameters. Uniform guidelines for publications and understanding the relationships between
the individual parameters would be very helpful. A comprehensive evaluation of publications
is extremely difficult and is hardly found in the literature. This is the motivation for the first

publication of this thesis.

After evaluating the current state of the literature, a single aspect within the solid-state
cell can be studied more closely and optimized. It has been found that within the cathode the
use of carbon additives can have positive and negative effects. The right ratio between ionic
(thiophosphate SE) and electronic (carbon additives) percolation paths is crucial for batteries
with high power and energy densities. The second publication of the thesis focuses on this

field of research.
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1.2 Outline

With the beginning of this thesis project, a main research question was whether the use
of a lithium metal anode in combination with a sulfidic electrolyte (B-LisPS4) is possible.
Already published studies have shown thermodynamically small stability windows of this
SE.® Furthermore, the degradation of the SE could be demonstrated by in-situ X-ray
photoelectron spectroscopy (XPS) studies for a sulfide electrolyte.!> However, the practical
application in an SSB showed acceptable battery performance, which was even comparable to
SSBs already using protection concepts. Furthermore, the energy density of such an SSB could
be increased to over 100 Wh/L by adapting the cell composition (publication 1). Although the
SE decomposes at the anode interface, it is kinetically hindered and enables batteries to be
cycled for more than 200 cycles. However, a classification of the experiments carried out in
the context of current literature has shown to be difficult. The majority of publications apply
already modified battery components. These may be protected CAM, additional protective
layers on the anode side or even other anode concepts which do not show instability towards
the sulfide electrolyte. Furthermore, it has been found that often not all necessary information
for a reproduction is included in the publications. For example, information on the masses

used for the separator and the anode are usually missing.

This provides the motivation for the first publication. The performance of current SSB
concepts should be compared in broad terms and with a common reference. The reference are
the own battery data, since no protection concepts are used. As common battery concepts
thiophosphate-, oxide-, phosphate- and polymer- based SSB are compared. To allow a quick
comparison, the performance parameters are calculated from fundamental equations. Due to
the extensive comparison of the publications, many conclusions could be drawn about the
complex relationships between the parameters, the minimum necessary information for a
reasonable reproduction of data and recommendations for future research goals. Additionally,
a benchmarking tool is created which allows the calculation of the performance parameters for
batteries out of the fundamental equations and parameters. The performance evaluation,

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

During the evaluation of the literature, it was noticed that in the majority of the
publications carbon additives are used in the cathode composites. However, publications have
shown that carbon additives can have negative effects on battery performance due to induced
redox activity of the SE.}*-16 At the same time, there are also publications that prove a positive
influence of carbon in the cathode, based on the high electronic conductivity of the carbon
additives.'® After the first publication the focus is on optimizing the battery performance.
Since the influence of carbon additives is not yet known in detail, this is part of the further

research for this thesis.

4
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Therefore, in a first joint work with Felix Walther, the influence of one carbon species
was considered separately.® Batteries with this carbon additive showed increased long term
fading of the capacity, suggesting a degradation mechanism to be present. In this work, the
focus is on the analysis of this mechanism. The mechanism could be elucidated by depth
profile XPS and time-of-flight secondary ion mass spectrometry (ToF-SIMS) investigations.
Within the potential range of the battery sulfate, sulfite and phosphate formation takes place

at the Carbon/SE interphase.

The above-mentioned work is followed by the second publication for this thesis. In this
paper carbon additives with different morphology and surfaces are compared and their
influence on the battery performance is investigated. Simulations of the cathode composite
show a lack of electronic conduction paths when no additives are used. However, carbon
additives always induce the mentioned degradation of the SE, which could not be simulated.
Furthermore, the degree of degradation is different for the different types of carbon. Vapor
grown carbon fiber (VGCF) showed the least amount of degradation and also a positive
influence on battery performance. Nevertheless, the continuing degradation significantly
reduced the long-term performance of batteries. For this reason, a protection concept was
developed which has similarities to an insulated cable. The decomposition was reduced and

the positive influence of the carbon additive was maintained.

The results of this Ph.D. thesis provide the context for a comprehensive comparison of
different battery concepts. The fundamental parameters are presented and discussed. Thus, the
current state of the art in SSB performance is summarized and evaluated. From this thesis
recommendations and goals for a successful further development of SSBs can be derived. In
the second part of the thesis such an optimization was addressed. The positive influence of
carbon additives was studied in more detail and the existing decomposition was reduced by a

novel protection concept.

The following chapter will discuss in detail the publication by Lee et al.?’ and the applied
techniques will be embedded in the context of battery research. This work was published at
the same time as the first publication of this thesis and could therefore not be included in this
comparison and evaluation. The battery presented by Lee et al.?® represents a significant
improvement compared to the current state of research. Therefore, the special features of this
battery concept will be discussed and their influence will be presented and positive as well as

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

2.1 Solid-state batteries: general design

The subject of solid-state batteries has been common in research for some years, but the
focus on this topic by large companies such as Volkswagen, Toyota or Samsung has
significantly increased the momentum in research. A large number of national and
international research projects and a whole series of newly founded startups have been created.
The main motivation for the application of SSBs is based on the potentially higher safety, the

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

Due to the high shear modulus of the SEs, they are intended to serve as physical barrier
for dendrites. This would allow the use of a lithium metal anode, which can significantly
increase energy densities.?*2 In addition, the SEs are resistant to thermal runaway and can be
used in a much wider temperature range.?* SEs are single-ion conductors. This means that the
transport of lithium ions takes place through the crystal structure, preventing concentration
gradient buildup across the electrolyte. This means that high current densities can be achieved,
which can enable the fast charging of batteries.?

An idealized and minimalistic SSB consists of a lithium metal anode, a SE separator layer
and a cathode composite, which is a mixture of the SE and a CAM (e.g. LiCoOs,,
Li(NixCoyMn,)O,). The SE layer is sufficient as separator of anode and cathode. During
charging, lithium ions are removed from the CAM (oxidation), move through the SE towards
the anode and are deposited as lithium on the anode again (reduction). Because the SE does
not conduct electrons, these migrate from the cathode to the anode via an external circuit and
thereby operate an electronic consumer. The reverse process takes place during discharging.
Figure 1 illustrates the differences between liquid electrolyte and solid-state batteries and the

functional principle of state-of-the art batteries.

However, due to various additional, unwanted reactions, which decompose components
or build up poorly conducting interlayers, a reduction in battery performance can occur.
Therefore, it is necessary to apply additional protective layers or coatings between cell
components or on components itself. It may also be necessary to use additives such as carbons
to compensate for limitations caused by insufficient conduction pathways. This is the reason
for the complexity of this research area and the wide variation of different anodes, SEs, cathode

materials and cathode composite compositions.
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Liquid electrolyte Solid-state
lithium ion battery lithium ion battery
) )
~ ® CAM ~

O SE

[] Liquid electrolyte
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Figure 1: Conventional liquid electrolyte battery containing a CAM (e.g. NCM), a liquid electrolyte
including a separator and a graphite anode. A solid-state battery is constructed by substitution of the
liquid electrolyte by an inorganic solid electrolyte. The SE also functions as a separator. In this example
the graphite anode is replaced by a lithium metal anode.

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

“Samsung cell”

The recently published work of Lee et al.2® impressively demonstrates the possibilities of
SSBs. By the right choice of materials, manufacturing methods and additives a solid-state cell
with high energy density (546 Wh-kg™, to anode, SE and cathode mass) and free of dendrite
formation could be demonstrated. Furthermore, the existing decomposition reactions were
addressed by the choice of materials and coating material. Thus, an SSB could be operated for
1000 cycles with only low losses. Another important aspect of this battery was that it had a
capacity of 0.6 Ah, which was significantly larger than conventional laboratory cells (ca.
1.5 mAh). The long-term cycling was also carried out at a relatively high current density of
3.4 mA-cm? (0.5 C).

The anode consists of an Ag-C composite and enables the cell to operate without excess
lithium. The resulting anode is therefore very thin (7.5 pum), which is an important factor in
increasing energy density. Furthermore, this anode leads to a homogeneous lithium deposition
and thus to the possibility of applying higher current densities. However, the exact working
principle of this layer has not been fully clarified. The process is described in such a way, that
lithium is incorporated into both carbon and silver nanoparticles at the beginning of the
charging process. This leads to the formation of an Ag-Li alloy and to the expansion of the
particles. During further charging, the silver nanoparticles/silver lithium alloy particles shrink,
which is associated with the beginning of the deposition of metallic lithium on the current
collector. This also causes the Ag particles to crack. Furthermore, the Ag nanoparticles move
towards the current collector, where they are supposed to promote homogeneous lithium
deposition. It is also observed that the lithium deposition takes place between the Ag-C

composite and the current collector, which has never been observed before. The exact role of
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carbon is not clear. It could be responsible for a homogeneous contact with the SE and a more
homogeneous nucleation of lithium. Furthermore, the paper refers to the ionically conductive
and mechanically stabilizing properties of carbon. However, it is questionable why lithium is
deposited between the current collector and the Ag-C interlayer, as this does not seem to be

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

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

®@Ag ®C © Ag-Lialloy

permission from Nat. Energy Copyright 2020 Springer Nature.?°

It is important that the performance is demonstrated at 60 °C and with an external
pressure of 2 MPa (20 bar). At this temperature the problem of dendrite growth is often reduced
considerably compared to room temperature.?® In addition, the combination of external
pressure and elevated temperature leads to easier/accelerated dissolution kinetics of lithium,
since the contact loss due to pore formation can be suppressed by faster vacancy diffusion.?’

An important factor for the good performance of the battery is due to the argyrodite based
SE, which has high ionic conductivity and is prepared dense. A dense SE reduces the
probability of dendrite formation, improves the contacting of the CAM within the cathode,
reduces grain boundary resistances and can contribute to lower interfacial resistances. The SE
is LigPSsCl (ort = 1.8 mS-cm™) with a particle size of 3 um. This particle size is already
extraordinarily small and thus results in a dense composition. An additional compacting is
achieved by the warm isostatic pressing (WIP) during cell production. Here, the electrodes
and the SE are pressed and compacted at an elevated temperature and a pressure of 490 MPa.
Details on the applied temperature are not given. Corresponding SEM cross-sections illustrate
the effect of additional pressing (Figure 3). Hardly any pores are visible in the SE and the

cathode.
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After WIP

Figure 3: Changes in interfacial properties of SE and cathode by applying warm isostatic pressing
(WIP) at elevated temperature and 490 MPa. Reprinted with permission from Nat. Energy Copyright
2020 Springer Nature.?°

The achievable discharge capacity and the resulting energy density in the cathode
composite is determined substantially by the CAM used. In the work of Lee et al. a nickel rich
NCM intercalation material (LiNio.90C00.0sMnos02) was used. This material is additionally
coated with Li,O-ZrO, to prevent reactions with the SE. The CAM content is relatively high
with 85 wt.%. This results in an area loading of 6.8 mAh-cm2. In the cathode composite, an
argyrodite-based SE is also used, but this has a different morphology than the separator
electrolyte between the anode and cathode. In the publication is a particle size < 1 um reported,
which results in a further reduction of the porosity and an improvement of the contact between
SE and CAM. The SE in the cathode must be particularly oxidation stable, as it is in direct
contact with the CAM.

The mentioned characteristics of the battery result in excellent energy densities. The
small-particle SE and the carbon fibers in the cathode composite lead to very good contacting
of all NCM particles. In combination with the homogeneous lithium deposition, high current
densities can be realized. Above 1 C, however, there is also a build-up of a significant
overvoltage. The reason for this can be a limitation due to the ionic or electronic conductivity

in the cathode composite. Long-term cycling is carried out at 3.4 mA-cm? (0.5 C) and at a
9
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temperature of 60 °C. The following Figure 4 is taken from the publication and illustrates the
battery performance.
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Figure 4: Electrochemical performance for a SSB with the composition Ag-

C|LisPSsCI|LiNi.90C00.0sMng.0502/LisPSsCl. Reprinted with permission from Nat. Energy Copyright
2020 Springer Nature.?

Based on the information in the manuscript, the specific energy and the specific power
of the presented battery can be calculated. The two values were calculated ignoring the
packaging of the battery materials, so that they do not correspond to the data in the manuscript.
This allows the comparison of the results with the performance of previously published solid-
state batteries.?:29.38-47.3048-53.3137 The comparison is shown in Figure 5 in the form of a
Ragone-Plot. The additional literature values are taken from Randau et al.>* and the reference
numbers in the Figure are taken from the publication.
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Figure 5: Ragone plots for cells cycled at a) ambient and b) elevated temperature. 5*

After the paper by Lee et al.?® was described in more detail and the composition and
influence of the chosen materials and concepts on the battery were described, a broader
discussion should take place. Here, the three main factors responsible for good battery
performance will be discussed in more detail. The solutions of Lee et al. will be compared to
the current literature and alternatives or further improvements will be presented. The following

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

For the anode discussion it is important to understand the function and task of the anode
and to compare and evaluate the different anode concepts. In the discussion of the solid
electrolyte the focus lies on the possibilities of synthesis and implementation of a small-
particle and dense separating SE layer. The cathode discussion highlights the properties of
different CAM types, the influence of the cathode composite composition, the stability issues
of CAMS and a general discussion on coating strategies for CAMs. A comprehensive
presentation of all possible CAM coating materials will not be given, as this will not be

possible in the context of this thesis.

2.3 Anodes for lithium ion and solid-state batteries

In the field of battery development and electrochemistry it is common to speak of an
anode and cathode, if the negative or positive electrode is meant. Depending on whether the
battery is being charged or discharged, however, the terms change. If the battery is discharged,
in a classical LIB the graphite electrode is the anode and the electrode with the active material,

e.g. NCM, is the cathode. This description should be maintained to simplify the following
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discussions. An anode can be described in simple terms as a host structure for lithium ions. In
the charging step of a battery, lithium ions are incorporated, which are removed again during

the discharge step.*

An ideal active anode must fulfil a number of requirements: (1) It should be as light as
possible and at the same time be able to accommodate a high lithium content. The mass of the
host structure material is electrochemically not active and has a direct negative influence on
the energy and power density. >+ (2) The redox potential of the electrode against Li*/Li must
be as low as possible. In addition, the redox potential should not be influenced by the lithium
concentration in the electrode. This potential has to be subtracted from the potential of the
cathode in order to obtain the cell voltage. This property influences the energy and power
density as well.*® (3) The anode must have a high electronic and ionic conductivity. Depending
on the charging or discharging of the battery, the reduction or oxidation of lithium takes place
in the anode. The better electrons and lithium ions can be transported into or out of the anode,
the higher current densities are possible, because of lower charge transfer resistances.
Resulting in higher power densities.'”*” (4) In the case of a LIB with liquid electrolyte, the
anode must not dissolve in this solution or react with the electrolyte or other components in it
(lithium salts). The same applies to cells with an SE. The decomposition products which form
in both cases are mainly binary compounds (e.g. PFs, LiF, HF, Li,S, P2Ss) with small ionic
and electronic conductivities, or isolating properties. This will result in a buildup of resistances
and reduced electrochemical performance. (5) A homogeneous and reversible lithium
deposition or dissolution must be realized. In the first instance, a non-homogeneous
deposition/dissolution reduces the achievable current densities. If this takes place over many
cycles, the formation of lithium dendrites is likely. These build up through the electrolyte and
can reach the cathode. If this is the case, the cell will self-discharge. High currents flow along
the dendrite, which can lead to heating and finally to decomposition of the liquid electrolyte
and burning of the battery. This is called thermal runaway. An SE can prevent a fire of the
battery, but also SEs can be prone to dendrites depending on their morphology. Dendrite
formation is increased when a SEs shows grain boundaries. Large SE particles and low
malleability increase the amount of grains in a SE. Dendrite formation takes place along the
grains and a short circuit is possible with an SE. Along the formed dendrite the decomposition
of the SE is increased as well. With synthesis and after syntheses methods dense SEs can be
received (chapter 2.4)%% (6) The materials used must be cheap and environmentally friendly.
With the increasing presence of LIB in the commercial market, the question of the recycling

of old battery cells must be addressed.%’

12



On the way to commercial solid-state batteries

2.3.1 Graphite in LIBs and SSBs

Graphite is the most commonly used anode material in LIBs. The possibility of storing
lithium in graphite by intercalation was first published in 1955.%8 Lithium is stored between
the graphene planes and this process involves several phase transitions with increased lithium
contend until LiCs is formed (Egs. 1-5). These phase transformations are strongly depending
on the anode morphology (porous and small particle) and the used liquid electrolyte.
Exfoliation of the anode and cointercalation of Li and solvent molecules must be
prevented.>®%° The proof of the reversible storage was published in 1976 by Besenhard and
Eichinger.®*®? Increasing the Li content in LiCs is possible®®, but no reversible cycling beyond
LiCs could be obtained. The graphite anode can thus be cycled between Cg and LiCs, with a
theoretical capacity of 372 mAh-g™.

Ce + 0.083Li* + 0.083e™ = Lig 9g3Cs 1)
Lip 0g3Ce + 0.083Li" + 0.083e™ = Lig166Ce 2
Lig166Cs + 0.056Li* + 0.056e™ 2 Lig 5,,Cq (3)

Lig 222Ce + 0.278Li* + 0.278e™ = Lig 5Cq (4)
LigsCe + 0.5Li* + 0.5e™ = LiCq (5)

The potential of the graphite electrode is approximately 0.15 - 0.25 V against Li*/Li. A
reduction of the cell voltage between AAM and CAM and the associated influence on the
energy density is therefore only minor.®® Graphite is a semi-metal with an high electronic
conductivity at room temperature of about 102 S-cm™. LiCs has a high Li-ion diffusion
coefficient of 10 - 10"2° cm?-sL, These values are sufficient for battery applications and higher

current rates (approx. 1C).%®

In a battery with liquid electrolyte, graphite must be protected from the electrolyte.
Otherwise the electrolyte or additional lithium ions would intercalate into the graphite planes.
Additionally, electrolyte decomposition can lead to gas formation. The intercalation and gas
formation lead to an expansion of the anode and a cracking of this. To prevent this and realize
the high reversibility of the graphite anode, ethylene carbonate (EC) is used as electrolyte or
major portion of it. During the first charge EC is reduced due to the high potentials. The formed
decomposition products and resulting SEI consist of (CH,OCO,L.i),, CH3zOLi, CH30COxLi,
Li»COs. These products adhere compact onto the graphite anode and act as a passivation layer
to prevent massive reduction of other electrolyte species. The chemical composition and
thickness are crucial for the positive effect of the SEI. However, the use of the chemical
related, but higher conductive solvent propylene carbonate (PC) is not suitable, because the

resulting SEI is too thick and not homogeneous. Increased decomposition and gas formation

13
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of other electrolyte components will be the result.®® In general the lithium ion flow must be
small enough to give the ions time to diffuse into the graphite.®*%* Otherwise the Li deposition
is not homogeneous and additional safety problem will result (dendrite formation and thermal
runaway). This fact clearly limits the maximum achievable current density in batteries with a
liquid electrolyte and a graphite anode. An overview of the different interphase challenges is

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

One aim of the research is to further increase the capacity of the anode. However, in order
to effectively increase the total capacity of the battery cell, the balancing of the capacities of
CAM and anode active material (AAM) is crucial. Typical CAM show capacities of 140-200
mAh-g % the gain in capacity of the total cell by increasing that of the anode element alone
is thus limited. If the specific capacity of a typical 18650 cell is calculated as a function of the
anode capacity, taking into account a cathode capacity of 200 mAh-g* and all package
components, the total cell capacity will increase till saturation above an anode capacity of
approximately 1200 mAh-g™. This illustrates the interdependence of the cathode and anode
capacities and at the same time shows that an increase in capacity for the AAM is still

reasonable.5®
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Figure 6: Total capacity of a 18650 LIB as a function of the anode capacity, for two cathodes having
capacities of 140 and 200 mAh g-1. Reprinted with permission from J. Power Sources Copyright 2006

Elsevier B.V.%

Beside the thermal runaway and dendrite formation, especially the SEI formation is a
strong motivation for the replacement of liquid electrolytes by an SE. The SEI formation must
be done by the manufacturer and is time and cost intensive. SEs have a lithium transference
number close to 1 (liquid electrolyte = 0,5)8%" and in the last years SE conductivities have
been achieved which are comparable to those of liquid electrolytes or even higher.37:6869
Resulting in an more homogeneous lithium deposition and dissolution due the absence of an

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

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

However, the use of SE also raises new challenges. The contact between SE, AAM and
current collector is very important. A bad contact would result in high interfacial resistances.
Due to the viscous character of the liquid electrolytes, they always have good contact and can
compensate volume effects of active materials. When a SE is applied the volume extension of
the AAM (due to LiCes formation) is difficult to compensate, due to its solid character. The
intercalation of Li* into the graphite lattice results in an expansion of the unit cell by almost
46 %. This significant expansion will further compact the SE or lead to cracks within the SE.
If Li* is now removed again during discharge, the graphene lattice shrinks. Since most SEs are
not elastic in this way, there will be a contact loss between AAM and SE. Additionally, SEs
show various degradation mechanism due to the chemical potential of lithium in the battery.
Decomposition reactions on the anode are discussed in chapter 2.3.2 and for the cathode side

in chapter 2.5.3.

In recent publications, however, it has been found that carbons can cause decomposition
reactions in combination with a sulfidic SE. The electronic contact, low chemical potential of
lithium and potentials above approx. 2 V vs. Li*/Li lead to a formation of a redox pair. The SE
is oxidized to long-chain polysulfides with S° character.'>161° These products have lower ionic
conductivities than the intact SE and therefore cause resistances to build up within the battery
cell, which leads to a decrease in cell performance. However, these decomposition reactions
are monitored in symmetrical cells and a transfer of these findings to the battery anode should
be possible.” The exact relationships and influences within SSBs need to be investigated more

closely.

2.3.2 Lithium metal anode

The lithium metal anode is considered to be the most promising anode for modern and
future battery concepts. However, the use of this anode is hindered for batteries with liquid
electrolytes, due to severe dendrite formation. Low transference numbers and concentration
gradients in liquid electrolytes result in an non homogeneous lithium plating, a locally thicker
lithium and after several cycles dendrites can cause a short circuit. ">”® Therefore, the use of a
lithium metal anode is only practical in combination with an SE and the following discussions

refers to solid-state cell systems.

Lithium has the lowest electrochemical potential at -3.04 V compared to the standard
hydrogen electrode. This allows the highest voltage differences between cathode and anode to

be achieved. Therefore, the energy and power densities are influenced positively by usage of
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this anode material. The theoretical capacity of 3860 mAh-g is also exceptionally high. As a
result, only small amounts of lithium metal are needed as host structure, or as lithium source,
if the CAM is not lithiated. Furthermore, a small excess of lithium metal can have additional
benefits for the battery performance, as lithium loss due to e.g. SEI formation can be
compensated to a certain degree. Additionally, lithium also has a low density of 0.534 g-cm.
This means that if lithium is needed in the system, it will have only a small negative effect on

the total mass of the cell.

The ductility of lithium also allows easy pressing onto the current collector or the SE.
Thus, a low interfacial resistance can be obtained. A respective example is provided by the
work of Krauskopf et al.** This work shows that the interfacial resistance between SE and pure
lithium can be reduced to practically 0 Q-cm?with an external pressure of 400 MPa. Impurities
on the surfaces (carbonate species), or SE decomposition products cause a higher resistance.
When using lithium metal in solid systems, particular care must therefore be taken to ensure
clean materials and surfaces. In systems with liquid electrolyte, it would be possible to remove
impurities via electrolyte additives or to remove them from the system via degassing. This is

not possible in solid-state cells.

It must be mentioned, that solid-state cells require a certain pressure, which compresses
the cell components during cyclization. This can improve the contact between anode and SE.
Typical pressures are 2 - 100 MPa. A homogeneous contact also reduces the probability of
dendrite formation. An external pressure can also be combined with an elevated temperature.
In general, the aim is to operate the cells at room temperature and achieve high performances.
This simplifies the application and it may not be necessary to use additional energy from the
battery for heating. However, the temperature has a strong influence on the lithium deposition
or dissolution. At higher temperatures, the problem of dendrite growth is often greatly
reduced.?® The combination of external pressure and elevated temperature improves the
kinetics of lithium dissolution or deposition. The loss of contact due to pore formation is

suppressed by the rapid vacancy diffusion.?

In addition, lithium is very reactive due to its low electrochemical potential. Especially
contamination of the atmosphere with carbonates, N, and H2O leads to a rapid passivation of
the surface. It is likely that during fabrication of the lithium foils a passivation layer is formed.
In general an outer LioCOs/LiOH layer with a 1-20 nm thickness is superimposed on a Li>O
layer (10-100 nm)." The lithium ions can then no longer diffuse through the passivation layer.
If lithium is added to water, highly flammable hydrogen is produced. The handling of lithium
is therefore connected with a greater expense. Gloveboxes filled with argon are used on a
laboratory scale. This would be too expensive for industry, which is why the focus is on dry

rooms with low boiling points. However, operating these is also a large cost factor.
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The low potential of lithium can also lead to reactions at the interface to the SE. If a
sulfide electrolyte is used, these reactions take place due to the small stability window of the
SE. Oxide and polymer SEs, on the other hand, have wider stability windows, which does not
lead to decomposition. For example, if LiioGeP.S:2 is used as a sulfidic SE, phosphorus is
reduced from +5 to +3 and germanium from +4 to 0, resulting in Li.S, LisP and Ge as
decomposition products. Wenzel et al.'? investigated this reaction in detail by in situ XPS and
the growth rates are determined. For Li1oGeP2S1, a rate of 3.60-107 cm-h4 and for Li;PsS1: a
rate of 2.33-108 cm-h® is found. After one year the formed SEI of LioGeP,S1, shows a
thickness of 370 nm and for Li;P3S11 of 23 nm. This would result in significant overvoltage
and the corresponding cells would only deliver low performance. These experiments clearly
show that sulfide SEs are thermodynamically unstable, but the reaction is kinetically hindered.
Thus, practical batteries on a laboratory scale are possible. However, for industrial application,
this decomposition must be prevented. An overview of the different interphase challenges is

shown in Figure 7.

This can be done either by using other anode concepts (e.g. Liln alloy or Ag-C anode by
Lee et al.?% or by investigating protection concepts, as is already being done for CAM. The
development of anode protection concepts is still in its early stages and literature is rare. An
example is the work of Zhang et al.?® where lithium metal is coated with phosphoric acid to
form LiH,PO.. This protective layer prevents the reduction of LiioGeP2S:1» SE, because
elemental Lithium is not in contact with the SE. The protection layer forms a uniform surface
and shows only a lithium ion conductivity. Battery cells could be operated with more than 500

cycles without major losses of capacity.
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Figure 7:Overview for the anode/electrolyte interphases of liquid electrolyte and SE based batteries
and for different interphase properties. For a liquid electrolyte battery, a thin and dense SEI is needed
for stable cycling. The SEI promotes a homogeneous Li incorporation into the graphite anode. Is the
SEI not fully close, locally higher a Li* flux will lead to dendrite formation. The absence of an SEI, or
the use of high conducting electrolytes (e.g. PC) can lead to an intercalation of lithium and electrolyte
molecules. Gas formation and anode cracking are the result. For an anode SE interphase, a stable SE
will lead to high Li* transference numbers and a small interphase resistance. A bad contact due to the
presence of hollows or grain boundaries can result in a fast formation of dendrites. The SE can as well
show chemical instabilities and decompose to products with small ionic conductivities, resulting in
higher interphase resistances.

2.3.3 In situ formed anodes

To describe this concept, it is first necessary to define the term in situ formed anode and
to put it into context with other terms in the literature. The aim of this type of anode concept
is to avoid the use of AAM on the anode side when building the battery. The lithium ions are
obtained from the CAM only and must shuttle completely reversibly between the anode and
cathode when operating the battery. In addition, there is no host material, such as graphene, in
which the lithium ions could be stored. The lithium ions must be deposited as lithium metal
on the anode current collector. There is no excess lithium in the system. As a result, it is
assumed that the more complex handling of lithium metal in production can be replaced in
order to save costs. Furthermore, an attempt is made to replace the established graphite anode
for LIB. This will increase the energy density, since no electrochemically inactive material

(graphite) is used.

In the literature the term anode-free battery is often used for this concept. This is of
course not a correct term, as a battery must have an anode at which oxidation takes place
during discharge, and a better term would be lithium metal-free or lithium metal reservoir-

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

anode is therefore more suited for this type of concept.

As already mentioned, the graphite anode is dominant in the field of LIBs. For SSB, the
focus of research is on the lithium metal anode due to the use of SEs and the high capacity and
low atomic mass of lithium metal. Further research is needed to show whether the in situ
formed anode can be applied successfully in SSBs and whether they will have advantages over
the lithium metal anode.

In literature, several approaches to implement an in situ formed anode for LIB are known.
The first approach is focused on the modification of the liquid electrolyte used. The
composition of the liquid electrolyte is changed to achieve a higher ionic conductivity. It is
intended that this will lead to a more homogeneous lithium deposition and dissolution. In this
example a 4 M LiFSi-DME electrolyte was used.” Usually electrolyte concentrations of 1 M

are used in the literature.

A similar approach was reported by Jote et al.”® However, they also consider the resulting
SEI formation at the liquid electrolyte/anode interface. Without the modification of the liquid
electrolyte the resulting SEI shows mainly ROCO.Li and Li,CO3 as components. By adding
FEC/TTE/DEC a LiF enriched SEI is formed. In the resulting SEI the Li,CO3 concentration
was reduced and a high concentration of LiF was present. The high Li* conductivity of LiF

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

The common current collector on the anode side is copper. Zhang et al.”” have coated this
copper foil with tin. At the beginning of the charging step a Li-Sn alloy is formed on the current
collector. Further lithium is now deposited on this alloy. Due to the high lithium diffusivity of

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

Polymers are widely used to address interface problems. They are notable for their simple
processing and good contact with adjacent components. Assegie et al.”® has coated the widely
used polymer (PEO) onto the copper current collector. The liquid electrolyte diffuses into the
PEO and allows ionic conductivity. When the battery is charged, lithium deposits between

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

Wondimkun et al.” coated the copper current collector with graphene oxide. The
graphene oxide is additionally wetted with fluoroethylene carbonate (FEC). The use of these
interface agents resulted in homogeneous lithium deposition between the copper current
collector and the graphene oxide. The Coulomb efficiency of corresponding batteries was

improved and lithium dendrites were apparently avoided.
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Finally, a reference needs to be made to the work of Neudecker et al.*® In this paper an
in situ formed anode for a thin film battery is demonstrated, i.e. lithium was deposited between
the LIPON solid electrolyte and the copper current collector. The use of a gas tight overlayer

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

The literature presented misses one crucial issue that significantly influences the concept
of the in situ formed anode. In LIBs as well as ASSBs there is currently always the formation
of different SEls, both in the cathode and at the anode interfaces. As far as known, lithium is
consumed in the formation of these SEIs. Since all lithium in this concept is provided by the
active material, lithium consumption through SEI formation has a much stronger influence on
battery performance than when there is excess lithium in the system.%® Therefore, it may be
reasonable to accept a slightly reduced energy density and the more expensive production due

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

2.3.4 Evaluation of the anode concept from Lee et al.

The design and the functional principle of the Ag-C composite anode by Lee et al.® has
already been described in detail in chapter 2.2. If this anode is now compared with the other
anodes presented, the concept of Lee et al. can be assigned to the field of an in situ formed
anode. According to our knowledge, this publication is the first to present an in situ formed

anode for SSBs with comprehensive data.

A guantitative comparison between an Ag-C composite anode and lithium metal anode
is very difficult because it is not clear how a pure lithium metal anode would appear and
influence the battery performance. The crucial point is whether excess lithium is required on
the anode side as host structure. If not, and a homogeneous deposition of lithium metal between
SE and current collector is possible, the improvement in energy density would be significant.
The Ag-C composite could be completely spared. On the anode side, only the deposition of
lithium metal from the CAM would have to be considered. This would be the same for both

cases and is therefore negligible.

If excess lithium is required on the anode side, an improvement in energy density can
still be achieved by using lithium metal. The density of lithium is five times lower than that of
the Ag-C composite. This would directly affect the gravimetric energy density. Since the same
dimensions (thickness 7.5 um) are assumed for the lithium metal as for the Ag-C anode, there

is no improvement in the volumetric energy density.

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

both cases elemental lithium is deposited, which represents the AAM.
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According to the current state of the art, however, the concept of the Ag-C anode by Lee
et al. is still the best solution. The instability of the sulfidic SE compared to lithium metal, the
formation of dendrites when using a pure lithium metal anode and the technically high effort
for the production of very thin lithium metal foils currently prevent the use of lithium metal
for the battery concept of Lee et al. If these challenges are solved, a further significant increase

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

2.4 Compact separating electrolyte

Like any electrochemical device, a lithium ion battery or SSB consists of two electrodes
(anode and cathode) and an electrolyte. The electrolyte separates anode and cathode
electronically to prevent self-discharge and avoids mechanical short circuit. It needs to have a
sufficient ionic conductivity to enable repeated shuttling of Li* ions between anode and
cathode. The type and properties of the electrolyte are determined by the choice of anode and
cathode. This means that the chemistry of the two electrode-electrolyte interfaces determines
the properties of the optimum electrolyte. These properties of an ideal electrolyte can be
summarized: (1) A large window of phase stability (e.g. no decomposition). Usually only
certain phases of a compound show the desired electrochemical properties (e.g. conductivity,
3D Li diffusion), these phases may in addition not be the energetically most stable phases.
Such compounds have to be produced by specific synthesis routes (stoichiometric ratio,
temperature programs, quenching). A phase change must not take place during operation of
the battery, e.g. caused by temperature effects; (2) A wide electrochemical stability window,
as the chemical potentials adjacent to the electrolyte influence its stability. High chemical
potentials of lithium lead to a reduction of the electrolyte, low potentials of lithium lead to
oxidation. The decomposition products usually have lower conductivities and thus reduce the
battery performance; (3) Non-flammability; (4) Non-toxicity; (5) robust against electrical,
mechanical and thermal strains; (6) good electrode-electrolyte contact. Resulting in small
interfacial resistances; (7) Abundant availability; (8) Non-corrosive to battery components; (9)

Environmentally friendly.

The large amount of work published on lithium ion batteries, solid-state batteries and
solid electrolytes in general, shows that an “ideal” electrolyte does not exist. A general
overview on the properties of the three main types of electrolytes (oxide, polymer and sulfide)
is given in chapter 1.1. The task is to find an electrolyte suited for the specific combination of
anode and cathode, with enough combination of desirable properties for an acceptable
commercial battery. There are several review papers published giving a broad overview on

SEs. o2
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As already mentioned in chapter 1.1, the class of sulfide electrolytes is the most
promising due to their good mechanical properties. A first relevant representative of this class
is the B-LisPSa4. Besides this phase, LisPS4 can be found amorphous, in a- and in y-phase. p-
LisPSs shows higher conductivities than the o-phase and is, in contrast to the y-phase,
obtainable via synthesis. The space group is Pnma and the ionic conductivity is about
1.7-10* S-cm™, with an activation energy of about 0.36 eV. However, the conductivity of this
electrolyte is not sufficient to operate batteries with high active material loadings and high C-

rates.8384

For this reason, recent literature increasingly uses another sulfide electrolyte, namely
LisPSsCI. This electrolyte shows a significantly higher ionic conductivity of about 1.8 mS-cm
1 at room temperature. This value is comparable to liquid electrolytes and therefore high
current densities are possible. The activation energy is 0.35 eV and the space group is F3m. In
addition, this electrolyte shows a higher chemical stability against a lithium metal anode than
the B-LisPSs.%

The following chapter will address a property of the SE which is not as present in the
current literature as e.g. the optimization of the ionic conductivity. This property is the
morphology of the SE, or more precisely the possibilities of obtaining a compact SE. The work
of Lee et al.?% shows in a remarkable way the strong influence of this property. In this work
the SE shows almost no porosity. A dense SE reduces the probability of the formation of
lithium dendrites.®® Dense pellets increase the mechanical stability, whereby the thickness of
the SE can be reduced.®® Thus, the energy density can be significantly increased.>
Furthermore, a thin SE reduces the corresponding resistance and therefore allows higher

current densities for a battery.

2.4.1 Syntheses of solid electrolytes with small particle size

A first approach would be to modify the synthesis of the SE and then investigate the
influence of the resulting particle size. In general, the focus of research is more on optimizing
conductivity than on the resulting particle size. Therefore, there are currently only few works

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

An example is provided by Liu et al.* Here the solid electrolyte B-LisPS; was
synthesized. The starting materials were dissolved in THF, and a LisPS4-3THF complex was
formed. The solvent was removed by heating, followed by a temperature treatment of the
amorphous LisPS4 to obtain nanoporous B-LisPSs. The annealing can take place at different

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

small crystallites (o2s.c = 2.1-10* S-cm?) than for larger crystallites (o2s.c = 1.7-10* S-cm™?).
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Figure 8: SEM images of SE particles received by the synthesis route described by Liu et al.
Respective pore diameters for the SE particles. Reprinted with permission from J. Am. Chem. Soc.
Copyright 2013, American Chemical Society.®

A work based on this synthesis method was published by Wang et al.®” This work makes
use of the small crystallites on the one hand, but on the other hand it extends the synthesis in
such a way that very thin layers were produced. The synthesis of B-LisPS. is similar to the
work of Liu et al.# The used solvent was replaced by ACN and the crystallization of the SE
took place at 200 °C. Crystallites with lateral sizes of 1 to 2 um and thicknesses of 80 nm were
obtained (o2sec = 1.2-10* S-cm™). The solid electrolyte was again suspended with ACN and
was dip coated onto a Ni foil. The solvent was removed during a temperature treatment.
Depending on the suspension concentration or how often the dip coating step was repeated,
the resulting thickness on the carrier foil was adjusted. Thicknesses from 8 to 50 um were

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

When comparing the voltages observed for Li stripping and plating experiments in
symmetrical Li|SE|Li cells, an eight times reduction (to 0.01 V) was observed when using a
50 pm membrane compared to a 500 pm membrane, which are typical layer thicknesses of
cold pressed SE powders. This indicates the possibility of achieving significantly higher

current densities in full cells. For stable cold pressed pellets, considerably higher amounts of
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SE material are required than for the methods described in this chapter. 20 % porosity is
expected for cold pressed pellets, which significantly reduces the mechanical stability of
corresponding SE pellets. Furthermore, the number density of grain boundaries is higher than
for more compact pellets. Along these grain boundaries the growth of lithium dendrites is
typically enhanced. To avoid these issues, more material has to be used. Pellet thicknesses of
approx. 500 um are the result, which means lower energy densities and higher resistances

within the batteries.

2.4.2 Methods to reduce solid electrolyte porosity after synthesis

The adjustment of the particle size during the synthesis is limited. The synthesis
conditions are specific for the respective product, and if they are not met, other products may
be obtained. Furthermore, the synthesis routes are often not published in detail by the
manufacturers, which makes it difficult to optimize the particle size during production on a
laboratory scale. Methods for adjusting the particle size or compacting after the synthesis
therefore seem promising. The aim is always to keep the porosity of the resulting SE pellets

as low as possible.

Due to the good ductility, cold uniaxial pressing of powders dominates in the field of
sulfide SEs. This gives good results, with common SE pellets having approx. 15-20 %
porosity.” The publication discussed in the previous chapter and of Lee et al.® clearly show

that more compact SEs are beneficial.

An extension of cold pressing is pressing at elevated temperature. The industry
differentiates between warm (> 500 °C) and cold (approx. 100-300 °C) pressing. It is possible
to compact the material uniaxially or isostatically. Uniaxial pressing can also be realized
continuously, which is called calendaring. When low temperatures are used, the material will
soften. Is pressure applied, pores can be closed and compact pellets are obtained. The
corresponding temperatures depend on the respective SE and should always be well below the
synthesis temperature. For sulfide-type SE, not more than approx. 200 °C should be used. If
the temperature is too high, phase transformations or recrystallization may occur. In
comparison, significantly higher temperatures (> 1000 °C) are required for compacting oxide-
type SE (e.g. LLZO). At these high temperatures a sintering process takes place in addition to
compaction due to softening. During sintering, impurities from the material are transported to
the surface of the material by solid-state diffusion. This step can additionally result in lower
porosity. A first publication that shows the positive effect of pressing at elevated temperatures
is the work of Hood et al.®8 This work produces freestanding LPS membranes with thicknesses

between 6 and 35 pum. By pressing the SE uniaxially at 200 °C and 200 MPa, membranes with
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a porosity of 2-5 % were obtained (Figure 9). Stripping and plating experiments with lithium
were performed with these membranes. It was possible to prepare thin membranes with
thicknesses of down to 12 and 6 um. The 12 um membrane of B-LisPS4 shows a conductivity
of 7.2:10° S-cm™ at 25 °C. The voltage for reversible lithium stripping and plating was very
low at 0.01 V. Lithium stripping and plating was demonstrated at current densities of 0.1 and

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

— 20 ym

Figure 9: SEM images of s-LisPS. freestanding thin films with various thicknesses. Reprinted with
permission from Adv. Energy Mater. Copyright 2018 WILEY-VCH.®

Lee et al.?® extends this procedure once again. In this work the cathode, anode and SE
were pressed together isostatically. Thus, in addition to the low porosity, the individual battery
components show very good contact with the adjacent battery components. This is represented
by a cell resistance of only 50 Q-cm? at 25 °C after the first charging step. Isostatic pressing
is performed at elevated temperatures (not specified) and 490 MPa. This procedure contributes
substantially to the extraordinarily good battery performance (see chapter 2.2)

2.4.3 Evaluation of warm isostatic pressing of Lee et al.

The advantages and effects of a compact SE have already been described in detail in
sections 2.2 and 2.4. Beside the high ionic conductivity (o=t = 1.8 mS-cm™) and the oxidation
stability of the LigPSsCl SE, the compact SE pellet is crucial for the high battery performance.
The compact pellets in the work of Lee et al.?® were obtained by firstly using a SE synthesized
with small particle size (3 um) and secondly isostatic pressing at elevated temperature for all
battery components. The pressing provides very good results on a laboratory scale. However,
it is not suitable for industrial applications because it cannot be operated continuously. The
resulting costs would be too high.® The aim therefore should be to realize a continuous

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

this method for SSB is currently awaiting publication.

2.5 The Cathode

Charging/discharging of a battery is an electrochemical process. The movement of
electrons from the cathode to the anode is induced by an external power source during
charging. This also results in the migration of lithium ions from the cathode to the anode. The
CAM is therefore delithiated and the anode is lithiated. During discharging, this process is
reversed, lithium ions diffuse from the anode to the cathode and a consumer can be operated
by an external power circuit by the electrons. The battery performance (e.g. capacity and
working voltage) depends mainly on the structure and type of the CAM. The capacities of
common CAM are approx. 130 to 220 mAh-g? and significantly lower than those of AAM
(graphite: 372 mAh-g?, Li metal: 3860 mAh-g?).%! The voltage difference between cathode
and anode is also significantly influenced by the CAM. Graphite shows only a slightly higher
redox potential than lithium metal (chapter 2.3.1), which has the lowest redox potential of the
elements (chapter 2.3.2). Potentials for CAM can range from about 2 V to 5 V vs. Li*/Li. This
strongly influences the energy and power density.®* In most cases, about 50 % of the battery
manufacturing costs can be attributed to cathode processing.®

Beside the choice of the CAM, the cathode performance is influenced by several factors
(e.g. material contact, chemical stability, mechanical stability, mixing ratios, additives). If
CAM particles are not contacted, they cannot be delithiated/lithiated. Another important aspect
is the chemical stability of the components used in the cathode. This includes on the one hand
the stability of the CAM as such and on the other hand the interaction between CAM and SE.
The stability of the CAM itself is not a major challenge. With intercalation CAM (lithium ions
are built into the structure) only a certain amount of lithium can be removed reversibly. If more
lithium is removed, the CAM structure is irreversibly damaged (Chapter 2.5.1).% With
conversion-type CAM (active material reacts chemically with lithium) only as much active
material can be converted as is present and contacted in the cathode.* Both limitations can be
clearly seen from the cell voltage and the limits are known for each CAM, batteries can

therefore be cycled accordingly.
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Table 1: Electrochemical and material properties of common CAM. %%

CAM Capacity / mAh-g* | Mean cell voltage vs Density / g-cm™®
Li*/Li/V
LiCoO; 137 3.8 4.79
LiNio.sMng2C00.20 170-190 3.7 4.78
LiNio.sC00.15Al0.0502 199 3.6
LiFePO, 170 3.2 2.7
LiMn,04 148 4.1 4.29

The narrow stability window of different SEs and the resulting oxidation of the SE has a
much stronger influence. This aspect will be described in a separate chapter in the following
(Chapter 2.5.3). Due to this topic a separate field of research has developed. Coatings for the
CAM have become a focus of current research, as it has been found to be difficult to further
improve the stability of the SE without losing its positive properties (structure and ionic

conductivity).

Furthermore, certain CAM may have special properties. The focus here is on the
mechanical breaking of intercalation CAM particles, due to the reversible change in structure
caused by delithiation. This affects the contact surface between CAM and SE. At freshly
formed CAM/SE interfaces, degradation reactions can occur repeatedly. Another important
issue is the diffusion of lithium ions within a CAM particle. If this is limited, an overvoltage
can build up in the CAM, which reduce the maximum current density and can lead to an early
interruption of a charging step due to the earlier reach of the upper cut-off potential. This
results in a non-complete usage of the CAM. These mentioned points represent the most
important aspects of cathode research and are therefore discussed in separate chapters in the
following. An overview on problems and the influence of coating materials on the CAM/SE

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

2.5.1 Cathode active materials

The first commercially used CAM for LIBs is LiCoO,. This is the parent phase for the
formula group of LiMO; (M = Co, Mn, Ni). This intercalation compound was first suggested
by Goodenough and Mizushima et al.” It was commercialized in the 1990s by Sony.%®
Depending on the synthesis method, two crystallographically different phases can result. The
material with layered lattice shows better electrochemical performance compared to the cubic
spinel lattice. In the fully lithiated state LiCoO; shows a layered structure with a hexagonal
unit cell. The crystal structure is compared to a-NaFeO,, which has the space group R3m. The
unit cell consists of three slabs of edge-sharing CoOg octahedra, separated by interstitial layers
of Li. This phase is called O; phase. With the removal of Li, nonstoichiometric Li-xCoO; is
formed and Co®" is oxidized to Co**. From LiCoO;, 50 % of lithium can be reversibly removed.
When more lithium is removed, the structure changes from hexagonal to monoclinic. Due to
this intrinsic structural instability the maximum achievable discharge capacity is 137 mAh-g
1. The average discharge potential for this CAM is 3.7 V vs Li*/Li.°2 However, LiCoO; is
undesirable for the application in the field of BEVs due to its high costs, safety concerns due

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

Great efforts are therefore made to develop new CAM and to improve them. The aim is
to reduce the Co content or replace Co completely. Three main classes of materials have
emerged from this, namely a-NaFeO,-type layered oxide, poly-anion oxide and spinel-type

oxide. Representatives of these groups are LiNixCoyMn1..yO,, LiFePO,, and LiMn,0..

The LiNixCoyMn1.x.yO> is a further development out of LiCoO;and LiNigsMnos0, a first
substitution attempt of Co from Ohzuku et al.*® The LiNixCoyMn;.xyO; class is mainly used in
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state-of-the-art LIBs. In LiNigsMnosO, the redox pairs Ni?*/Ni** and Mn?/Mn*" are
electrochemically active. The Mn** stabilizes the structure during processing. However,
extensive characterization revealed a Li/Ni disorder presence in the pristine material.10%-101
Eight to ten percent lithium-nickel exchange was observed. The similar ion radii of Li* and
Ni2* are the reason for the exchange. The presence of Ni in the Li layer impedes the lithium
extraction and blocking the lithium diffusion path. Since the Li/Ni disordering was the major
issue, new CAM materials were investigated. In 2001, Ohzuku et al.% reported a class of
CAM with three transition metal ions, Co, Mn, Ni with the composition LiNixCoyMn1.x.yO-.
This CAM shows a comparable mean discharge voltage as LiCoO, (3.7 V vs Li*/Li).
LiNio33C0033Mng330, is a commercially available CAM of this class and many other
compositions for LiNixCoyMn1.x,O, are used in laboratory scale and commercial applications.
A practical capacity for LiNio.33C00.33Mno.3302 is 195 mAh-g*at 1 C.2® The presence of Co in
the structure reduces the Li/Ni disorder to 6 % for LiNio.33C00.33Mng330,. During charging
lithium is extracted and the oxidation states of Ni change from +2 to +4 via +3 and of Co from
+3 to +4, whereas Mn remains +4 during charge/discharge of the CAM. Since the oxygen 2p
band overlaps with the M**/M** band, some fraction of electrons could be extracted from the
oxygen and oxygen loss occurs when charging beyond 4.5 V.1% This results in an irreversible

structural change and should be avoided.

LiFePO, was first reported by Padhi et al.’® This CAM was considered a promising
CAM due to its low cost, abundant availability, low toxicity, low volume effect (6.81 %
reduction during oxidation)*®, relatively high specific capacity, low capacity fade and high
safety. LiFePO, has a flat discharge plateau at 3.4 V and a theoretical specific discharge
capacity of 170 mAh-g™.2" LiFePO, belongs to the space group Pnma with Li, Fe and P atoms
occupying octahedral 4a, 4c and tetrahedral 4c sites, respectively. Oxygen atoms are in a
slightly distorted, hexagonal close-packed arrangement. The separation of the FeOs octahedra
by PO, polyanions significantly reduces the electronic conductivity (10° S-cm™). The low
ionic conductivity results from the slow 1D migration of Li ions limited by the close-packed
hexagonal oxygen atoms. Both effects significantly reduce the practical discharge capacity.1%
Different methods were used to increase the electronic conductivity of this CAM. This can be
achieved by reducing particle/grain sizes or by applying a conductive layer. Nanostructured
LiFePO, shows significantly improved rate capability.!®® But the synthesis effort is also
increased.!® The increased surface leads to pronounced decomposition reactions and
formation of an SEI at the interface to the SE. This significantly reduces the long-term stability
of the capacity.!'! Carbon coatings are the most efficient method to increase the electronic
conductivity of this CAM and has become an established technique. Electronic conductivity
has been increased to 102 S-cm? and batteries show very good performance at room
temperature.'?
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The various positive properties seem to make LiFePO. a good candidate for batteries.
But its properties are not sufficient for use in the BEV area. The low volumetric energy density
is the main disadvantage. This is due to its low density (pLireros = 3.53 g-cm=) compared to
other CAM (pricooz = 5.05 g-cm3, prinioacoo.smnosoz = 4.78 g-cm®). It is further reduced if a
carbon coating is used on the surface of the CAM. The discharge potential of 3.4 V is lower
than with comparable CAM as well. Therefore, it is not possible to achieve energy densities
of 800 Wh/L, which is required for BEVs.

Michael Thackeray first proposed LiMn2O4 for the use as CAM in LIB in the early
1980s.1** Compared to other oxide-based CAM it is low cost and environmentally friendly.
The MnO; framework of the structure provides a fast three-dimensional diffusion of lithium-
ions. In this oxide the metal cation occupies % of the octahedral sites in the lithium layer, with
the other ¥4 of octahedra sites vacant. The lithium ions occupy the tetrahedral sites and are face
sharing with the empty octahedral site. Excellent rate capability is provided by the 3D Li
diffusion path in this CAM. While the average discharge voltage of 4.1 V vs Li*/Li is
particularly high, the theoretical discharge capacity is rather low at 148 mAh-g . This prevents
batteries with high energy densities, but applications in niche markets where high power

densities are needed are possible.

The LiMn;O4 additionally suffers from severe capacity fading especially at elevated
temperatures. Two main mechanisms are known. 1) Dissolution of Mn?* into the electrolyte
by corrosion of H* ions and 2) irreversible structural transformation from a spinel to tetragonal
structure due to the Jahn-Teller active Mn** ions.}'41t® The dissolution of Mn ions proceeds
by the disproportion reaction of Mn3* to Mn** and Mn?*. An important strategy to suppress the
Mn dissolution is doping the CAM. Various dopants such as Ni, Mg, Al, Cr, Zn, Ti, Fe, Co,
Ni, Cu, Nd and La were tried to suppress the formation of Mn3* and increase the
electrochemical performance.!® The Ni-doped LiNiosMn: 504 shows the best electrochemical
performance with a reversible discharge capacity of around 155 mAh-g* and a discharge
voltage of 4.8 V vs Li*/Li.tY

2.5.2 Cathode composite

A cathode is influenced by more than just the active material. In a cathode composite,
both ionic and electronic percolation paths must be present in order to contact the active
material with the separator electrolyte on the one hand and with the current collector on the
other. Lithium ions diffuse through the cathode electrolyte and the separator electrolyte
towards the anode. The electrons must reach the current collector in order to diffuse to the

anode via the external circuit. Furthermore, the cathode composite ideally has contact to all
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active material particles. The electrolyte used in the cathode is usually identical to the separator

electrolyte. This reduces interfacial resistance between the two components.

Many CAMs show intrinsic electronic conductivity, including LiCoO., LiFePO4 and the
NCM materials.'® However, depending on the mixing ratios, morphology of the CAM and
the desired current density, it may be necessary to add additional additives that provide
electronic percolation paths. This is mainly done with different types of carbons. This will be
discussed in more detail later in this chapter.

The mixing ratios of the cathode components are decisive for the adequate contacting of
the CAM. First the simplest case will be considered, only an electrolyte is added to the CAM.
By simulating the microstructure of the cathode, clear conclusions can be drawn about the
ionic and electronic percolation paths. This was the central question in the work of Bielefeld
et al.}” Depending on the volume ratio of the two cathode components the utilization of the
CAM nparticles during the operation of a battery could be simulated by Bielefeld et al.}” The
calculations showed that an optimal mixture contains 86 wt.% CAM and 14 wt.% SE. The
optimum ratio is also largely determined by the porosity of the cathode composite, where a
realistic value of 20 % porosity was assumed. In earlier publications reporting laboratory
experiments, batteries with a ratio of 70:30 wt.% CAM to SE have shown better battery
performance than mixtures with ratios of 60:40 or 80:20 wt.%.'® A possible explanation for
the differences may be the mixing of the cathode composite. In practical cells, the components
are mixed using a mortar and pestle. In this process and the following pressing, CAM
agglomerate and domains are formed which are not electronically contacted. It is difficult to
systematically investigate the influence of the preparation technique, therefore only

assumptions can be made.

From the simulation by Bielefeld et al.'’ it is also seen that the porosity within the cathode
composite significantly influences the properties. There are various possibilities to reduce the
porosity. Chapter 2.4 focuses on the realization of compact SEs. These considerations can also
be applied to the cathode. Examples are also given in this chapter. Small SE particles and
compacting at high pressures and elevated temperatures reduce the porosity. In addition, the
particle size of the CAM can be reduced, which also results in a reduction of porosity. This

improves the contacting of the CAM particles and thus increases the battery performance.'?

As already mentioned, a mixing ratio of 70:30 wt.% has established itself for the cathode
composite. The simulation work of Bielefeld et al.'” and Neumann et al.*8 indicates that there
are electronic limitations for these mixing ratios. On the one hand, this reduces the discharge
capacities, on the other hand, only lower current densities can be realized. The limitation is
due to a lack of electronic conduction pathways, based on low contact area between spherical

CAM particles. Therefore, not all CAM particles are electronically contacted, these particles
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cannot be delithiated/lithiated during battery cycling. Additionally, during delithiation of
contacted CAM, the particles shrink. Resulting in a further reduction of contact area and in a
possible isolation of certain CAM particles. This volume change can be balanced by liquid
electrolytes, but compact SEs compensate this only to a small degree. Furthermore, the
electronic conductivity within the CAM particle is reduced for contacted particles during
lithiation. If such a particle is only locally connected, high polarization resistances are the
result, leading to higher overvoltages and an early reaching of the cut off potential and a non-

homogeneous lithiation can result.

The addition of conductive additives to the cathode composite can compensate these
problems. Carbon is a suitable material for this purpose, as shown and already established in
the field of LIBs. However, there are publications that see a positive impact on SSB
performance. Shi et al.’® have shown a positive effect with an addition of 5 wt.% of VGCF.
Higher discharge capacities and better performance at higher current densities are the result.
However, there are also publications that demonstrate a negative influence on battery
capacities. Zhang et al.1* have used various particulate carbons. All of them show an additional
decomposition in the charging step of batteries. Dewald et al.*® could prove a redox activity
between sulfide electrolytes and carbons by cyclic voltammetry investigations. The influence
of carbon additives on cathode composites is therefore part of current research. Walther et al.*°
were able to elucidate the underlying degradation mechanism using XPS and ToF-SIMS
analysis. The follow-up to this publication is the second publication of this thesis. In this
publication carbons with different morphologies and specific surfaces are compared. It is
found that the degree of decomposition depends on the specific surface. The morphology of
the carbons mainly influences the contact to the CAM. The carbon with the lowest
decomposition is identified and a protection concept is developed to further reduce

decomposition.

2.5.3 Stability issues and coating strategies

The CAM themselves usually show wide stability windows, even at high potentials. As
mentioned in the previous chapter, some CAMs can be irreversibly changed in their structure
by too excessive delithiation. This problem can easily be eliminated by using the appropriate
potential limits. A central challenge in the use of high-performance CAMs is the narrow
stability window of the SEs used. Using thermodynamic calculations, these were evaluated for
a large number of SEs. Especially the sulfide SEs have very small stability windows and tend
to oxidize during battery discharging (approx. 1.8 - 2.1 V vs Li‘/Li). The resulting
decomposition reactions are defined by the applied potential range during battery cycling. At

every SE interface, polysulfides and phase changes of the sulfidic electrolyte are present.
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Sulfate/sulfite and phosphate formation requires an oxygen source. All common CAM (see
chapter 2.5.1) are oxides, therefore these decomposition products are formed at the CAM/SE
interface. Additionally, oxygen impurities can be found on the surface of the current collector,
carbon additives, battery housing materials (e.g. PEEK) or in the passivation layer of the
lithium metal. The products block the ion flow within the cathode composite and CAM

particles can be isolated. The capacities and battery performance are reduced.?!122

Zhu et al.*® calculated the stability window of various SEs. With higher potentials an
oxidation and with lower potentials a reduction of the SE can be present. In the cathode a low
chemical potential of lithium is present. When this is beyond the stability window of the
cathode an oxidation takes place at the CAM/SE interface. In that paper, the influence of an
additional interphase was also calculated. This interphase is intended to compensate the
chemical potential difference. The interphase is stable against the low chemical potential
(oxidation stable) and shows no electronic conductivity. This is the basis for one of the most
active fields of research in the field of cathode research for SSB, i.e. the development of
coating concepts of the CAM. For practical reasons, these coatings are applied to the CAM
particles by various methods. To give a review of investigated coatings would exceed the
scope of this thesis. An overview of known coatings and theories on the functional principle
of these coatings can be found in the work of Culver et al.}? In summary, it can be stated that
oxide-based coatings both reduce the interfacial resistance and increase the stability of the
CAM or SE. LiNbO; has turned out to be a prototype coating, which is often used. LiO2-ZrO,
is also frequently reported. The mechanism behind the function of the coating is still the

subject of current research and systematic studies are necessary for an understanding.

Besides the chemical stability problems, the mechanical stability of CAM materials is
also critical. The most commonly used NCM consists of spherical secondary particles, which
consist of primary particles. The secondary particles are optimized for liquid electrolyte-based
cells. It is not yet clear whether this morphology is also advantageous for SSB. The particular
feature of LiCoO, and NCM materials is the volume effect of the CAM. During charging a
CAM particle shrinks. Cracks form, which leads to the breaking of the secondary particle. In
LIBs this is an advantage, because now the liquid electrolyte can flow into the CAM patrticle,
the contact area is significantly increased and the diffusion paths for lithium ions are reduced.
An SE usually cannot fill these newly created cracks and no positive effects are the result.
Rather, the diffusion paths increase in this case and a non-homogeneous lithiation of the CAM
particle is likely. In addition, fresh contact surfaces can be created between the SE and the

CAM particle, which allow the decomposition of the SE to take place.!*

It is conceivable that suitable coating materials for the CAM particles can have a positive

effect. Ti(OH)4 coated CAM showed a reduced crack formation and a more stable cycling
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compared to a pristine sample. Especially, the increase in charge transfer resistance between
the CAM and the SE for prolonged cycling is reduced with reduced crack formation.'?® But
more studies are needed to understand the formation of anisotropic strain and develop methods

to reduce CAM crack formation.

2.5.4 Evaluation of the cathode composite of Lee et al.

As already mentioned, only the combination of all components (anode, SE and cathode)
will result in a battery with high performance. Regarding the cathode, Lee et al.?® used a CAM
with a high discharge capacity, but also designed the cathode composite optimally. Lee et al.
used a nickel-rich NCM (LiNigg0C00.0sMno.0s02) as CAM, which is characterized by a high
discharge capacity of about 200 mAh-g* at 1C.1% This discharge capacity is also achieved in
the practical cell. Furthermore, the CAM content is high with 85 wt.%, which is in the optimal

range, based on the simulations by Bielefeld et al.'’

The CAM also has a LiO,-ZrO; coating to prevent the SE from decomposition. As
already mentioned, there are a variety of possible protective layers for the CAM. 1 Besides
LiNbO3, LiO»-ZrO; is also a known protective layer, which prevents decomposition. While it
has been clearly proven that oxide-based coatings can reduce interfacial contact resistances
and improve the stability, the number of detailed systematic studies is still relatively low, and
the mechanism behind the functionality of the coatings is not yet well understood. Whether
the protective layer used represents the optimal solution must be proven in future systematic

studies.

The applied SE is a good choice. The high conductivity (orr = 1.8 mS-cm?) is in the
range of the conductivity of liquid electrolytes and allows a sufficiently fast transport of
lithium ions. The narrow stability window of this SE is addressed by the CAM coating, and a
reaction is kept to a minimum. Very small SE particles were used (< 1 um). This improves the

contacting and the porosity of the cathode composite.

Furthermore, carbon nanofibers were used in the cathode composites. These lead to
sufficient electronic percolation paths. As already mentioned in chapter 2.5.2, the literature
shows that carbon additives induce SE degradation in the cathode. This problem is not
addressed in the concept of Lee et al.?® However, it is not commented if the carbon additive is
modified by the author or the supplier. It can be concluded that the cathode composite

represents the current state of research and addressed most of the potential problems.
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3  Results and Discussion

Calculations show that a lithium metal anode has distinct positive properties on energy
density and is therefore preferable to a graphene or In/Li anode. At the time of the start of the
thesis, an In/Li alloy was mostly used for cells on a laboratory scale. Thus, problems of

instability at the An/SE interface could be avoided.

However, when using lithium metal as anode in solid-state batteries, batteries with
reasonable performance were obtained (publication 1). The degradation reaction at the Li/SE
interface appears to be kinetically inhibited to an extent that cycling is possible. The large
number of publications on the topic of solid-state batteries and the inconsistent information in
the publications has made it very difficult to classify our own work in the context of the
literature. Therefore, it was necessary to review and evaluate the existing literature. The own
battery data then serve as comparison for a minimalistic battery cell. For a reasonable review
of the published literature it was also necessary to describe the theoretical and mathematical
correlations of the parameters for the evaluation of batteries. The first publication therefore
provides in summary reliable battery data for an unmodified (no protection concepts) battery
cell (LiILPS|INCM-622), an evaluation of the current literature, the theoretical background to
the battery performance and a tool for calculating the battery performance from the basic

battery data.

After the performance of the battery cells was shown without modifications, an
optimization was performed (publication 2). Simulations of the cathode composite have
suggested that there is a deficiency of electronic percolation paths. The focus of the second
publication was thus on the investigation of the influence of different carbon additives on cell
performance. To a different degree, carbons induce an additional decomposition of the SE in
the cathode. The carbon with the smallest degree of decomposition induced was identified. To
further reduce the decomposition, a protection concept was developed, which functions
according to the principle of an insulated cable, thus reducing the decomposition but not

preventing the positive effect of the carbon additives on the battery performance.

3.1 Publication 1: Benchmarking the Performance of All-
Solid-State Lithium Batteries

The first publication of this thesis evaluates the performance of solid-state batteries. A
general evaluation is often difficult to derive from published reports, due to interdependence

of performance measure, due to a lack of a basic reference system and due to missing data. A
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battery cell reduced to the minimum of compounds was presented to benchmark the
performance of cell reported in literature. In a Ragone-type graph literature data for
thiophosphate, oxide-, phosphate- and polymer-based solid-state batteries were compared.
Key performance parameters are discussed and calculated by fundamental equations. As a

result, research targets could be identified.

The publication was written by the author and edited by the co-authors. The experiments
were designed by the author, D. A. Weber, W. G. Zeier, F. H. Richter and J. Janek. The
experimental work was carried out by the author and O. Kétz. R. Koerver carried out the XPS
measurements. P. Braun, A. Weber and E. Ibers-Tiffée carried out the DRT analysis. Reprinted
with permission from Nat. Energy Copyright 2020 Springer Nature.

S. Randau, D. A. Weber, D. A.; Kétz, O.; Koerver, R.; Braun, P.; Weber, A.; Ivers-Tiffée,
E.; Adermann, T.; Kulisch, J.; Zeier, W. G.; Richter, F. H.; Janek, J., Benchmarking the
Performance of All-Solid-State Lithium Batteries, Nat. Energy, 2020, 5 (3), 259-270.
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Benchmarking the performance of all-solid-state
lithium batteries

Simon Randau’, Dominik A. Weber'*, Olaf K6tz'!, Raimund Koerver's, Philipp Braun?, André Weber ©?,
Ellen Ivers-Tiffée?, Torben Adermann?, J6rn Kulisch?, Wolfgang G. Zeier @', Felix H. Richter®'® and
Jiirgen Janek ®1%2

of electrochemical stor-

Increasing the specific energy, energy density, specific power, energy efficiency and energy ret
age devices are major incentives for the development of all-solid-state batteries. F v a g | evalt of all-solid-
state battery performance is often difficult to derive from published reports, mostly due to the interdep e of perfor

measures, but also due to the lack of a basic reference system. Here, we present all-solid-state batteries reduced to the bare
minimum of compounds, containing only a lithium metal anode, B-Li,PS, solid electrolyte and Li(Ni,,Co,,Mn, )0, cathode
active material. We use this minimalistic system to benchmark the performance of all-solid-state batteries. In a Ragone-type
graph, we compare literature data for thi pk , oxide-, hate- and polymer-based all-solid-state batteries with our
minimalistic cell. Using fundamental equations for key performance parameters, we identify research targets towards high

energy, high power and practical all-solid-state batteries.

batteries, are increasingly important for mobile applications as

well as for grid-scale stationary storage. Batteries with simulta-
neously high energy, power, energy efficiency and energy retention
are generally preferred. Lithium-ion battery technology, which uses
organic liquid electrolytes, is currently the best-performing energy
storage method, especially for powering mobile applications and
electric vehicles'.

However, the recent discovery of new types of highly lithium-ion
conducting solid electrolytes has triggered a surge of interest in the
all-solid-state battery (ASSB)". In particular, thiophosphate-based
solid electrolytes with high ionic conductivity have been developed
to reduce internal resistance and improve the rate performance of
ASSBs’. Oxide-, phosphate- and polymer-based electrolytes have
also been developed to create ASSBs, with graphite or lithium metal
anode active material (AAM) and intercalation- or conversion-type
cathode active material (CAM)"". Improvements in rate perfor-
mance’ due to the large lithium transfer number of most solid elec-
trolytes and potentially negligible interface resistance with AAMs,
such as graphite’ or lithium®, may result in ASSB cell performance
exceeding that of lithium-ion batteries’.

A central goal in the development of next-generation battery tech-
nologies is to maximize the attainable specific energy (cell energy per
cell mass) and energy density (cell energy per cell volume). One path
to increasing these is by maximizing the anode capacity by using
solely lithium metal as the AAM'. However, the implementation
of a lithium metal anode is hampered by interface reactions, which
degrade cell performance, and by dendrite-like growth of lithium,
which short-circuits the cells during battery operation'"'". Therefore,
protective coatings that modify the anode and cathode interfaces
with the solid electrolyte are developed to achieve ASSBs with mini-
mized internal resistance and stable cycling'*". Furthermore, many

| lectrochemical energy storage devices, such as rechargeable

of the cells reported thus far also use polymer binders to help with
cell processing, and carbon additives to create sufficient electronic
conduction in the cathode composite''*.

The interdependence of cell performance measures and the
lack of a basic reference system make it difficult to evaluate overall
ASSB performance across different cell chemistries. What compli-
cates this further is that many studies focus on demonstrating par-
ticular aspects of ASSBs, and the full cell performance is not always
described by the same parameters. Therefore, reviews of the ASSB
literature usually summarize the cell performance in extensive
tables that list a varied selection of parameters'”**. Here, we analyse
the ASSB literature in relation to minimalistic cells and quantify the
target parameters in back-of-the-envelope-style calculations, thus
highlighting the main goals for ASSB research.

Literature analysis of model cells

Table 1 lists details of the ASSBs*"'*'*""**" included in our analysis
and compiles the information on the cell components, cycling con-
ditions and selected performance measures, such as specific capac-
ity, C-rate (C), specific energy, specific power and energy efficiency.
We include all ASSBs from the literature that allowed us to carry out
a consistent full cell analysis. In some cases we selected representa-
tive examples, as the inclusion of all reports would have exceeded
the scope of this analysis. Most of the cells included in our analysis
are not optimized for energy and power, which the reader should
bear in mind when interpreting the results. Although industry is in
the process of developing optimized ASSBs, data currently available
on these are insufficient for a complete analysis. We exclude cells
with an indium anode, as this is not considered a viable AAM for
practical applications due to its density and cost. We also exclude
hybrid cells that use liquids or gels. Whenever available, we include
data specified in the original reference. All remaining values are

'Institute of Physical Chemistry & Center for Materials Research, Justus-Liebig-University Giessen, Giessen, Germany. 2Karlsruhe Institute of Technology,
Institute for Applied Materials, Karlsruhe, Germany. *BASF SE, Ludwigshafen am Rhein, Germany. *Present address: Volkswagen AG, Group Research,
Wolfsburg, Germany. *Present address: BMW Group, Miinchen, Germany. ®e-mail: felix.h.richter@phys.chemie.uni-giessen.de;

Juergen.Janek@phys.Chemie.uni-giessen.de
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Table 1| Comparison of battery composition of cell type 1and cell type 2 with that of previously reported ASSB cells

Reference Cell composition Temperature
Cathode composite Solid electrolyte Anode T(°C)
CAM Coating Carbon AAM
ASSBs with thiophosphate electrolyte
Minimalistic cell

Celltype 1 NCM622 - - B-LisPS, Li 25

Cell type 2 NCM622 - 5 B-Li,PS, Li 25

Intercalation-type CAM and lithium metal

Whiteley etal.® NCMIT AlLO, Super C65 LigSiP,S,, Li 25

Zhang etal.=® LiCoO, LiNbO, = Li;sGeP,S,, with LiH,PO, coating to Li Li 25

Woo etal.* LiCoO, Al,0, AB Catholyte: Li; sGeysPossS, separator: Li 25
775Li,5-225P,S.

Xie etal.”” LiCoO, LiNbO, - Catholyte: Li,,GeP,S,,, separator: Li 25
LisP,,5b,5425.0;5,

Ulissi etal.”* NCA Li,ZrO, Super C65 75Li,S-25P,S, Li-C 25

Choi etal.** NCM622 - Super P Li;P,S,l Li 55

Intercalation-type CAM and graphite

Nam etal.’ NCM622 LiNbO, Graphite Li,PS.Cl Graphite 25

Nam etal.” NCMé622 LiNbO, Graphite Li,PS.Cl Graphite 25

Yamamoto et al.” NCMIT LiNbO, Graphite Li,PS, glass Graphite 25

Sakuda etal.® NCMIT LiNbO, AB 75Li,S-25P,S; Graphite 30

Katoetal.’ LiCoO, LiNbO, AB Catholyte and separator: Li,,GeP,S,,, anolyte  Graphite 25
and separator: Lig,P.S,,

Kato et al.” LiCoO, LiNbO, AB Catholyte: Li,GeP,S,,, separator and anolyte: ~ Graphite 25
Lil-Li,S-P,S,

Itoetal” NCA Li,0-Zr0, VGCF 80Li,S-20P,S, Graphite 25

Kim et al.* LiCoO, LiNbO, Super P LigPS,Cl Graphite 30

Kraft etal.” NCM622 = = Lig4Po2GeqeSsl Li,TicO,, 60

Conversion-type CAM and lithium metal

Yamadaetal.” S - CNF LisPS, glass Li 20

Yaoetal.® CoySg Li,P,Sy, Super P Catholyte: Li,GeP,S,,, separator: Li 25
70Li,S-29P,S:-1P,0

Zhang etal.” NiS-CNT Li,GeP.S,, Super P Catholyte: Li,GeP,S.,, separator: Li 25

70Li,5-29P,S.-1P,0.
ASSBs with oxide/phosphate electrolyte

Yuetal* Li:V;(PO,)y Carbon Super P Liy Al Ti (PO, LiTi,(PO,); 30
Finsterbusch et al.* LiCoO, - - Liggla:Zr,(Ta,,0,, Li 100
ASSBs with inorganic and polymer electrolyte
Chen etal.” LiFePO, - In,0:Sn Composite of PEO-LITFSI and Li 60
Al-Ligo5la,Zr,sTay 220,
Park etal.”” NCM622 = Super P Composite of PBA-LICIO, and Li 55
Liy sAlosGe,s(PO,);
Wakayama etal.** LiCoO, = < Catholyte: Li;La.Zr,0,,, separator: PEO-LITFSI  Li 50
Ates etal. ™ NCM622 - VGCF Catholyte: B-Li-PS,, separator: PEO-LITFSI Li 60
ASSBs with polymer electrolyte
Hovington et al.” LiFePO, Carbon AB PEO-LIiTFSI Li 70
Porcarelli etal.™ LiFePO, = = SI-PEO-LITFSI Li 70
Bouchet etal.” LiFePO, Carbon C65 SI-PEO-LITFSI Li 80
Lithium-ion battery
Panasonic LIB* NCA ND ND Liquid electrolyte Graphite 25

Panasonic LIB, lithium-ion battery NCR18650B; CAM, cathode active material; NCM622, LicNia, Coo:Mno2)0:; NCMITT, LicNia CoasMna:)0:; NCA, LitNigeCousAloa)O:; AB, acetylene black; VGCF, vapour-
grown carbon fibres; CNF, carbon nanofibres; PEO, poly(ethylene oxide); PBA, poly(1,4-butylene adipate); SI, single ion; LiTFSI, lithium bis(trifluoromethanesulfonylimide (LiC,F,NO,S,); AAM, anade active
material; ND, no data available. For details, we refer to the corresponding literature sources. Additional i ion on cell di i d if is i in y Table 4, and on cell
capacity, voltage and energy efficiency is in Supplementary Table 5.

calculated from the available parameters using the equations speci-  information on cell dimensions and composition is summarized in
fied in Supplementary Table 1 and, if necessary, using approxi- Supplementary Table 4, and on cell capacity, voltage and energy effi-
mations listed in Supplementary Tables 2 and 3. Additional ciency in Supplementary Table 5.
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The literature analysis benefits from comparing with a minimal-
istic cell, which contains only the bare minimum of compounds
and can be assembled by simple pelletization at ambient tempera-
ture. We chose to construct cells with lithium metal foil as AAM,
B-Li,PS, (LPS) solid electrolyte and Li(Nj,,Co,,Mn,,)O, (NCM) as
CAM and did not use protective coatings, carbon additives and bind-
ers. It should be noted, however, that Li,CO, and LiOH impurities,
stemming from synthesis and storage, may be present on the NCM
surface and may influence cell performance™*. We chose p-Li,PS, as
the solid electrolyte as it forms a comparatively suitable interphase
with lithium metal***'. In addition, sufficient densification of thio-
phosphate solid electrolytes is achieved by uniaxial stress at ambient
temperature”. Furthermore, good cycling performance of ASSBs was
demonstrated using NCM and p-Li,PS, solid electrolyte in combina-
tion with an indium anode . A detailed analysis of the cells can be
found in Supplementary Figs. 1-9 and Supplementary Tables 6-8.

First, we focus on the initial cell performance. Typically, the
obtainable cell energy depends on the power applied during cycling.
Both are plotted in a Ragone-type graph'' excluding the weight of
current collectors and cell casing for ASSBs, as the research focus
still lies on the cell chemistry before the casing of ASSBs can be opti-
mized (Fig. 1). As indicated by the target region in the top-right cor-
ner of the Ragone diagram, an ideal ASSB shows both high specific
energy and high specific power. The target region marks a cell with
more than 250 Whkg~' specific energy and a cycling rate of more
than 1C, which is the performance of state-of-the-art lithium-ion
battery technology (including cell casing)"**. The corresponding
Ragone diagram for the energy density and power density is shown
in Supplementary Fig. 10, in which the target region marks more
than 700 WhI-' energy density and a cycling rate of more than 1C.
Supplementary Fig. 11 also shows a corresponding plot of the area
capacity against the current density.

Considering only the specific energy, E,, obtained at ambi-
ent temperature, so far there are no ASSBs that reach the value of
lithium-ion batteries. ASSBs with graphite AAM and thiophos-
phate solid electrolyte lead the field, achieving almost 200 Whkg~*
by either decreasing the thickness of the solid electrolyte separator
down to 30 um with the doctor-blade method", or by increasing the
thickness of the cathode layer up to 600 um in the thick electrode
configuration™. The specific energy of thiophosphate-based ASSBs
with lithium metal has been rather modest at ambient temperature
(<27 Whkg). This is largely caused by the use of relatively thick
lithium metal foils and solid electrolyte separators. Oxide/phos-
phate-based ASSBs show inferior specific energy compared with
thiophosphate-based ASSBs, achieving up to 12Whkg™'. ASSBs
containing polymer or composite electrolytes achieve higher spe-
cific energy up to 288 Whkg™' using lithium and LiFePO, as active
materials, but require elevated temperatures of 50 to 80°C, at which
the internal resistance of the cells is sufficiently low (Fig. 1b). Use
of higher potential CAMs results in oxidative decomposition of
the polymer electrolyte”. To circumvent this problem, cells using
inorganic solid electrolyte in the cathode composite, and a polymer
solid electrolyte separator, were developed, but most have compara-
tively modest specific energy at elevated temperature.

The cathode composite determines the maximum specific
energy possible in the cell. It is hypothetically reached if no solid
electrolyte separator and anode are considered, while assuming a
cell voltage of the cathode composite against Li*/Li. Therefore, we
introduce E,c, as the hypothetical specific energy of the cathode
composite, which we define as the cell energy normalized only to
the cathode composite mass, while assuming a cell voltage against
Li*/Li. This allows comparison of the performance of the cathode
composite between different studies that is independent of the type
and quantity of separator and anode material used in the respec-
tive study. The resulting literature analysis in Table 2 shows that
the highest hypothetical specific energy of the cathode composite
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achieved was about 400 Whkg' with an intercalation-type CAM
and about 900Whkg™" with a conversion-type CAM at ambient
temperature. However, comparison of solely the hypothetical spe-
cific energy of the cathode composite probably favours studies with
a thinner cathode layer. Therefore, it is especially important to keep
the applied layer thicknesses in mind as well and moving towards
cells with a higher area capacity. This is emphasized by the observa-
tion that most studies achieve similar hypothetical specific energy
in the cathode composite (300-400Whkg™), indicating that the
large spread of the cell-specific energy observed in Fig. 1 mostly
originates simply from variations in the applied layer thicknesses
(Fig. 2). Thus, the hypothetical specific energy is especially help-
ful when comparing model cell systems such as these. Similarly, the
hypothetical energy density Ey,.,, can be calculated and compared.

Additionally, the area capacity Q, (cell capacity divided by cell
cross-sectional area) also needs to be high, as this is necessary to
achieve cells of sufficient size. While most studies achieve up to
2mAhcm, some have demonstrated up to 14mAhcm™ (see
Table 2). Correspondingly, the area energy E, can be compared as
well. It is obtained by dividing the energy of the cell by the cell cross-
sectional area. Most studies achieve up to 75 Whm™. Some have
demonstrated up to 574 Whm™. However, it is vital that the hypo-
thetical specific energy and the area energy are increased simultane-
ously, as the former is a specific property of the cathode composite,
while the latter is indicative of cell size.

Whereas the specific energy also depends on the density of the
materials used in the cell, the energy density E, is solely dependent
on the layer thicknesses within the cell. While the hypothetical energy
density of the cathode composite, analogous to the hypothetical spe-
cific energy, determines the maximum achievable energy density, the
layer thicknesses of the anode and separator simply need to be mini-
mized. Free-standing lithium foil as thin as 20um is currently avail-
able commercially and solid electrolyte layers of less than 50 um have
already been demonstrated (Fig. 2 and Supplementary Table 4)'>"*.
Due to the low density of lithium, the impact of the lithium foil thick-
ness on energy density is larger than on the specific energy of a cell.
Nonetheless, the trends discussed for the specific energy also apply
when comparing energy density (Supplementary Fig. 10).

When using solid electrolytes with lithium transfer number close
to unity and high ionic conductivity, ASSBs with intercalation-type
electrodes can provide higher power than lithium-ion batteries nor-
malized to the CAM content’. More than 1,000 W kg ' specific power,
P,, was demonstrated, albeit at comparatively low specific energy
using a graphite anode. Polymer-based ASSBs struggle to achieve
similar specific power, even at elevated temperatures. Generally,
specific power depends on the cell potential, area density (mass of
cell divided by cell area) and current density (see Supplementary
Table 1). As the cell potential changes during cycling, specific power
at any given point during discharge is dependent on the state of
charge. Therefore, we plot the average specific power during dis-
charge at constant current density in the Ragone diagram.

Sometimes, the C-rate (specific current of CAM divided by
specific capacity of CAM) is stated instead of the current density,
Jj (current divided by cell area). Both parameters are important
descriptors, but for different aspects. Whereas the current density
through the cross-section area of the cell is directly comparable
between cells, the C-rate also depends on the cell capacity obtained,
which varies between studies. For example, a cell with smaller area
capacity requires a lower current density to achieve the same C-rate.
Consequently, the C-rate remains ambiguous if the capacity to
which it refers is not explicit. Therefore, current density should be
preferred as the value stated in the experimental section. The C-rate
may be reported in the results section on the basis of the obtained
capacity. It is listed as such in Table 2.

Current density is a critical parameter to evaluate the occurrence
of a short-circuit due to lithium penetration of the solid electrolyte
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Fig. 1| Ragone plots for cells cycled at different temperatures. a,b, Ambient (20-30°C) (a) and elevated (50-100°C) (b) temperature. Dashed lines
indicate targets for specific energy and C-rate. The area in blue depicts the target region where both energy and rate performance excel. The specific
energy shown here is the energy delivered by the cell during discharge, normalized to the cell mass. The specific power is the average power delivered by
the cell during discharge, normalized to the cell mass. For ASSBs, the weight of the cell casing and current collectors is omitted here. Literature data for the
performance comparison of cells were obtained as indicated in Table 1. ASSBs with thiophosphate solid electrolyte, intercalation-type CAM and lithium
metal (orange); ASSBs with thiophosphate solid electrolyte, intercalation-type CAM and graphite (blue); ASSBs with thiophosphate solid electrolyte,
conversion-type CAM and lithium metal (grey); ASSBs with polymer electrolyte (light green); ASSBs with inorganic and polymer electrolyte (dark green);
and ASSBs with oxide/phosphate electrolyte (violet) and a commercial lithium-ion battery (black) are compared. Our own data for the Ragone plot were
obtained from the discharge curves of cell type 1and cell type 2 cycled at 25 °C (red). Large symbols indicate conditions under which prolonged cycling
was demonstrated and correspond to data detailed in Table 1. Small symbols indicate data points of the corresponding rate test if available. Filled symbols
indicate data of cells that were charged and discharged at equal current density. Empty symbols indicate cycling data in which the rate test was only

applied to discharge, whereas charging was carried out at lower current.

separator. Whereas a current density exceeding 20mAcm™ has
been demonstrated with graphite-type ASSBs’, applying a pro-
longed current density of 1 mA cm~ and more with a lithium metal
anode is usually accompanied by internal shorting of the cell, often
referred to as lithium dendrite formation. Nonetheless, prolonged
cycling of an ASSB with lithium metal anode at 1.27 mA cm™, and
up to 12.7mA cm™ in a rate test, has been demonstrated at ambient
temperature. In another study, the critical current density at which
the short-circuit occurs in LPS was increased from 0.7mA cm~ to
2.0mA cm by introducing a LiF-rich solid electrolyte interphase
between Li,PS, and lithium™. The C-rate and specific current (cur-
rent per gram of CAM) are most important for studies investigat-
ing the CAM and cathode composite performance. However, this
requires that CAM-related processes dominate the factors limiting
cell performance.

The internal resistance R influences the overpotential, 77, energy
efficiency and power capability of the cell during cycling. It can be
directly compared between cells, when noted as area-normalized
resistance in Qcm’, simply using the cross-section area of the
cell. However, care needs to be taken as it is dependent on the
state of charge. As little as 14Q cm? internal resistance at ambient
temperature was demonstrated for an ASSB with graphite AAM,

thiophosphate solid electrolyte and LiCoO,". Via Ohm’s law, the
overpotential of the cell is directly linked with the applied current
density and the internal resistance. A substantial overvoltage in the
cell leads to a large discrepancy between the energy required for
charge and that released during discharge.

The energy efficiency of the charge-discharge sequence, @y, 4,
(energy of nth discharge divided by energy of nth charge), needs to
be maximized in the interests of reducing energy loss during battery
cycling. It is the product of the corresponding Coulomb efficiency,
Dy ax) (capacity of nth discharge divided by capacity of nth charge),
and voltage efficiency, @, ,, (average voltage of nth discharge
divided by average voltage of nth charge). As the Coulomb efficiency
must necessarily be high to allow long-term cycling of a secondary
battery, the voltage efficiency is usually the critical factor that deter-
mines the energy efficiency of each cycle (Supplementary Fig. 12).

Estimating the energy efficiency of the surveyed literature was
often only possible by extracting the average charge and discharge
voltages from the voltage profiles presented. Cells with intercala-
tion-type CAM mostly exceed 90% energy efficiency from the 2nd
cycle onwards, and so far surpass that of cells with conversion-type
CAM (Table 2 and Supplementary Table 5). This is in part explained
by the higher cell voltages of the intercalation-type CAMs, as any
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overvoltage will affect energy efficiency less for cells operating at
higher voltage. Analysis of the minimalistic cells shows that voltage
efficiency decreases during cycling, indicating an increase in over-
potential of the cell (Supplementary Fig. 12).

When it comes to battery cycling analysis, energy retention, @
a1y (energy of discharge of nth cydle divided by energy of discharge
of first cycle), is the key parameter as it covers both contributions
to energy loss: capacity loss and overpotential increase. Generally,
capacity loss is the dominant factor, with the additional influence
of the change in overpotential typically having less effect on energy
retention (Supplementary Fig. 12). Therefore, cell ageing is often
reported by plotting capacity as a function of the cycle number, as
shown in Supplementary Fig. 13. Additionally, the development of
the specific energy of the cell during cycling, as plotted in Fig. 3a,
also indicates high and low specific energy cells and allows the com-
parison of cells with different types of CAM in one diagram.

Still, the number of cycles tested and the area energy delivered
by the tested cell per cycle vary strongly between studies. On the
cell level, the goal is to maintain high specific energy per cycle while
delivering greater area energy. Hence, Fig. 3b plots the specific
energy of cycle n against the area energy delivered during all dis-
charges up to cycle n (delivered area energy X E,), which is more
indicative of the overall cell performance. Comparison of the two
types of plots shows that a low cycle number can still translate into a
substantial area-normalized energy being delivered, depending on
the area capacity’. The total delivered area energy (Z,,E,) over all
cycles shown in the original references is listed in Table 2.

In terms of energy retention during cycling at ambient tem-
perature, ASSBs with a protected lithium anode, thiophosphate-
based solid electrolyte and intercalation-type CAM™, as well as
with conversion-type CAM", excel, achieving 1.26 Whcm™ and
1.93Whem2, respectively, for delivered area energy (Z,E,) with
little capacity loss over 500 and 1,000 cycles, respectively. These

NATURE ENERGY | www.nature.com/hatureenergy

examples demonstrate the importance of protective layers in pre-
venting battery degradation. Pretreatment of lithium metal with
80wt% H,PO, solution to form a LiH,PO, protective layer was
shown to improve the energy retention of the lithium metal anode*’.
Similarly, the addition of 1% P,O, to Li,S-P,S; glass stabilized the
lithium-thiophosphate interface over 1,000 cycles’. Amongst
the high specific energy cells at ambient temperature, cells with
LiNbO,-coated LiCoO, and graphite show the most stable cycling™.
At elevated temperatures, the energy retention of cells with poly-
mer electrolytes is excellent with LiFePO, and lithium, achieving
8.45Whcm™ delivered area energy over 1,400 cycles’. Also, the
LigcLa,Zr, ;Ta, 0 ,-based cell showed excellent energy retention
with LiCoO, and lithium at 100°C (ref. °). On the cathode side,
LiNbO, is a suitable coating for LiCoO,, allowing excellent energy
retention, as demonstrated in cells with thiophosphate-based solid
electrolytes and lithium metal™ as well as graphite AAM**.

There is as yet no singular set of parameters commonly used
for the characterization of ASSBs and their performance across
different studies. On the basis of the fundamental definitions
and equations describing battery performance (Supplementary
Table 1), we identified a practical set of parameters that can be
directly compared, and from which all others can be calculated.
These are listed and commented on in Table 3. Supplementary Data
1 demonstrates how the performance measures can be calculated
from this set of parameters by modifying the values of the input
parameters as described in the Methods.

Amongst the less commonly reported values, the average voltage
and its development during cycling is most critical, as without it nei-
ther specific energy nor specific power can be calculated from the
capacity alone. Impedance measurements are required to evaluate
solid electrolyte ionic conductivity and charge transfer resistances
of the electrodes. Cycling performance is also reported inconsis-
tently, varying over a large range of cycles, time, current density and
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Table 2 | Comparison of battery performance of cell type 1and cell type 2 with previously reported ASSB cells

Reference Results of initial cycle(s) Cycling test
i 9e Crate E, Ene®  Qa Ex Peanan® ' P, i Cycles X,
(mAm?) (mAhg™ (h) (Whkg") (Whkg™ (mAhem? (Whm?) (%) (mAecm?) (Wkg" (mAcm?) (in (Whem)
total)
ASSBs with thiophosphate electrolyte
Minimalistic cell
Celltype1 0178 128 016 44 328 114 42 92 0.89 309 0178 n 056
Cell type 2 0.356 107 019 100 276 191 n 91 1.78 84.0 0.356 230 093
Intercalation-type CAM and lithium metal
Whiteley etal.” 0.082 125¢ 013 14¢ 308 0.64° 23¢ 95¢ 0.082 18 0.082 75 017
Zhang etal.”” 0.075° 133 01 209 308" 0.83 28 984 075 20.0° 0.075° 500 126
Woo etal.” 0.045 2¢ o3 7 175¢ 046° 1742 9 0.045 0.9* 0.045 25 0.03
Xie etal.” 0.066 134 009 14 ame 079 26° 97¢ 0.066 13t 0.066 50 012
Ulissi etal.” 0.004 100 003 5 197¢ 014 o o 0.032 1.0? 0.004 100 0.03
Choi etal.” 012 170 01 42 440 119 44 93 12 340 012 40 015
Intercalation-type CAM and graphite
Nam et al.” 0.147¢ 121 004 190 377 355 136 96¢ 0147 79 0147¢ 19 0.25
Nam etal® 0072¢ M2 004 184 350 1.60 72 97¢ 0.072 8.2 0.072¢ 13 0.07
Yamamoto et al.** 0.064 né 003 115 319 185 65 594 0.064 40 0.064 ND ND
Sakuda etal.® 0.064 na 006 155 397° 1.08 56 924 0.064 L 0.064 15 0.06
Kato et al.” 0.067 n4° 012 33 266° 0.55¢ 21 o 9131 3745.0° 0.067 30 0.06
Katoetal.* 0.50 123 004 180 3ne 1418 574 98¢ 200 175.7¢ 0.50 10 053
Itoetal ™ 0.05 121 006 39° 268¢ 0.82° 29¢ ND 10 426° 0.05 100 028
Kim etal.” 0.14 n9 01 29 388° 119 a4 84¢ 14 339° 014 ND ND
Kraft etal.” 7 99 051 27 249% 3.40 7 89¢ 6.84 48.0° 171 50 0.40
Conversion-type CAM and lithium metal
Yamadaetal.* 0.025 1,600 002 274 912¢% 096 22 844 0.025 0.6% 0.025 10 0.02
Yaoetal.* 013 647 006 17¢ 386 233 33 78¢ 1273 6494 127 1000 193
Zhang etal.” 0.57 550 018 224 35944 314 464 Ve 573 28.8% 573 150 018
ASSBs with oxide/phosphate electrolyte
Yuetal* 0.043 102 004 8 166¢ 1.01 n ND 429 244 043 500 044
Finsterbuschetal.” 010 n8 012 1 232¢ 0.83 32 92 01 14° 010 70 016
ASSBs with inorganic and polymer electrolyte
Chen etal.” 010 155 001 288" 362" 9.42 294° 8 03 7 010 n 029
Park etal.” 0.24¢ 170 024 87 377 1.02 37¢ 95! 024 21 0.24* 100 033
Wakayama etal ** 0.08* 136 005 141 471° 159 59* 95 3.08 278.8¢ 0.08° ND ND
Ates etal.” 0.06 136 006 115° 341 1.01 39" 95 0.06 6.3° 0.06 50 023
ASSBs with polymer electrolyte
Hovington etal.” 0.81¢ 158 036 282¢ 364 232 755 87¢ 0.81 100.3¢ 0.81¢ 1400 845
Porcarelli et al.** 0.09¢ 152 on 168¢ 336¢ 079 25¢ ND 043 91.4¢ 0.43 300 043
Bouchet etal.”’ 0.05¢ 162 007 120¢ 329¢ 078 26° ND 16 153.6* 0.05* ND ND
Lithium-ion battery
Panasonic LIB* ND ND 02 243 ND ND ND ND ND 50 ND ND ND
Panasonic LIB, lithium-ion battery NCRI86508B (specific energy and specific power values also take cell casing into account); ND, no data available. Unless indicated otherwise, values represent the
performance of the initial discharge cycle(s) and were either specified or calculated (Supplementary Table 1) entllely from values specified in the vesp:ctlve refeveﬂce ‘i lowest available current density;
I+ highest available current density; j;: current density at which prolonged cycling was ifi of the cathods posite Epc i on the cathode composite

weight and assumes that the anode potential is equivalent to Lit/Li. For graphite 0.1V, for Li;Ti-O, 1.5V and for LiTi,(PO,); 2.5V average potential versus Li*/Li was assumed. ‘The energy efficiency of

the charge-discharge sequence was obtained from the second cycle, except for Whitely et al.”, Yamamoto etal.%, Kraft etal ™ and Yamada etal ', where it was obtained from the first cycle, and Woo
etal.”, where it was obtained from the third cycle. *Not all data were available as number values in the respective reference. Data were extracted from figures in the respective reference, as detailed in
Supplementary Tables 2 and 3. “Not all data were available in the respective references to calculate these values. Approximations had to be made as detailed in Supplementary Tables 2 and 3. 'Weight of cell
akso includes weight of curent collectors.

discharge capacity. Whenever possible, the area-normalized energy  degradation mechanism. A plot of the resistances obtained from
delivered until 80% of the original specific energy is reached, as well ~ impedance analysis against the cycle number can help to identify
as the retained specific capacity after 100 cycles, should be reported.  the cause for an increase in overpotential that may occur during
Correlating energy retention during cycling with the develop- cycling”. However, care needs to be taken in this analysis, as the
ment of internal resistance may provide further insights into the internal resistance is also dependent on the state of charge.
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Fig. 3 | Cycling results of analysed ASSBs. a,b, Specific energy per cycle versus cycle number (a) and specific energy per cycle versus the sum of cell area-
normalized energies (b) delivered by the cell during all discharges up to the respective cycle number. The applied current densities and obtained specific
energies of the first discharge are detailed in Table 2. Because data for the development of the overpotential during cycling are mostly not available, we
solely applied the capacity loss proportionally to the initial specific energy of the respective cell. This means assuming that the overpotential remains
constant during cycling, which is acceptable here, as energy retention is usually dominated by capacity retention. To ensure clarity of the images, the
cycling results extending beyond the x axis scale were truncated at 250 cycles or 1.6 Wh cm™, respectively. Each line is composed of as many data points
as numbers of cycles available for each cell. Individual points were omitted for clarity. Symbol meanings are the same as in Fig. 1. The sole purpose of the

symbol at the end of each line is as a cell identifier.

Performance prediction

Estimating cell performance measures on the basis of idealized
assumptions is helpful to specify targets for research, while main-
taining all parameters within reasonable margins. For example,
increasing the CAM fraction in the cell is suitable to achieve higher
energy density. However, this inherently means that the current
density needs to be increased to maintain a high C-rate, requiring
lower internal resistance of the cell. Hence, the cell performance and
cell requirements can simply be estimated for any cell system using
the fundamental equations for the specific energy, energy density,
specific power, energy efficiency and Ohm’s law (Supplementary
Table 1). Several examples of these back-of-the-envelope-style cal-
culations of cell performance are given in Supplementary Data 2. For
the purposes of simplification, the internal resistance is assumed to
be independent of the state of charge and the corresponding over-
voltage applied equally to charge and discharge. Minority compo-
nents, such as polymer binder and conducting carbon, are omitted
in the following thought experiments. Three examples are described
here. The corresponding boundary conditions and input parame-
ters are discussed in Supplementary Table 9.

Example 1 in Supplementary Data 2 describes variants of an
ASSB with lithium, thiophosphate solid electrolyte and NCM with
an area capacity of 5mAhcm™ by variable layer thicknesses and
weight fraction of CAM. To have a chance to exceed 400 Whkg™
energy density with NCM, the specific discharge capacity needs
to exceed 170mAhgc,," in an 89-um-thick cathode composite
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containing 85wt% CAM, in a cell with 40 um thiophosphate solid
electrolyte separator and 20 um lithium metal anode. Also, the max-
imum allowed internal resistance can be calculated. To achieve a
cell with 5mAhcem™2, 90% energy efficiency and a cycling rate of
1C, the internal resistance must be less than 40 Qcm?. Varying the
lithium thickness of said cell demonstrates its substantial influence
on the energy density. The same argument is valid for varying the
solid electrolyte thickness. Without solid electrolyte and lithium
metal, the hypothetical energy density of the composite cathode is
obtained, which corresponds to the maximum attainable value with
the respective cathode composite.

Following the same procedure, lithium and LiNi,.Mn, O,
(LNMO, example 2 in Supplementary Data 2) as well as lithium
and Li,S (example 3 in Supplementary Data 2) cells were evaluated.
While the high potential of LNMO allows for higher internal resis-
tance of the cell (<49 cm’) at similar specific energy, the conver-
sion-type ASSBs promise to substantially increase specific energy,
but require much lower internal resistance. With the assumed limi-
tation of 5mA cm~? (see Supplementary Table 9), a lithium-sulfur
cell can reach about 700 Whkg-" if the internal resistance is below
23Qcm? (assuming: 20 pum lithium foil, 40 um thiophosphate solid
electrolyte, 31 um cathode composite, 70 wt% sulfur in the cathode
composite, 90% energy efficiency and a 1C rate).

For a general comparison of ASSBs, we calculate the maxi-
mum allowed internal resistance and achievable specific energy
(Supplementary Data 3) for each CAM (NCM, LNMO, Li,S) and

43



Results and Discussion

ANALYSIS NATURE ENER

Table 3 | A set of parameters necessary for an overall characterization of battery performance

Parameter Frequency of reporting and parameter description

Cell components Widely reported; describes the composition.

Cell area, A Mostly reported; indicates the size of the cell.

Layer mass, m, or area density, p, Mostly reported; required to calculate specific energy and specific power. Area density is to be preferred
over the absolute layer mass used in the experiment as it is directly comparable between cells of different

area.

Layer thickness, | Often reported; required to calculate energy density and power density. Useful to directly compare

different cell types and sizes of cells.

Applied pressure, p Often reported; important for cell preparation and cycling conditions.

Temperature, T Widely reported; important for cycling conditions, as it influences the internal resistance.

Current, I, or current density, j Mostly reported; indicates conditions of cycling. To be preferred over the C-rate as it is independent of cell

design and CAM specific capacity.

Average voltage, U Rarely reported as a value; it is mostly available from the charge-discharge curves, but very cumbersome
to extract for the reader. It should always be reported as it is required to calculate energy, power and

energy efficiency. Its development over time contains information on cell degradation.

Specific capacity, Mostly reported for charge and discharge; sometimes only available from a graph.

Internal resistance, R Although the ionic conductivity of the solid electrolyte is widely reported, the charge transfer resistances
are less analysed and the internal resistance of ASSBs is often only available from the impedance plots. If
possible, the resistances of the solid electrolyte separator and the charge transfer processes at anode and
cathode are to be distinguished. Its development over time contains information on cell degradation and

can be placed in context with the development of the overvoltage during cycling.

Rate test Inconsistently reported; the specific energy at a current density of 0.1mA cm~ and a rate test to indicate

power performance should be reported.

Energy retention Inconsistently reported; mostly demonstrated as plots of capacity versus cycle number. Additionally, a
plot of the specific energy against the delivered area energy of the cell allows a more general comparison

between cells. As values, the energy retention after 100 cycles and the delivered area energy (in Whcm™2)
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until 80% of the original specific energy remains can be stated.

solid electrolyte (PEO-LiTFSI, LiPS.Cl, Li,La,Zr,0,,) combi-
nation, dependent on the area capacity (1-10mAhcm-2), while
maintaining a 1C rate and 90% energy efficiency. We assume the
theoretical capacity for each CAM and that all cells contain a 20-um
lithium metal foil anode. In the input parameters, we vary the vol-
ume fraction of CAM in the cathode composite (25vol%, 50vol%,
75vol%), separator thickness (200um, 50pum, 20um) and the use
of current collectors (15um aluminium, 15um copper). Figure 4
shows the results. The smaller the internal resistance needs to be,
the more challenging it is to develop such a system. Supplementary
Fig. 14 plots the required current density against the specific energy
following the same analysis.

For example, viewing the data in Fig. 4 shows that at a separa-
tor thickness of 200um the lower cell voltage conversion-type sys-
tems are at a disadvantage to intercalation-type systems with higher
cell voltage. Lower internal resistance and higher current density
must be achieved to obtain the same specific energy and cycling
performance. Most ASSBs to date use even thicker separators than
this, which may explain the superior performance of ASSBs with
intercalation-type CAMs observed so far (Fig. 1).

At 50-um separator thickness, it depends on the density of the
solid electrolyte as to whether the resistance advantage lies with
intercalation- or conversion-type cells. Exceptionally high spe-
cific energy beyond 500 Whkg™' can only be achieved with the
conversion-type systems. Regarding the required current density,
the advantage of conversion-type cells demonstrates itself already
at 50-pum separator thickness (Supplementary Fig. 14). Likewise,
higher volume fraction of CAM in the cathode composite benefits
conversion-type systems, such as Li-S ASSBs.

With exceptionally thin (20um) and low-density separators
(PEO-LIiTFSI), conversion systems offer a substantial advantage
over intercalation-type cells to achieve very high specific energy.

However, the trends so far only consider the bare cells without cur-
rent collectors. The additional weight introduced when current-col-
lector foils are required affects the conversion-type cells more than
the higher voltage intercalation-type cells. The influence is so strong
that any Li-S ASSB that uses a copper and an aluminium current
collector of 15-um thickness each per cell, must achieve lower cell
resistance than a higher voltage intercalation-type cell for the same
specific energy.

Due to the reasons stated above, we have so far focused on the
specific energy of ASSBs. However, depending on the applica-
tion, volume limitations may be critical, thus making the attain-
able energy density the decisive factor. Our equivalent analysis of
the energy density versus the required internal resistance is shown
in Supplementary Fig. 15. The results demonstrate that, here, con-
version-type cell systems are at a striking disadvantage over higher
voltage systems, underlining the emphasis that the automotive
industry places on high-voltage cell systems.

Overall, this comparison demonstrates the importance of develop-
ing cells with thinner separators and better processing techniques to
achieve the internal resistance and current density requirements for
high energy and high power ASSBs. At 200-um separator thickness,
achieving this appears improbable unless substantial advances in solid
electrolyte ionic conductivity are made. Reducing excess cell weight,
for example, by bipolar stacking, might prove especially important
for conversion-type cells to achieve exceptionally high specific energy
where cell weight plays a critical role, such as in aerospace applications.

Research targets

From the above analysis, it seems that all the necessary tools are now
at hand to obtain a pellet-type ASSB with more than 250 Whkg" and
stable cycling by combining LINDO,-protected LiCoO, as the positive
electrode’, a thiophosphate solid electrolyte'*'” and protected lithium
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Fig. 4 | The maximum allowed internal resistance and achievable specific energy for intercalation- and conversion-type cell systems. These are
calculated by varying the area capacity using Supplementary Data 3. NCM, LNMO and Li,S cathode materials and solid electrolytes PEO-LiTFSI (density of
1.2gcm™), LigPS:Cl (LPSCI, density of 1.87gcm) and Li,LaZr,0,, (LLZO, density of 5.14 gcm~3) are compared. Theoretical specific capacity of each CAM
is assumed. Each point (area capacity) indicates the achievable specific energy and the internal resistance requirement for 90% energy efficiency at a rate
of 1C. A thickness of 20 um of lithium foil is used for this calculation. Comparison is carried out at equal current density, that is, equal area capacity. Hence,
variation of the cathode composite thickness is required to set cell capacity to 1.0, 1.3, 1.8, 2.7, 4.0, 6.0 or 10.0mAhcm=2 (low to high specific energy).
Values of 200, 50 or 20 pm solid electrolyte, 25 vol%, 50 vol% or 75 vol% volume fraction g4, of CAM in the cathode composite and the addition of
aluminium and copper foil current collectors (each 15 um thick) are compared by modifying the input parameters in Supplementary Data 3.

metal as the negative electrode” (see example 4 in Supplementary
Data 2). However, the specific energy is not the only parameter of
importance. A high specific power beyond 250 W kg~' requires cells
with less than about 40Q cm” of internal resistance. Optimizing cell
design will play an important role in achieving these targets.
Comparing the requirements obtained from performance pre-
diction with our literature survey indicates what has already been
achieved and which targets still need to be met. This identifies the
research goals listed in Table 4. An important problem yet to be
solved in the solid state is accessing the theoretical specific capacity
of CAMs. For example, the theoretical specific capacity of NCM has
been shown to be about 200mAhg™ in cells using liquid electro-
lytes™, while ASSBs with NCM struggle to exceed 150mAhg™ at
ambient temperature. Furthermore, CAM content in the composite
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cathode needs to be increased to maximize hypothetical specific
energy'*". The development of highly conducting (>10mScm™),
electrochemically compatible solid electrolytes will help with these
targets. Also, new coatings for NCM-type CAMs are to be developed
to reduce charge transfer resistance and increase capacity reten-
tion. New processing methods will allow creation of larger cells.
Important targets for conversion-type cells are increased cell volt-
age, reduced internal resistance, increased CAM content, decreased
separator thickness and increased current density.

On the anode side, formation of a lithium metal anode in situ,
without the initial addition of lithium foil, would substantially
increase energy density and facilitate cell manufacturing™. Also,
lithium dendrite growth is expected to occur at higher current
densities. Therefore, it is important to develop reliable methods
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Table 4 | R h targets to achieve high energy and power ASSBs
Parameter Target description
Cell voltage, V Lithium metal has been identified as the key anode material. Development of intercalation-type

CAMs, such as NCM or LNMO, to achieve high energy density, and conversion-type CAMs, to
achieve high specific energy, is ongoing.

Practical specific capacity needs to reach theoretical values at ambient temperature, for example,
NCM ~200mAh g, Li,5 1,166 mAh g, LNMO 147mAhg-".

Most studies apply a volume fraction of CAM of 40-60vol% in the cathode composite. Increasing

Specific capacity, q

Volume fraction of CAM in cathode composite,

Deawea this to more than 70 vol% is an important target to increase specific energy and energy density”**.
Hypothetical specific energy, E, ., and area These are the key to maximize specific energy and energy density. Cathode composites exceeding
capacity, Q. 500 Whkg™' (versus Lit/Li by weight of cathode composite only) and 5mAhm~2are desired.

Current density, j Dendrite formation needs to be prevented at a current density of at least SmA cm=2 (refs. “**).

The desired energy efficiency determines the allowed overvoltage. Using Ohm's law, the maximum
allowed internal resistance of the cell is estimated from the allowed overvoltage and the desired
current density. More than 90% should be achieved.

A high specific energy cell requires less than about 40 Qcm? internal resistance to allow cycling at 1C
with more than 90% energy efficiency”.

Energy efficiency, .

Internal resistance, R
Lithium thickness, I, Concepts of reducing lithium layer thickness are under development®". Ideally, introduction of excess
lithium would not be required and lithium would stem solely from the CAM.

Solid electrolyte thickness of as little as 30 um has been demonstrated”*“". Further reducing layer
thickness increases specific energy and reduces internal resistance.

Solid electrolyte thickness, /s

The thickness of the composite cathode requires a balance of increasing specific energy of the cell by
increasing thickness, while remaining within a practical window for the required current density.

Cathode composite thickness, I,

Cell area, A Thin composite cathodes and solid electrolyte separators can be prepared at small scale. Creation
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of the lithium metal anode in a pouch-type set-up with inorganic electrolytes remains a challenge.
Large-area cells with more than 200 cm? remain to be demonstrated for ASSBs with inorganic

electrolytes'™ ™.
Pressure, p

The most successful ASSBs so far applied external pressure during cycling of the cell. For practical

applications, the requirement for excessive pressure should be avoided.

Additives

Energy retention

The roles of binders and conductive carbon additives need to be investigated further-=".

Cycling tests aim to demonstrate a cell that maintains more than 80% of its original specific energy

over 1,000 cycles and at least 5 Wh cm~ delivered area energy.

to prevent lithium dendrite formation up to at least 10mAcm™
(ref. ). Finally, a discussion of binders and conductive carbon addi-
tives was beyond the scope of our analysis, but their influence on
cell performance and cell degradation must also be investigated fur-
ther’> . With these challenges solved, excluding cell casing, ASSBs
with specific energy beyond 400 Whkg™', energy density beyond
1,000 Wh1™' and more than 90% energy efficiency at a 1C rate are
within reach (Fig. 4 and Supplementary Fig. 15).

Conclusions

Starting out with a survey of the ASSB literature, it is evident that
a comparison of cell performance is not always directly accessible.
Therefore, we present an extensive analysis of the performance mea-
sures of the best-performing all-solid-state batteries in our literature
overview. This demonstrates that the differences in specific energy
and specific power of the multitude of available ASSBs mostly origi-
nate from differences in layer thicknesses and internal resistance.
To compare these with a basic reference system, we present an all-
solid-state battery using only a lithium metal anode, $-Li,PS, solid
electrolyte and Li(Niy,Co,,Mn,,)O, cathode active material. We
intentionally did not apply material coatings or carbon additives so
that these cells can serve as minimalistic references. The Ragone plot
and the plot of the cycle-dependent specific discharge energy offer
direct comparison of different cell chemistries and varying cycling
protocols relative to our minimalistic cells. This demonstrates that
high specific energy and high specific power ASSBs using lithium
metal remain elusive as long as thick separators are used. Cycling
tests show that further research is required to develop protective

coatings, especially for high-voltage CAMs. Using the fundamen-
tal equations that determine battery performance, we identify and
quantify key research targets, such as achieving less than 40 Qcm?
internal resistance, less than 50pum separator thickness, in-situ
generation of the anode, more than 5mAhcm~ area capacity and
500 Whkg™" hypothetical cathode specific energy. Thus, our analy-
sis projects a pathway to lithium metal ASSBs and highlights the
remaining challenges still to be overcome in order to surpass the
performance of state-of-the-art lithium-ion batteries.

Methods

Literature analysis. We include all ASSBs from the literature that allowed us to

carry out a consistent full cell analysis (Tables 1 and 2). In some cases, we selected
representative examples, as the inclusion of all reports would have exceeded the scope
of this analysis. Most of the cells included in our analysis are not optimized for energy
and power, which we ask the reader to bear in mind when interpreting the results.

To obtainall paramcters for the llteraturc overview, we identified the parameters
available in each p i dividually and calculated the ining p

one by one to complele the set. In some case:, we had to make assumptions to

as described in Supplementary Table 2.

PP

Calculating performance As ized i 1 y Datal,
the experimental data obtained for cell type 1 and 2 are uscd as input parameters
(highlighted in grey) to calculate the corresponding per! ce
(highlighted in colour) in the same line. The underlying formula can be identified
by double -clicking on the respective cell. 'lhc calculation is set up such that the

are ically calculated from the input parameters
of the same row. Exception: at least two consistent consecutive lines of data are
required to correctly calculate efficiency, camulative and retention parameters for
cell cycling analysis. An explanation of the symbols and columns is given in the tab
labelled ‘legend’ of the Supplementary Data 1.
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Using Supplementary Data 1, the reader can easily analyse their own
experiments by replacing the data for the input p with the corresp
complete set of their own data. The resulting performance indicators are then

ically calculated using the embedded formula and cell references. To add
additional rows with full functionality for analysis, simply copy complete rows of
data into rows without data or select the filled cells to be used for the calculation
and drag the fill handle upwards or downwards.

To gauge the performance potential of solid-state ballenes by talculalmg
examples 1 to 4 described in the section on ‘Perl

thought experiments for all-solid-state lithium batteries in Supplcmemary Data 2.
Supplementary Data 2 functions, in principle, in the same way as Supplementary

YSIS

was used. The pass energy of the analyser was set to 187.9eV for survey scans and
23.5€V for detailed spectra. A charge correction was carried out for all spectra, to a
binding energy of 284.8 eV referring to the C Is line corresponding to adventitious
carbon. CasaXPS v.2.3.17 software was used to evaluate the received spectra.

SEM of battery cross-sections. The all-solid-state battery was cut in half using an
ultrasonic knife (Sonofile, SF-0102) and the received cross-section was analysed
by SEM. The SEM images of the cross-sections did not show signs of mixing of the
different battery materials due to the cutting process, that is, clean cross-sections
were obtained, the cutting area was sharp and there was no smearing of materials.
Microstructure images of disassembled battery components were obtained on

Data 1. However, instead of experimental data used as the input p values
are varied within reason to predict the cor ing performance

In Supplementary Data 3, we calculate the achievable specific energy for
intercalation- and conversion-type lithium ASSBs and the corresponding
maximum allowed internal resistance and the minimum required current density.
The results are used to calculate the data for Fig. 4 and Supplementary Figs. 14 and
15 by varying the input parameters within reason (see Supplementary Table 9).
Supplementary Data 3 functions, in principle, in the same way as Supplementary
Data 1. The reader can modify the input parameters, to match their interest. The
figures included in the spreadsheet table are updated automatically, as are the
corresponding performance measures.

All three spreadsheets can, in pnnclple, also be applied to other battery types
and can be modified to per of interest.

Materials. BASF SE provided the crystalline solid electrolyte f-Li,PS,
(1.2x10*Scm™) and the Li(Ni,,Co,,Mn,,)0, (NCM) active material for this
study. All chemicals were stored in an argon-filled glovebox (H,0 <0.1 ppm and
0,<0.1ppm). X-ray diffraction patterns and scanning electron microscopy (SEM)
images of LPS and NCM are available in Supplementary Figs. 16-19. The NCM
active material was dried in a vacuum at 250 °C (Biichi furnace) overnight. A disc
of lithium foil of approximately 120 um thickness and 9mm diameter was used as
the anode. The composite cathode consists of dried NCM (p=4.78gcm™") " and
B-Li,PS, (p=1.83gcm )" in a mass ratio of 70:30 (volume ratio 47:53). The NCM
and LPS powders were ground in an agate mortar for 15 min by hand before cell
assembly, forming the cathode mixture.

Li | LPS | NCM cell assembly. The cell casing was manufactured in-house

as described in detail prcvlously “, The Li | B-Li,PS, | NCM:p-Li,PS,

(Li I LPS | NCM:LPS) cells (S y Fig. 1) were bled within an argon-
filled glovebox. For cell atscmbly, one of the stainless steel stamp current collectors
was used to close one side of a polyether ether ketone cylinder with a diameter

of 10mm, into which all materials were added via the remaining opening, First,
60mg of the p-Li,PS, solid electrolyte was added and the powder was uniformly
compressed manually with the second stainless steel stamp current collector.

Then, 10 mg of cathode composite (NCM:LPS was 70:30 by weight; 8.9 mgcm~?)
was distributed evenly on top of the smooth LPS surface, corresponding to an

area capacity of 1.78 mAh cm™ on the basis of a theoretical specific capacity of
200mAhgc,, ™" (ref. “). For cells with higher area capacity, the amounts of LPS and
cathode composite were modified as specified in the respective section. The stack
was then compressed uniaxially between the stainless steel stamp current collectors
at 30kN (that is, ~380 MPa, for cells with higher area capacity the pressure needed
to be reduced to 25kN) for 3 min before adding the lithium disc anode (thickness:
120pm, diameter: 9 mm) and a copper foil disc (thickness: 40pum, diameter:
10mm) to the cell illustrated in Supplementary Fig. 1. The copper foil is used for
stabilization of the battery stack during disassembly. Without copper foil, lithium
would stick to the steel curmnt collectms and complete removal of the battery
would be impossibl g post-experiment analysis. Finally, a pressure
of approximately 50 MPa was applied using an external frame, which remained in
place during all electrochemical measurements.

Electrochemical characterization. Charge and discharge tests were performed
usinga VMP-300 Biologic and a MACCOR potentiostat/galvanostat. Cells using
lithium as anode material were repeatedly charged gal ically to 4.3V

and discharged t0 2.6V versus Li*/Liat 25°C. The applied current density was
0.178mAcm™ corresponding to a 0.1C rate for cells with an area capacity of
1.78mAhcm™. For the rate tesl and cells w:lh hlgher area capacity, the current
density was i spectroscopy (EIS)
was performed using an EC- Lab Electrochemistry VMP-300 Biologic before the
first charge step and for the first five cycles after reaching the cut-off voltages and
10 min of pause (open circuit voltage measurement). EIS was conducted in the
frequency range 7 MHz to 1 Hz, applying a 10-mV signal amplitude.

X-ray pt 1, P X-ray on spectroscopy (XPS) was
ployed to identify decomp pmducls and the binding states of the used
battery materials. The measurements were carried out using a PHIS000 Versa Probe
11 with an Al anode. Exposure to air was avoided by using a transfer vessel filled
with argon, which was loaded inside the argon-filled glovebox. A surface area of
100pm x 1,400 pm (X-ray spot size) was investigated and an X-ray power of 100 W

NATURE ENERGY | www.nature.com/natureenergy

a high | scanning electron microscope (Merlin, Carl Zeiss AG). An
acceleration voltage of 3kV and a sample current of 150 pA were applied. The
secondary electron detector was used to record the images.

Distribution of relaxation times (DRT) analysis. Previous publications’"**
have shown that it is favourable to deconvolute impedance data in the space of
relaxation times. This so-called DRT method enables a refined separation of
physical processes even |fthey are strongly overlapping in the Nyquist diagram.

Each process is dasa local i ina distribution
function. The ad\'amage is that  processes with close time constants can be
d and a physicall ivalent circuit model can be established.

P
Furthermore, Schonleber et al.* praved that any non-oscillating electrochemical
system can be correctly described using the DRT.

Data availability
All data generated or analysed during this study are included in this Analysis and
its Supplementary Information files.
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3.2 Publication 2: On the Additive Microstructure in
Composite Cathodes and Alumina-Coated Carbon Microwires

for Improved All-Solid-State Batteries

Carbon-based conductive additives improve the performance of conventional lithium ion
batteries. However, their influence in solid-state batteries is yet not fully understood. In the
second publication the influence of several carbon additives with different morphologies and
surface areas were investigated on the cell performance. Cycling tests and microstructure-
resolved simulations show that a higher utilization of the cathode active material can be
achieved with fiber-shaped additives. However, carbon additives generally lead to an
increased capacity loss during cycling and an enhanced formation of decomposition products.
The latter was studied in more detail using cyclovoltammetry, X-ray photoelectron
spectroscopy and cycling experiments. To overcome the issues caused by the use of carbon
additives, a protection concept is developed.

The publication was written by the author and edited by the co-authors. A. Neumann, K.
Becker-Steinberger, T. Danner, S. Heinand A. Latz conducted the simulation experiments and
wrote the respective sections. The experiments were designed by the author and F. Walther
under the supervision of B. Mogwitz, J. Sann, F.H. Richter and J. Janek. The author and Y.
Schneider carried out the experiments. R. S. Negi applied the carbon coating by ALD. F.
Walther carried out the XPS analysis.

49



Results and Discussion

Downloaded via Juergen Janek on February 13, 2021 at 10:48:59 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

50

pubs.acs.org/cm

On the Additive Microstructure in Composite Cathodes and
Alumina-Coated Carbon Microwires for Improved All-Solid-State
Batteries

Simon Randau, Felix Walther, Anton Neumann, Yannik Schneider, Rajendra S. Negi, Boris Mogwitz,
Joachim Sann, Katharina Becker-Steinberger, Timo Danner, Simon Hein, Arnulf Latz, Felix H. Richter,

and Jiirgen Janek*
E Read Online

Article Recommendations ‘

Cite This: https/dx.doi.org/10.1021/acs.chemmater.0c04454

ACCESS | |l Metrics & More | o Supporting Information

ABSTRACT: All-solid-state batteries promise to enable lithium metal anodes and
outperform state-of-the-art lithium-ion battery technology. To achieve high battery
capacity, utilization of the active material in the cathode must be maximized.
Carbon-based conductive additives are known to improve the capacity and rate
performance of electrode composites. However, their influence on cathode
composites in all-solid-state batteries is yet not fully understood. Here, we study
the influence of several carbon additives with different morphologies and surface
areas on the performance of an all-solid-state battery cell Lil$-Li;PS,
Li(Niy 4Cog,Mny ,)O,/f-Li;PS,/carbon. Cycling tests and microstructure-resolved
simulations show that higher utilization of the cathode active material can be achieved using fiber-shaped vapor-grown carbon
additives, whereas particle-shaped carbons show a minor influence. Unfortunately, carbon additives generally lead to an accelerated
capacity loss during cycling and an enhanced formation of solid electrolyte decomposition products. The latter was studied in more
detail using cyclic voltammetry, X-ray photoelectron spectroscopy, and cycling experiments. The results show that carbon additives
with a small surface area and a fiber-like morphology result in the lowest degree of decomposition. To completely overcome
electrolyte degradation caused by the use of carbon additives, a protection concept is developed. A thin alumina coating with a few
nanometers thickness was deposited on the carbon fibers by atomic layer deposition, which successfully prevents decomposition

reactions, reduces long-term capacity fading, and leads to an enhanced overall all-solid-state battery performance.

B INTRODUCTION

The search for next-generation battery systems with increased
energy and power density, longer cycle life, and improved
safety has attracted significant interest in recent years,
especially in the automotive sector.' The currently well-
established lithium-ion batteries are limited by degradation as
well as safety risks and rate limitations arising from the use of
organic liquid electrolytes. These challenges include, for
example, flammability of the organic liquid electrolytes,
reactivity with the electrode materials, and a low lithium-ion
transport number.” All-solid-state batteries (ASSBs) are
considered as a promising alternative, however, presenting
their own challenges on the way to commercial use.”

With the use of a solid electrolyte (SE), the overall safety of
the device is expected to improve because SEs are more stable
at higher temperatures and are less flammable. The SE may
also lead to an increase in energy and power density, if lithium
metal can be used as anode.” Finally, the ionic conductivity of
several SEs is meanwhile competitive with those of organic
liquid electrolytes.”™® Thiophosphate-based SEs seem to be
particularly promising because of their high ionic conductiv-
ities, good mechanical compatibility, and relatively low costs.”

© XXXX American Chemical Society

< ACS Publications

Nonetheless, it is still a great challenge to achieve high-
performing ASSBs that can compete with LIBs.

In general, poor thermodynamic stability of the SE,'"
chemo-mechanical coupling,'”'* and interface kinetics'* are
the remaining major challenges. At the anode, the reduction of
thiophosphate SEs by lithium metal occurs and a solid
electrolyte interphase (SEI) forms.'"'* In the cathode
composite, side reactions take place at three locations. First,
decomposition takes place at the current collector/SE interface
at high potentials.”’ Second, reactions occur between cathode
active materials (CAM), such as Li(NigsCog,Mny,)0,
(NCM), and the SE resulting in resistive interfacial layers.'” ™"
Third, once a carbon conductive additive is used, decom-
position reactions are induced at the carbon/SE interface.”’
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To achieve high charge and discharge current densities and
effectively utilize all CAM particles, a homogeneous current
distribution and balance between ionic (SE particles) and
electronic percolation pathways with low impedance is
crucial.”' ™ The limited intrinsic electronic conductivity of
CAMs can be rate-limiting,”"** especially because the often
spherical shape of CAM particles means that the electronic
contact area between particles in the cathode composite is
small. To overcome this limitation, carbon additives play a
central role to improve the electronic percolation network.

Beside experimental studies, simulations””® on the
continuum scale allow to analyze the effect of the electrode
composition, conductive additives, and microstructure on
battery performance and lifetime.”” This approach was recently
demonstrated for ASSB cells using two different classes of SEs,
namely, LLZO™ and thiophosphates.” Moreover, physico-
chemical models enable to discriminate the contributions of
different degradation mechanisms. With these results, the
characteristics for an ideal carbon additive for ASSBs can be
identified.

Recent reports indicate that carbon additives lead to an
additional decomposition reaction of the SE at the carbon
surface, especially during charge (within typical the potential
range for NCM-based ASSBs), which can have a strong
influence on cell performance.’”~** However, in these studies
only one type of additive was considered, the influence of
different morphologies and surfaces was not considered in
detail. Furthermore, in some cases only small amounts of the
additive were used (1 wt %). Here, we will show that a
threshold fraction of the vapor-grown carbon fiber (VGCF)
additive (3 wt %) has to be exceeded to form a sufficient
percolation network. The sample preparation also influences
the percolation network, and the use of a ball mill leads to high
energy input into the composite and can already induce first
decomposition reactions, which can interfere with cyclic
volt: ry (CV) i igations. This forms the basis for
the first part of this publication.

Recently, the decomposition mechanism of f-Li;PS, as
prototype thiophosphate SE at VGCF was investigated in more
detail by X-ray photoelectron spectroscopy (XPS).”"***
Coating strategies are widely used to overcome stability
limitations, especially at the interface between CAM and SE.™
There are also efforts to transfer the same coatin§ strategies
already established for CAM to carbon additives.” Thus, an
electronically conductive polymer coating for carbon nano-
tubes was presented, recently.”” Analyzing the CV results, the
electronic contact of carbon additives to the SE is responsible
for the decomposition, and an electronically conductive

B EXPERIMENTAL SECTION

Materials. BASF SE provided the AM Li(Ni, 4Co,,Mn,,)O, and
the thiophosphate SE f-Li;PS, (LPS, 6y = 1.2 X 107* S-cm™). The
VGCF (Sigma-Aldrich Inc., iron-free) showed an average specific
surface area of 24 m*g™" with a diameter of 100 nm and a length of
20—200 pm. The Super C65 graphite-type carbon was ordered from
Imerys Graphite & Carbon Switzerland Ltd. and showed an average
specific surface of 62 m*g™". The used Ketjenblack EC600JD (KBC)
graphite type carbon was purchased from Lion Specialty Chemicals
Co., Ltd., showing an average surface of 1270 m>g™". The carbon
nanotubes (CNT) NC7000 were obtained from Nanocyl SA, showing
an average surface area of 300 m*g ™", with an average diameter of 9.5
nm and an average length of 1.5 um. We compare fiber- and particle-
shaped carbons with small and large surface areas. VGCF is selected
because of the fiber morphology and a small surface area. CNT is an
example for a high surface area fiber-shaped carbon. Super C65 and
KBC are c ly used for lithium-ion batteries and rep small
and high surface area particulate carbon additives, respectively. NCM
AM and carbon additives were dried in a Biichi furnace at 200 °C
overnight. A 120 um thick Li foil disc (Albemarle, Rockwood Lithium
GmbH) or an indium foil disc (chemPUR GmbH) with 125 ym
thickness were used as the anode/reference electrode. The lithium—
metal foil was mechanically polished, indium was used as received. All
chemicals were stored in an argon filled glovebox (<0.1 ppm O,, <0.1
ppm H,0).

Preparation of the Solid-State Battery Cell. Cathode
Composite. Two types of c ites were investigated. The
reference composite consists only of dried NCM and LPS with a
mass ratio of 70:30 (volume ratio 47:53). The second composite
contains additionally a conductive carbon additive, as stated above.
First, 100 mg of a NCM/LPS composite, with a mass ratio of 70:30,
were mixed and ground briefly. Afterward, 3 mg of carbon were
added, resulting in a carbon content of 2.9 wt % in the cathode

posite. The diff posites were then ground by hand with
an agate mortar for 15 min to achieve a uniform cathode composite
mixture. For all investigations, the cathode composites were freshly
prepared.

Cell Assembly. The cell tests were carried out using a pellet-type
cell casing manufactured in house.™'¥ To assemble the cell, one
stainless steel stamp was used for closing the polyether ether ketone
(PEEK) cylinder. LPS (60 mg) were added into a 10 mm diameter
cylinder. The powder was compressed uniformly by a second steel
stamp. The 10 mg cathode was added subsequently. The
cathode composite corresponds to an AM loading of 8.92 mg-cm™?
and 1.78 mA h-cm ™ (Qyeo = 200 mA h-g™") for a composite without
a carbon additive. For a composite with a 2.9 wt % carbon additive 10
mg of composite refer to 8.65 mg-cm'l and 1.73 mA h-em™,
respectively. The resulting pellet was uniaxially compressed at 30 kN
(approx. 380 MPa) for 3 min. The lithium metal anode was placed on
the remaining side, on top of the LPS. Copper foil was added for an
easy extraction of the pellet after the experiments. An external frame
was used during all electrochemical tests, applying a constant pressure

polymer coating may not prevent degradation completel

of ly S0 MPa.

PP

Therefore, we decided to investigate an electronically
insulating coating of a fiber- or “wire”-type carbon additive.

Testing various carbon additives, we investigate the
influence of the specific surface area and the morphology in
cathode composites for ASSB applications. By combining CV,
XPS depth profiling, and battery cycling experiments, the
surface area and morphology dependence of the decom-
position reaction of the thiophosphate-based SE on the carbon
additives is shown. Moreover, the microstructure resolved
simulations confirm the increase in active material (AM)
utilization when using fibrous carbon additives, by creating
electronic networks more effectively. Finally, we present
cycling data using an alumina-coated carbon additive, which
reduces cell degradation.

Prep ion of SE/Carbon Cells for CV. Composite for the CV
Cell. For this type of cell, no NCM was used in the composite. Only
LPS and conductive carbon were mixed. The aim was to identify
solely the influence of the carbon additives on the LPS. Therefore, the
ratio between both components was the same as in the ASSBs with
CAM. The conductive carbon content was 9.1 wt %. LPS was mixed
with the carbon additive in an agate mortar for 15 min.

Cell Assembly. At first, 30 mg of the pure LPS were placed in a
PEEK cylinder and briefly compressed with both steel stamps. Then,
30 mg of the LPS/conductive carbon composite were added as the
working electrode. The pellet was compressed uniaxially at 30 kN
(approx. 380 MPa) for 3 min. The counter electrode was pure indium
foil with 8 mm diameter. The pressure of the used external frame (50
MPa) and indium foil ductility is sufficient to fully cover the LPS
surface. Pure indium was used to exclude any decomposition at the
counter electrode/SE interface. A schematic of the CV cell and a
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Table 1. Overview of the Properties of the Investigated Carbon Additives

morphology specific surface area/m™g™"
VGCF fiber 24
Super C65 particle 62
CNT fiber 300
KB EC600]D particle 1270

D X L/primary particle size distributor
100 nm X 20-200 ym Sigma-Aldrich
<50 nm (particle size) Imerys Ltd.

9.5 nm X 1.5 ym Nanocyl/BASE SE
68 nm (particle size) Lion Ltd.

detailed discussion on the anode materials can be found in the
Supporting Information S1 and $3.

Electrochemical Characterization. Battery Test. VMP-300 or
MACCOR potentiostat/galvanostat were used to perform the charge
and discharge tests. The VMP-300 potentiostat was used in the first
cycles to perform cell cycling in combi with imped
measurements. Prolonged cycling was carried out afterward with the
MACCOR potentiostat. Batteries with the lithium metal anode are
charged to an upper cut-off potential of 4.3 V and discharged to a
lower cut-off potential of 2.6 V versus Li*/Li. The battery tests were
carried out at 25 °C. Charge and discharge experiments were
conducted with 0.1 C, which corresponds to 1.78 mA-cm ™2 for cells
with 8.9 mgem™ (1.78 mA h-cm™) AM loading. Electrochemical
impedance spectroscopy (EIS) was carried out with a VMP-300
potentiostat. For relaxation of the system, 10 min open circuit voltage
measurement was carried out before any EIS experiment. A 10 mV
sinus amplitude and a frequency range of 7 MHz to 1 Hz define the
EIS experiment.

CV Experiments. The CV experiments were performed using a
VMP-300 or SP-150 Biologic potentiostat in a two-electrode
arrangement (anode as reference electrode). Starting from the
OCYV, the first sweep was carried out to 5.5 V versus the reference
electrode, corresponding to the oxidative sweep. From 5.5 V, the
reverse sweep was carried out till 0 V and afterward back to the cell
OCYV. The scan speed was 1 mV-s™".

X-ray Photoelectron Spectroscopy. XPS was carried out using
a PHIS000 Versa Probe 11 (Physical Electronics GmbH). All samples
were transferred from the glovebox into the XPS system using a
transfer vessel under an argon atmosphere. Monochromatic Al K,
radiation (1486.6 eV) was used for analysis. The X-ray source was
operated with a power of 50 W at 15 kV. The spot size of the analysis
beam was 200 ym in diameter. For sputtering, a sputter gun with Ar*
ions was used, which was operated with an acceleration voltage of 0.5
KkV. The sputtered area was (2 X 2) mm”. For charge compensation, a
dual beam charge li (ion beam combined with
electrons) was applied. The pass energy of the analyzer was set to
23.50 eV for all detail spectra shown in the manuscript. Because the
surface oriented toward the current collector was analyzed, we
performed depth profiling experiments in order to clean the surface
and to minimize the influence of the degradation processes toward the
current collector/SE interface.'®*" We monitored the change of the
signals as a function of the sputtering time. From the depth, where no
signal change was observed with further sputtering time, we assume
that the influence of the current collector is minimized and the signals
are representative for the bulk material. The data were evaluated with
software CasaXPS$ (version 2.3.22, Casa Software Ltd).

First, the XP spectra of the f-Li;PS, reference were calibrated in
relation to the signal of adventitious carbon at 284.8 eV. Afterward,
the signal position of the main component of the S 2p signal was
determined (PS,’” units) and the XP spectra of the composite
cathodes were calibrated in relation to the main component of the /-
LiyPS, reference. In this way, detrimental effects because of surface
effects were minimized.”"” We used Shirley backgrounds and
GL(30) line-shapes for signal fitting. In addition, commonly used
fitting constraints were applied, including theoretical signal area ratios
(e.g., for p orbitals 1:2), full width at half-maximum constraints, and
reported values for spin orbit splitting.

Preparation of the Coating. The ALD-based Al O, coating was
directly performed on VGCF powder in a SUNALE R-200 Advanced
(Plcosun, Finland) system at 120 °C, by using Al(CH,), (trimethyl

) and H,O as p with a pulse time of 10 s. Nitrogen

e

was used as a flow gas and was purged in between two consecutive
pulses for 100 s in order to ensure the complete removal of reaction
byproducts and unreacted excess precursor. The vacuum conditions
in the reaction chamber were controlled <10 hPa.

Computational. We refer to Supporting lnformahon S11-S16
for details on simulati like simul, fi k, input
parameters for Battery and Electrochemistry Simulation Tool
(BEST), model parameterization, effective conductivity calculation
with GeoDict, analysis of virtual reference electrode, and the effective
electronic conductivity calculation for conductive additive.

Simulation Methodology. The length scale of the additives
given by the fiber or particle diameter is in the order of 100 nm. This
very fine morphology cannot be resolved in the cell level
electrochemical simulations because of the resulting computational
load. Therefore, a new multiscale concept was required for both
virtual electrode generation and the electrochemical modeling of the
carbon additives inside the electrode. In the electrochemical
simulations, we treated the SE and the carbon as a mixed phase in
which both transport of ions and electrons occurs, respectively. The
effective electronic and ionic transport properties in the mixed phase
are characterized by the volume fraction and tortuosity of the SE and
carbon phase. Both parameters are estimated by the structural analysis
of high-resolution microstructure models.

Cathode Generation and Virtual Cell Assembly. In analogy to
the experimental setup, we used in our simulations virtual cells
consisting of a composite cathode, a LPS separator, and a lithium
metal anode. The lithium metal and the separator were modeled as
isotropic layers (Supporting Information Table S3). The virtual
composite cathode microstructures were generated in software tool
GeoDict.* The voxel resolution was set to 1 um and the resultin, §

virtual posite el des had a di of 40 X 150 X 150 pm”.
The first di ion corresponds to the cathode thickness
of 40 um. The structure g domly fills the simulati

domain (40 X 150 X 150 um®) with spherical particles based on a
defined particle size distribution until the particles exceed the preset
solid volume fraction (SVF) of the AM of 45%. The selected Gaussian
particle size distribution with an average diameter d = (10 % 3) ym
also accounts for the AM particle cracking occurring during the
mixing and pressing of the electrode.”**

High-Resolution Microstructure Models. To resolve the
carbon morphology (about 100 nm feature size), we selected a
cubic cutout (40 X 40 X 40 um®) from the virtual electrode sample
(cf. previous paragraph) without carbon and increased the voxel
resolution to 31.25 nm. The resulting high-resolution structure
consists of 1280 X 1280 X 1280 voxels. We selected Super C65 as a
representative for the class of granular additives and VGCF for fibrous
additives. For Super C65, the scanning electron microscopy (SEM)
images did not show an agglomeration of primary particles in the
electrode. Therefore, we model Super C65 in the SE by polyhedron-
shaped particles with a diameter of 93.75 nm. For the VGCF, we set
the fiber diameter to 100 nm and the fiber length to (25 + §) um,
which corr ds to the di given by the material
manufacturer (see Table 1). In the next step, the carbon additives
were randomly distributed until the volume fraction agreed with the
electrode composition. In the VGCF model, we did not account for
fiber bending or specific surface clustering of the carbon additives, but
we allow for the additive overlap and direct contact to the AM. In
order to create a statistically more reliable data set, we generated
multiple electrodes with the same composition and porosity.

Structural Analysis of the Carbon Additive Network. For
each class of carbon additive, we performed a structural analysis of the
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Figure 1. SEM cross sections for cathode composites with (a,b) VGCF, (¢,d) Super C65, and (e,f) CNT carbon additives. Arrows exemplarily
highlight carbon additives. VGCF enables a homogenous percolation network in the entire cathode composite. Super C65 is not visible because of
the small particle dimensions in combination with the relatively weak material contrast. It can be assumed that isolated domains have formed within
the composite and the percolation network is smaller compared to VGCF. CNTs are only visible in high magnification images and appear as bright
and fiber-like. KBC is shown in the Supporting Information Figure $2.

@) (b)
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Figure 2. (a) Calculated effective electronic conductivity (orange) and tortuosity factor for selected carbon additives in the electrode with varying
mass content: K5VOCF, kO, and tortuosity factor 7yger® (blue). For nonpercolating Super C65, the tortuosity factor is calculated to infinity,
therefore, these results are not included in the graph. (b) Schematics for the various conductive additive distributions generated for the virtual
electrode: (1) without carbon, (2) C6S, and (3) VGCF. Color code: isolated CAM particles in blue, carbon additive in green, CAM in red and the

SE is transparent.

high-resolution simulation in GeoDict. Because this analysis is purely
geometric and neglects any electrochemical effects, the computational
costs were drastically reduced. The ol d structural p

such as porosity and tortuosity of the ionic and electronic network
were inputs for the electrochemical simulations. For the calculation of
the effective conductivities, we assume that the ionic conductivity of
the carbon phase and the electronic conductivity of LPS are
negligible. Therefore, we use only the introduced additive phase for
the calculation of the effective electronic conductivity x5 and only
the LPS phase for the effective ionic conductivity K, respectively.
Knowing the SVF of the respective phase, we calculate the
corresponding tortuosity factor 7* and porosity £. More details on
the effective transport parameters are given in the Supporting
Information §14—S16.

Electrochemical Simulations. The multiscale approach outlined
above allows us to include the effect of conductive additives on cell
performance, without the necessity of resolving the additive within the
SE network. Following the procedures of the electrochemical
measurements, we performed discharge simulations in order to
evaluate the effect of additives in the first cycle. Further details on the
modified transport equations in the mixed SE phase, the simulation
framework BEST, and model parametrization are given in the
Supporting Information S11-S13.

B RESULTS AND DISCUSSION

Structural Analysis of ASSBs. Conductive carbon
additives are used in lithium-ion batteries to achieve sufficient
electronic percolation pathways. For solid-state batteries, the
use of carbon additives has long been considered as

unnecessary because of sufficient electronic conductivity of
the original CAM (e.g, LCO).** Current research highlights
the importance of optimized ionic and electronic pathways for
the overall battery performance.”” Of major importance is the
proper ionic and electronic connection of the AM, see Usiskin
and Maier.”” The properties of the investigated carbon
additives are summarized in Table 1.

In order to better characterize the microstructure of the
composite cathodes and to get an impression of the carbon
additive distribution, SEM images of cross sections of the
composite cathodes were recorded. The VGCF are homoge-
neously distributed throughout the cathode composite (Figure
lab) and electronically contact the NCM AMs. Different
fibers are in contact with each other, resulting in an extended
electronically conducting network. In the cathode composite
with Super C65 (Figure 1c,d), it is not possible to distinguish
the carbon particles from the SE because of the small particle
dimensions and the relatively small contrast. Based on the
particulate character of Super C6S, it is reasonable to assume
that nonconnected domains exist within the composite
cathode, which do not constitute part of the percolation
network.”

The CNTs (Figure le,f) are visible in high magnification
images, appearing bright and fiber-like. Based on the
dimensions and the specific surface area, the CNTs have
probably good contact with the NCM particles as well as the
SE. Because of the fiber morphology, the probability of
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Figure 3. Comparison of the CV cells

ining the four investig

d carbon additives. (a) VGCF carbon additive and long-term cyclic

voltammogram. The change in the peak position of the redox pair is highlighted. (b) CV for C6S carbon additive in the composite. (c) KBC
additive in the composite leads to a stronger decomposition reaction in the first CV cycle. From the second cycle, the formed redox pair is barely
visible. (d) For CV cells with the CNT additive a strong first oxidation is visible, present in further cycles and overlapping with the formed redox
pair. The potential difference between the In/InLi anode and the lithium metal anode is 0.62 V vs Li*/Li. By adding this offset, the voltage against

lithium metal is obtained.

forming a continuous electronically conducting network is
higher compared to particulate additives. However, the mean
fiber length of CNTs is shorter than that of VGCF. Therefore,
the question arises whether the CNT fiber network can contact
the current collector with distant AM particles. The cross-
section images for KBC are shown in the Supporting
Information S$2. The KBC particles are not visible in the SE
micrographs as Super C65 and because of its small particle size
a noncontinuous electronically conductive network is assumed
as well.

The structural analysis of virtual electrodes without
conductive additives reveals that S vol % of CAM is not
connected electronically with the current collector (Figure 2b;
isolated particles are highlighted in blue). This is in fair
agreement with the experimental findings.”**

The structural simulation of high-resolution data sets,
including spherical carbon particles representing Super C65
in different mass ratios from 1 to 6 wt %, shows no
improvement of the effective electronic conductivity K55,
Because the particles are distributed uniformly inside the SE
phase, no substantial percolating network is established
(k9 = 0 and 7¢g” = o). Consequently, the electronic
transport network is provided predominantly by the CAM
(Figure 2b).

The fiber-like particles representing VGCF form a well-
connected network in the volume between the CAM particles.
The resulting virtual structures are in qualitative agreement
with SEM images of real samples (Figure 1). In contrast to
Super C65, VGCF have a beneficial effect on the effective

electronic conductivity (kf§“YSCF), establishing a network
throughout the whole electrode. As shown in Figure 2a (right
axis), the improved percolation leads to a nearly linear growth
for kEkeVECF ith increasing VGCF content. This relates to the
increasing number of intercepting fibers, providing more
conduction pathways and thereby reducing the electronic
resistance. The virtual electrode structure with added VGCF,
as shown in Figure 2b, indicates the preferential orientation of
the longer fibers enabling long-range electronic pathways.

Furthermore, the structural analysis indicates a lower limit of
the tortuosity with increasing VGCF content. As soon as a
percolating network is established, the gain in effective
electronic conductivity with increasing VGCF content is less
pronounced. In Figure 2a (left axis), the VGCF tortuosity
factor Tyger® is shown for different wt % of VGCF in the
electrode structure. Although the effective conductivity
KkEoVOCF increases linearly, the tortuosity factor levels off at
around 7ygee® ~ S. This indicates that the percolation
threshold is at around 3 wt % because of a constant tortuosity
factor of around 5. A further introduction of VGCF has no
significant impact on the conductive network. This observation
is confirmed by discharge experiments, as discussed below. A
summary of the structural analysis including volume fractions
and effective conductivities for each additive class are given in
the Supporting Information Table S2.

The structural analysis provides strong evidence that
electronic transport is the kinetic bottleneck for the
investigated cathode composites. Fiber-shaped carbon addi-
tives can have a positive influence on the electronic percolation
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network, increasing the battery performance. In contrast, up to
5 wt % granular carbon additives seem to have no or only
minor influence on cathode performance. Beside the influence
of the microstructure, the decomposition of the SE at the
carbon additive surface needs to be discussed in detail. CV and
XPS investigations are therefore performed in the following.
Cycling experiments are added to evaluate the combined
influence of the carbon microstructure and SE decomposition
at the carbon surface.

Electrochemical Analysis of Carbon Additives. The
CV experiments (In/InLilLPSILPS/C) were primarily per-
formed to induce decomposition reactions at the carbon-SE
interface for the following XPS study. Additional discussions
on the choice of the anode material and a detailed discussion
on the reversibility of the occurring redox pair can be found in
the Supporting Information S3 and S4. The theoretical
concepts of CV are based on a typical liquid-state system
with a mobile redox couple. In solid-state cells, reaction
conditions (e.g, limited mobility but also energetic or kinetic
changes) are different to the liquid counterpart. As a result, the
theoretical analysis of diffusion-controlled CV peaks is strictly
no longer applicable and a_c&uantitative analysis of reversibility
can easily be misleading.**® Therefore, we do not identify
decomposition products and possible mechanisms from the
CV data but refer to our XPS analysis.

CV experiments show that the onset of the first oxidation
and the degree of decomposition depend on the morphology
and surface area of the carbon additives (Figure 3). We define
the onset of oxidation as a current of 0.03 mA. This value was
chosen considering the resolution of the potentiostat and the
experimental settings. This excludes errors because of the noise
in the measurement. The average values for the decomposition
onset of all analyzed cells are listed in Table 2. A shift of up to

Table 2. Different Investigated Carbon Additives and the
Onset Potentials for the Oxidative Decomposition in the
First CV Cycle

morphology  surface area/m™g™  E vs In/InLi/V

VGCF fiber 24 218
Super C65 particle 62 216
CNT fiber 300 1.94
KB EC600]D particle 1270 2.00

0.2 V between the carbons with different specific surface areas
was detected. A discussion on the normalization of the current
on the surface area of the carbons can be found in Supporting
Information S5.

Figure 3a shows the cyclic voltammogram for a cell with
VGCF as a carbon additive. In the first positive potential
sweep, a broad peak (oxidation reaction) with the absolute
current maximum (at 3.2 V vs In/InLi) is passed, preceded by
a small current peak at approx. 1.9 V versus In/InLi. In the
cathodic run of the first cycle, a drop in current at approx. 1.2
V versus In/InLi indicates a reduction reaction. In the second
anodic potential sweep, three clearly separated peaks are now
visible (2.1 V, 2.6 V, 3.2 V vs In/InLi). The third and following
sweeps show no significant changes in shape. However, the
intensity of the current maximum decreases and the peak
potential shifts toward higher voltages for the oxidation process
and toward lower voltages for the reduction process. For Super
C65, a similar observation can be made for the peaks’ sequence
(Figure 3b).

For cells with Super C65, the three times higher surface area
compared to VGCF should lead to a noticeable increased
decomposition current. The maximum currents measured are
in a similar range—0.84 mA with Super C65 and 0.78 mA with
VGCEF. Despite this fact, the surface dependence does not need
to be revised. The presence of an intact electronic percolation
network is crucial for the decomposition. A change of the
morphology can have significant influence. The simulation
results show a connected percolation network for VGCF. With
particulate carbons, like Super C65, the particles can
agglomerate and result in domain formation. Certain domains
can be isolated from the percolation network. In this case,
these particles are completely surrounded by the almost
electrically insulating LPS and thus have no influence during
the electrochemical analysis. This explains the lower currents
observed because of the reduced surface, where a decom-
position can take place.

The additives CNT (300 m*g™') and KBC (1270 m*g™")
(Figure 3c,d) show much higher specific surface areas
compared to VGCF and Super C65. A significant increase in
the currents for the oxidation reactions is observed, as the
higher surface area leads to increased electronic contact with
the SE. However, for both types of carbon, no linear increase
between the maximum current and surface area was observed
as well. The increase from 0.78 mA (VGCF) to 2.2 mA (CNT)
or 1.8 mA (KBC) is not proportional to the theoretical specific
surface area. Additionally, the area of the reduction peaks is
much smaller for CNT and KBC compared to VGCF. The
massive oxidation reaction observed with CNT and KBC is the
reason for the differences. It leads to a fast and massive
formation of a cathode electrolyte interphase (CEI),"” isolating
the carbon additives and self-limiting further oxidation of the
CEI and blocking redox pair formation. Additionally, CNTs
are considerably smaller in length and diameter than VGCF,
and KBC is a particular carbon, resulting in isolated domains
and the reduction of electronic contact area, similar to Super
C65. In both CVs (Figure 3¢,d), the noise was recognized from
a current of 1.8 mA onward. This noise could be caused by
abrupt changes in the electrical contact surface, caused by the
insulating products of the decomposition and a breaking of the
CEI layer, followed by a locally increased decomposition
reaction and high currents.

The previously discussed simulation of the cathode
composite focused on its structure and the influence on the
electronic contact. The CV experiments have revealed another
aspect of the interaction between carbon conductive additives
and the SE, the small stability window of the SE. The
decomposition of the SE was observed with all carbons.
Apparently, VGCF shows the lowest degree of decomposition,
which is confirmed in the following XPS investigations.

Analysis of Degradation Products. Using XPS, the
cathode composites were examined to draw conclusions of the
existing decomposition. To induce degradation, cells were
disassembled at 5.5 V versus In/InLi in the oxidized state after
four CV cycles. The XPS analyses were performed on the
current collector-oriented side of the cathode composites. We
performed depth profiling experiments in order to exclude
effects of the current collector and to ensure that the
decomposition signals are because of the degradation at the
carbon additive/SE interface (see Experimental Section).

As a measure of decomposition, we have exemplarily
analyzed the oxidation products in the S 2p spectrum. For
all composite cathodes, the same components could be

httpsy//dxdoiorg/10.1021/acs.chemmater.0c04454
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Figure 4. (a) Normalized detail spectra for the S 2p signal. The upper XP spectra reflects the used system In/InLilLPSILPS/VGCF. The cell went
through four complete CV cycles and was disassembled at 5.5 V vs In/InLi, thus the cathode is in the oxidized state. The lower spectrum shows
pure LPS, which serves as a reference for the assignment of the components. (b) Stacked view of all normalized S 2p detail spectra of the different
composites after the CV experiment. For comparison, the S 2p spectrum of the pristine LPS is shown. The red signal indicates the decomposition

products.
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Figure 5. (a) First cycle charge curves for ASSBs with different carbon additives (2.9 wt %) in the cathode composite. The surface area and
morphology of the carbon additives lead to a first decomposition region in the potential range from 2.8 to 3.7 V. (b) First cycle discharge curves for
ASSBs with different carbon additives in the composite cathode. For VGCF, a positive effect is noticeable. Higher discharge capacities and lower
over voltages are noticeable. Cells with Super C65 do not perform significantly different from cells without any conductive additive. Batteries with
CNT and KBC show a bad battery performance because of massive decomposition reactions at the carbon/SE interface. (c) Charge and discharge
capacities of ASSBs with different carbon additives. The trend described in the context of Figure Sa applies also here. (d) Variation of the VGCF
carbon additive mass fraction for different ASSBs. The first charge and discharge curves for every cell are shown.

determined in the S 2p spectrum, independent of the carbon
type. Differences can be seen in the relative signal areas, that is,
the concentration of the species. Therefore, we give a more
detailed description of the S 2p signal contributions using the
example of the VGCF/SE composite (Figure 4a). The main
component at 161.7 eV can be assigned to the PS}~
tetrahedron of the LPS structure.'® The doublet at lower

binding energies can be assigned to Li,S. As this also occurs in
the LPS reference, we assume Li,S residues from the LPS
synthesis. For the VGCF/SE composite, the fraction of Li,S is
lower, indicating the oxidizing conditions (disassembled at 5.5
V vs In/InLi). The signals in the higher binding energy range
(green and red) are often reported to be correlated with
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be seen that the content of these species increases for the
VGCF/SE composite after the CV experiment, indicating a
degradation at the VGCF/SE interface. Based on very recent
reports, we assume that a major contribution is because of the
formation of polysulfides with different chain lengths.”"""
However, the elucidation of the decomposition mechanism
was not in the focus of this work. For more details concerning
the decomposition pathways in composite cathodes, we refer
to our previous study by Walther et al.*

Figure 4b shows a comparison of the S 2p signals for all
tested composites (VGCF, CNT, KBC, and C65). We marked
the decomposition signals $**' and $** in the higher binding
energy region in green and red. In summary, Figure 4b shows
that the lowest fraction of decomposition products is obtained
for cells with VGCF. Its small specific surface area seems to be
the main reason for this. Hence, we expect VGCF to be most
beneficial for the ASSB cycling performance, as demonstrated
in the following sections.

For Super C65, CNT, and KBC the fraction of
decomposition products is higher, of which KBC shows the
highest fraction. Except for the CNTSs, a systematic increase in
decomposition signals with increasing specific surface area of
the carbon additive is observed. However, the cell with CNT in
the cathode composite showed strong variations in the peak
currents of the decomposition reaction, resulting in a
heterogeneous distribution of decomposition products (Sup-
porting Information S$8). Taking this into account, the
qualitative statement on the surface area dependence of the
decomposition reaction is reasonable.

Cycling Performance and Simulation of ASSBs. The
four different carbons were used in otherwise identical cells
(Lilp-LiyPS,ILi(Niy4Co, ,Mny,)O,/f-LiyPS, /carbon) in order
to evaluate the individual effects discussed above regarding
their influence on cell performance. The carbon content was
2.9 wt %, and the voltage range was limited from 2.6 to 43 V
versus Li*/Li. This voltage window corresponds to 2.0 to 3.7 V
versus In/InLi in the CV tests. A discussion of the CV cell with
this smaller potential window can be found in the Supporting
Information S7. The microstructure simulation suggests a
positive influence of fibrous carbons, as they form a conducting
network, unlike particular carbons. The CV and XPS
experiments showed a more severe oxidation for carbon
additives with a higher specific surface area, which is expected
to cause inferior cell performance. We like to emphasize that it
is not the carbon additive that decomposes. Rather the SE in
electronic contact with the carbon additive electrochemically
decomposes. This lowers the volume fraction of ionic
conducting phase in the composite cathode, which increases
the internal resistance of the cell, thus degrading cell
performance.

Figure Sa shows the first charge curve for the different
composite cathodes. The slope at the beginning can be seen as
an indicator for side reactions at the carbon/SE interface (<3.7
V). One charge cycle corresponds to one anodic sweep in the
cyclic voltammogram, therefore, the oxidation of the SE also
occurs during battery cycling. The detected reduction in the
cyclic voltammogram does not occur for the ASSBs, as the
electrode potential never drops below 1.00 V versus In/InLi.

The curve shapes of the sample with VGCF (red) and Super
C65 (grey) are comparable. In both cases, the plateau for the
CAM delithiation is visible, which is at a slightly lower
potential in the case of VGCF. Overall, the composite cathode
with the VGCF reaches the highest charge capacity. The fiber-

like structure of VGCF connects all NCM particles electroni-
cally with the current collector, leading to a small number of
isolated NCM particles. In addition, the electronic percolation
network creates a uniform current distribution, resulting in a
reduction of the overpotential.

In contrast to VGCF and Super C65, CNT and KBC lead to
significantly different charge curves, which indicates a large
increase in side reactions. In addition, for the cell with CNT,
the plateau indicating CAM delithiation is blurred but still
visible, whereas it is no longer visible for the cell with KBC.
Overall, these observations correspond very well to the results
of the CV experiments, showing the tendency of a stronger
degradation with an increasing specific surface area of the
carbon additives. A higher specific surface area of the carbon
additives corresponds to more reaction sites for SE
decomposition reactions.

Figure Sb clearly reflects the already discussed findings for
the charging cycles. Cells with VGCF and Super C65 can be
discharged. VGCF shows the highest discharge capacity. Cells
with CNT and KBC show very low discharge capacities. The
plateau of the AM is not visible. It is therefore possible that
further decomposition takes place during the discharge step.

The loss of specific capacity during cycling has several
reasons. Besides possible chemo-mechanical degradation such
as contact loss'” of the AM or structural degradation by
intercalation and place changes,'”*' we expect a main
contribution because of (electro)chemical degradation of the
SE: first, CEI formation takes place at the NCM/SE interface
(mainly during first charge), the CC/SE interface, as well as
SEI formation at the Li/SE interface. These phenomena occur
in every ASSB without coating or protective layers,'""'**>*
Second, decomposition reactions occur within the composite
cathode at the carbon additive/SE interfaces during charge
(oxidation), resulting in the slope during charge reaction at low
potentials (<3.7 V) and an additional charge capacity during
delithiation of NCM (3.7-4.3 V). The dependence of the
degree of this decomposition on the carbon surface area was
already shown above.

Figure Sc compares the cycling stability for ASSBs with the
different carbon additives in the composite cathode. The
strong decomposition reactions with CNT and KBC probably
prohibit reasonable cell cycling, confirming that a higher
specific surface is bad for the battery performance. For the two
other carbon additives (VGCF, Super C65), the capacity
difference (30 mA h-g™") in the first cycles is most probably
based on the different CAM utilizations. However, because the
fading of the cell with VGCF is more pronounced, both ASSBs
show the same specific capacity after 18 cycles. This seems
counterintuitive at first because the CV cells indicate a stronger
decomposition when Super C65 is used and the carbon
particles are in contact with each other and the current
collector. However, the simulations indicate the presence of
isolated domains. Within these domains, no reaction takes
place at the carbon/SE interface. When VGCF is used,
decomposition takes place at all carbon/SE interfaces. The
formed products isolate the CAM, and thus increase the
cathode resistance and impair the lithium ion transport and
battery properties for prolonged cycling.

In order to check whether the initial slope (<3.7 V, charge
step) depends on the fraction of carbon additives, we
exemplarily investigated the influence of the VGCF mass
fraction on the first charge and discharge curves (Figure 5d).
The slope seems to have a mass fraction threshold and is

httpsy//dxdoiorg/10.1021/acs.chemmater.0c04454
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Figure 6. (a) Comparison between experimental (open symbols) and simulated 0.1 C discharge curves for the virtual electrode: electrode without
carbon (black), C65 electrode (grey), and VGCF electrode (red). The modified electrode parameterization represents an additive content of 3 wt
9%. (b) Lithium concentration distribution for the electrode without carbon at (1) 3.6 and (2) 2.8 V. (3,4) Concentration distribution in the VGCF-

electrode under the same conditions.

clearly visible for VGCF mass fractions of 3 wt %. This is in
good agreement with the simulated effective conductivity. For
smaller mass fractions, more NCM secondary particles can
already be accessed, but the isolated VGCF domains may also
be present within the composite cathode, as indicated by the
microstructure analysis. Above the threshold, statistically all
VGCF are electronically contacted, resulting in a fully
connected network. Decomposition can then occur on almost
all VGCF/SE interfaces, leading to more decomposition
products and further capacity contributions. Clearly, the
discharge capacity rises with increasing mass fraction of
VGCEF. For smaller mass fractions, the capacity rise is higher
and gets smaller with higher VGCF mass fractions. This
capacity increase has two main reasons: the main contribution
is because of more AM being addressed. In addition, taking the
reactions at the VGCF/SE into account, we suspect further
capacity contributions because of additionally introduced
VGCF/SE interfaces. After the mass threshold is reached,
the capacity increases proportionally with carbon mass and the
resulting increase of decomposition sites. The recent literature
suggests a redox activity of the decomposition products of
thiophosphate-based SE.*"**

The composition of the cathode composite (e.g., weight
fractions, additives, morphology, and distribution) determines
the maximum capacity of the cell. To understand the complex
interplay of the different parameters and allow predictions of
the battery performance, we combine our experimental cycling
data with the corresponding simulations. We compare the
performance of the cathode composite with Super C65, the
composite with VGCF, and the cathode composite without
carbon. In the electrochemical simulations, we focus on a
conductive additive content of 3 wt %, which is close to the
best performance in the experiments. The simulated discharge
curves of the corresponding virtual electrodes are shown in
Figure 6a. For the cathode without carbon, the simulated cell
voltage (solid black line) is in qualitative agreement with the
experimental data (open triangles). Some deviation is expected
because our model does not account for additional loss
mechani: like SE del particle
distribution. Moreover, we assume a perfect contact of the
electrode to the current collector. For a more detailed study of
the interface effects and structure modifications, we refer to
Neumann et al.*®

The model qualitatively predicts the effect of carbon
additives on discharge performance. The addition of Super

ion or inhc

C65 is not able to significantly improve the discharge capacity.
This is in line with our predictions based on the microstructure
analysis. Because no percolating network is established,
isolated CAM particles remain inactive. Additionally, the
simulations reproduce the higher overpotential attributed to a
reduction of ionic conductivity.

On the other hand, electrodes with VGCF show a clear
increase in capacity. The improved electronic conductivity
because of the VGCF network enables a high CAM utilization,
which increases the capacity by ~27%. Almost full electrode
utilization is achieved. Furthermore, the better conductivity
and the corresponding increase in active surface area reduce
the overpotential and improve the energy density of the cell.
This effect is still more pronounced in the experiments.

In order to illustrate the role of the VGCF, Figure 6b
presents the spatial distribution of Li in the AM for both the
cathode without carbon [Figure 6b(1,2)] and the cathode with
VGCEF [Figure 6b(3,4)] at cell voltages of 3.6 and 2.8 V (after
the discharge process). The inhomogeneous distribution of
lithium in the electrode without carbon demonstrates that the
low electronic conductivity of NCM622 is a major limitation
for CAM utilization. This is discussed in detail in ref 25. By
adding VGCF to the electrodes, the percolating electronic
network is extended and activates previously isolated CAM
particles. CAM particles that appear in blue color in the
cathode without carbon now contribute to cell capacity. The
differences are clearly visible in the Li distribution of the
VGCF electrodes. With VGCF, we observe a homogeneous
lithiation of the electrode starting from the separator,
advancing toward the current collector. This demonstrates
that with VGCF, the electronic conductivity is no longer rate
limiting.

The combination of the experiment and simulation results
emphasizes the need for percolating electronic networks in
order to achieve an optimized electrode performance. Our
analysis shows that fibrous additives, such as VGCF, are
suitable conductive additives to create a percolating conductive
network. Because the fibers inherently tend to form over-
lapping flexible networks during processing and are uniformly
distributed throughout the electrode, they clearly improve the
cycling performance. However, oxidative degradation at the
carbon/SE interface prevents a useful application of bare
VGCEF in battery cells during prolonged cycling. Our results
indicate that VGCF may be the best choice, if the stronger
fading during cycling can be moderated.

httpsy/dx.doiorg/10.1021/acs.chemmater.0c04454
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Alumina Coating of Carbon Additives. We assume that
the potential drop at the carbon/SE interface is the main
driving force for degradation reactions. A protective coating on
the carbon surface should lead to suppressed degradation and
thus to an improved overall ASSB performance. To prevent or
at least reduce these reactions, we coated the VGCF carbon
additive with electronically insulating aluminum oxide (ALO,)
by ALD. However, electronic contact of the carbon core to the
CAM and between the VGCF cores must be ensured.

Figure 7a shows SEM images of Al O -coated VGCF,
prepared by 20 ALD cycles. The micrographs reveal a relatively

M ALO, coating
] Thiophosphate-based SE

100 nm W Decomposition products

Figure 7. (a) Scanning electron images of Al,O,-coated VGCF. The
fibers were each coated with 20 ALD cycles. On the left side, images
with a secondary electron micrograph are shown, while images with a
back-scatter electron(s) detector are shown on the right side. The
inside of the fiber (carbon core) appears transparent because of the
selected analysis parameters and the material contrast. (b) Schematic
of the morphology of coated fibers. The coated carbon resembles
jacketed wires. In these microwires, an insulating layer surrounds the
electronically conductive core. A degradation of the carbon/SE
interface is only possible in areas where the coating is not
homogeneous.

rough surface, which indicates island-like growth. However, the
thickness of the particulate coating is homogeneous (2—3 nm)
and covers almost the entire carbon surface, which indicates a
high deposition conformity of the ALD process. Only the tips
of the VGC fibers do not show a complete coverage with the

ALD coating. However, the particulate character of the coating
still allows small uncovered areas, where an electronically
conductive contact to the CAM is possible and where
decomposition of the SE may still occur to a small extent.
The fiber core appears transparent because of SEM analysis
parameters and the high material contrast. Accordingly, the
electrons transit through the carbon, making it difficult to
determine the coating thickness because of edge effects. The
morphology of the coated fibers resembles jacketed wires with
their ends bare. In these microwires, an insulating layer
surrounds the electronically conductive core (Figure 7b).

In order to test the influence of the protection concept on
the ASSB performance, cells with alumina-coated VGCF were
built and tested. Because the composite materials are hand-
ground in an agate mortar before cell assembly, we hypothesize
that small amounts of coated VGCF break into smaller
fragments, leading to an opening of additional uncoated
surface areas. Additionally, during battery preparation the
cathode composite is compacted at around 380 MPa. The
mechanically rigid NCM particles apply high forces to the
surrounding VGCF, potentially resulting in the local breaking
of the coating. Accordingly, electronic contact is achieved.

Figure 8a shows a comparison of the cycling stability
between ASSBs with composite cathodes without VGCF, with
uncoated, and with alumina-coated VGCF (2.9 wt %). The
used cell setup is Lil3-LiyPS,ILi(Niy¢Coq,Mn,,)O,/f-LisPS,/
VGCF. The discharge capacities of a cell without conductive
additive in the composite cathode are shown in black. They
serve as a reference to demonstrate the influence of the
conductive additive. The fading of the discharge capacity of
this sample is because of the morphological/structural and
(electro-)chemical degradation phenomena in the cell.''*%*
If VGCF is added to the composite cathode, higher initial
capacities can already be observed in the untreated case (dark
red) because more AM is addressed. In the following cycles,
however, a pronounced reduction in capacity is noticeable,
whereby the initial capacity advantage over the cell without
carbon is lost after 35 cycles. After 50 cycles, the cell with
untreated VGCF has only 29% of its initial capacity left. The
protective concept of the conductive additive significantly
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C). Overall, the cell with Al O,-coated VGCF shows the highest discharge capacities and improved cycle stability. (b) Nyquist plot for different
cells after the first charge step. During the first charge, the influence of decomposition reactions is the strongest. Through the microwire-like coating
of VGCF, the decomposition between carbon and SE is effectively reduced,
The use of uncoated carbon fibers leads to increased LPS bulk (Rge) and NCM-LPS (Rc,) charge transfer resistances.
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reduces the drop in capacity, so that after 50 cycles 52% of the
initial capacity is retained. Compared to the cell without the
conductive additive, the modified VGCF cell has 1.4 times
higher capacity after S0 cycles.

Interestingly, the slopes of the ASSBs with coated VGCF
and without carbon in Figure 8a are comparable. We therefore
assume that the remaining capacity fading is mainly due to the
effects at the uncoated CAM surface, which occur also within
the reference ASSB and only to a minor extent because of the
partially uncoated VGCF surface areas. Regarding the
composite cathode, these include previously reported
morphological/structural and (electro-)chemical degradation
phenomena,'®!%3%%3

Figure 8b shows the corresponding Nyquist plots for the
cells after the first charge process. As already mentioned, the
strongest decomposition is expected during the first charge
process. This should lead to a change of the LPS bulk
resistance (Rgg). The Nyquist plot further shows the charge
transfer process at the lithium-LPS interface (R,,), the charge
transfer process at the NCM-LPS interface (Rc,) and the
diffusion in the cathode particles (Zpg). For a detailed
interpretation of impedance data for this battery setup, with
DRT analysis for the assignment of the processes, we refer to
Randau et al.”

The data for Ry of the cells without carbon and with the
microwire-coated VGCF show comparable values (2560 Q),
highlighting that no additional decomposition reactions are
present. The Rgp of the battery with the bare VGCF is
increased to about 650 Q. This increase is explained by the
decomposition of the SE induced by carbon. R,, shows no
differences between the different batteries, as expected. R, is
also comparable in the cells without and with coated VGCF
(~74 Q) but slightly increased (x93 Q) for the cell with the
uncoated VGCF. This as well indicates a negative influence of
the carbon/SE decomposition on the NCM-LPS charge
transfer process.

Our concept of using microwires in ASSBs should be
generally applicable to all types of fiber-based carbons, thus
creating an isolated wire with an internal conductive part. For
particle-shaped carbons, like carbon black, Super C 65, or
Ketjenblack, this concept appears to be useless. After coating,
the individual particles will be isolated, preventing a conductive
network. Additionally, isolated domains will remain in the
composite cathode, limiting cell performance of ASSBs.
According to the assumed mechanism, all electronically
insulating materials should form suitable coatings. Important
properties are small electronic conductivity, high stability
toward oxidation, and a high dielectric constant. Furthermore,
we assume that the coating layer needs to be very thin
(nanometer scale) but has to block electron tunneling
effectively. Therefore, numerous oxides easily applicable by
ALD may be suitable coating materials, for example, SiO,,
Zr0,, TiO,, $nO,, and MgO.™

B CONCLUSIONS

We investigated the influence of different conductive carbon
additives on the stability of #-Li;PS, and on the performance
of all-solid-state lithium batteries. The presented combination
of simulation and experiment highlights that the balance of
ionic and electronic percolation is crucial for the performance
of ASSBs. Microstructure resolved electrochemical simulations
of the cathode composite indicate a strong influence of the
carbon morphology (fiber vs particle) on cell performance.

Additionally, the results of CV show that all investigated
carbons increase the cathode degradation, which decreases the
cycling performance of full cells. XPS analysis indicates the
formation of oxidized sulfur species such as polysulfides. With
higher surface areas of the carbons, the volume fraction of the
decomposition products increases. ASSBs with VGCF as the
conductive additive in the cathode composite show the highest
initial discharge capacity and the lowest overpotential of the
tested carbons. However, the decomposition of the SE in
contact with VGCF still leads to substantial fading—more
severe than without the carbon additive. This was addressed by
a nanometer thin, electronically insulating alumina coating on
VGCF. This coating decreased the fading of the discharge
capacity, without decreasing the initial battery performance.
The resulting microwire concept for carbon additives reduces
cell decomposition effectively and may be crucial to realize

high power ASSBs.
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3.3 Contribution to Publications

3.3.1 Li*-lon Dynamics in B-LisPSs Observed by NMR: Local
Hopping and Long-Range Transport

In this publication the Li*-ion dynamic in B-LisPSs was investigated. The aim was to
elucidate the local and long-range transport mechanisms of Li*-ions in this material. Besides
®Li and *!P magic-angle spinning NMR, X-ray and neutron diffusion, high temperature X-ray

diffraction and impedance measurements were performed.

The long-range crystal structure was probed by X-ray and neutron diffraction techniques,
whereas the local environments around Li and P could be investigated by MAS NMR
spectroscopy. The phase transition from B-LisPS4 to a-LisPSs was determined by XRD. The
B-phase is present in the temperature range from 298 to 773 K. Above 773 K the
transformation to the high temperature alpha phase occurs. This phase is stable up to 873 K
and above 923 K the material is completely melted and no Bragg reflections are present.

The transport of the Li*-ions takes place locally in the nanosecond range and a long-range
transport occurs on the much longer timescale. The activation energy of this transport was
determined to be 0.24 eV. A room temperature Li diffusion constant was determined to be
9-10* m2-s%, the corresponding Li conductivity is 1-10* S-cm™ and was calculated using the
Nernst-Einstein relation. Electrochemical impedance measurements confirmed these results.
Furthermore, the diffusion path of the Li*-ions was elucidated by the combination of X-ray

and neutron diffraction. This involves a 2D diffusion using two of the three available Li sites.

The work was written by Heike Stoffler and the SEM images (Figure 11), impedance
measurements and Arrhenius plot (Figure 12) were performed by Simon Randau at the JLU.
Images reprinted with permission from The Journal of Physical Chemistry C 2018 American
Chemical Society.

H. Stoffler, T. Zinkevich, M. Yavuz, A. Senyshyn, J. Kulisch, P. Hartmann, T.
Adermann, S. Randau, F. H. Richter, J. Janek, S. Indris, and H. Ehrenberg, Li*-lon Dynamics
in B-LisPSs Observed by NMR: Local Hopping and Long-Range Transport, The Journal of
Physical Chemistry C, 2018, 122 (28), 15954-15965.
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Figure 11: Scanning electron microscopy images of $-LisPSs powder. Reprinted with permission from
The Journal of Physical Chemistry C 2018 American Chemical Society*?’
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Figure 12: a) Impedance plot of p-LisPSs at selected temperatures (60 mg, 425 xm thickness, 10 mm
diameter). b) Arrhenius plot of the ionic conductivity, as obtained from temperature dependent
impedance measurements. Reprinted with permission from The Journal of Physical Chemistry C 2018
American Chemical Society?’

3.3.2 Amorphous versus Crystalline LisPSs: Local Structural

Changes during Synthesis and Li lon Mobility

In this paper the synthesis of LisPSs is discussed in detail. The focus was on the
identification of the different structural building blocks and in which stage of the synthesis
they occur. In a first step the starting materials have to be amorphized with a ball mill. The
amorphous LisPSs is compared with the crystallized B-LisPSas. The crystallization Kinetics
were investigated using the intensities of Bragg reflections. ‘Li NMR relaxometry and pulsed
field-gradient (PFG) NMR was used to study the short-range and long-range Li* dynamics in

both materials.

The formation mechanism during amorphization was elucidated. During ball milling of
the educts the amorphization process involves several anionic building blocks such as [PS4]*,
[P2Se]*, and [P2S7]*, as confirmed by 3P MAS NMR and Raman spectroscopy. Phase pure
crystallization of -LisPS4 was achieved at 548 K.
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For the glassy sample and the glass-ceramic B-LisPSs, a Li* bulk conductivity o of
1.6-10* S-cm (298 K) was obtained by PFG NMR, showing that for this system a well-
crystalline material is not essential to achieve fast Li-ion dynamics. Impedance measurements
reveal a slightly higher overall conductivity for the amorphous sample, suggesting that the
influence of grain boundaries is small in this case. The results show that a certain nanostructure
is not essential to obtain a good ionic conductivity in LisPSs4, not even a crystalline material is
necessary. This might facilitate future upscaling of the synthesis procedure because a sintering

step is not necessary.

This publication was written by Heike Stoffler. The impedance measurements and
Arrhenius calculations were performed by Simon Randau at the JLU. The physisorption

experiments were performed by Simon Randau and Felix H. Richter.

H. Stoffler, T. Zinkevich, M. Yavuz, A. Hansen, M. Knapp, J. Bednar¢ik, S. Randau, F.
H. Richter, J. Janek, H. Ehrenberg, and S. Indris, Amorphous versus Crystalline Li3PS4: Local
Structural Changes during Synthesis and Li lon Mobility, J. Phys. Chem. C, 2019, 123 (16)
10280-10290.
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Figure 13: Arrhenius plots from impedance measurements for the (a) amorphous and (b) calcined
samples. Reprinted with permission from The Journal of Physical Chemistry C 2018 American
Chemical Society.!?®
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Figure 14: Nyquist plot of electrochemical impedance for the (a) amorphous and (b) calcined sample
various temperatures. Reprinted with permission from The Journal of Physical Chemistry C 2018
American Chemical Society.!?
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Figure 15: Nitrogen physisorption isotherm of (a) amorphous and (b) calcined sample. Reprinted with
permission from The Journal of Physical Chemistry C 2018 American Chemical Society.!?®

3.3.3 Analysis of Interfacial Effects in All-Solid-State Batteries
with Thiophosphate Solid Electrolytes

Current cathodes in SSBs have a lower utilization of the active material than in batteries
with liquid electrolytes, so a significant increase in energy density can be achieved by
optimizing the composite cathodes. The common understanding is that interface processes
between the active material and solid electrolyte are responsible for the reduced performance.
To further understand the origin of this problem, 3D microstructure-resolved simulations were
combined with electrochemical investigations of batteries. The 3D microstructure was
obtained by X-ray tomography of cathode composites. Cell data were obtained by cyclization,

impedance experiments and symmetrical cells.
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The 3D micro- structure-resolved simulations were run on reconstructed electrodes
obtained by CT measurements of B-LPS/NMC-622 composite cathodes. By this simulation
conclusions on tortuosity effects and structural inhomogeneities can be drawn. The
computational results are validated by the experimental data. Two competing mechanism were
identified. First, capacity losses are caused by the decreased electronic conductivity of the
CAM during lithiation. This results in a self-accelerated electronic blocking of the cathode,
especially for high rates lowering the CAM utilization. Second, the low ionic conductivity of
LPS promotes an inhomogeneous intercalation of the CAM close to the separator. The
competition of both mechanisms leads to an inhomogeneous and imperfect utilization of the
active material, resulting in an interesting sandwich like lithiation of the active material,
especially pronounced in thicker electrodes with higher energy density. These inherent
material properties can be potentially enhanced by morphological inhomogeneities.

Two morphological changes were investigated in more detail, which can occur during
the cell operation. First, a reduced contact of the electrode layer to the current collector and
second the delamination of the solid electrolyte from the active particle surface. For the first
case the small contact area between the active material and current collector reduces the
specific capacity at high currents. The enhanced local currents enhance an inhomogeneous
lithiation close to the current collector, which pronounces the mentioned local reduction of
electronic conductivity. For the second case of the particle delamination large overpotentials
at high discharge rates might be coupled to the reduced active surface caused by volume
changes of the active material within the composite cathode during cycling. Still, this effect
does not give a complete explanation for the capacity loss at high currents. A study combining
this effect with the formation of space charge layers seems to be necessary. This publication
demonstrates that both the internal and external interfaces of the composite cathode influence

cell performance.

This work was written by Anton Neumann. Simon Randau is the Coauthor and wrote the
description of the electrochemical experiments. Furthermore, the electrochemical
experiments, material parameters and data for the simulation were provided by Simon Randau.

The samples for the CT measurements were provided by Simon Randau.

A. Neumann, S. Randau, K. Becker-Steinberger, T. Danner, S. Hein, Z. Ning, J. Marrow,
F. H. Richter, J. Janek, A. Latz, Analysis of Interfacial Effects in All-Solid-State Batteries
with Thiophosphate Solid Electrolytes, ACS Appl. Mater. Interfaces, 2020, 12 (8), 9277-9291.
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Figure 16: a) Schematic of the cell setup and corresponding layer thicknesses. (b) CT images inside
(xy-plane) and top view (yz-plane) showing the pristine composite cathode and parts of the compressed
separator (yellow inset). Reprinted with permission from ACS Appl. Mater. Interfaces C 2020 American

Chemical Society.!®
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Figure 17: Comparison between experimental (gray symbols) and simulated 0.1C discharge curves for
the virtual standard (solid red), low-AMSVF (solid green), and high-energy electrodes (solid blue).

Reprinted with permission from ACS Appl. Mater. Interfaces C 2020 American Chemical Society.®
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3.3.4 Influence of Carbon Additives on the Decomposition
Pathways in Cathodes of Lithium Thiophosphate-Based All-
Solid-State Batteries

The fact that the CAM cannot be completely addressed in the composite cathode is a
known challenge within SSBs. In liquid electrolyte batteries it is common to add carbon-based
conductive additives for better CAM contacting. Due to a pronounced long-term capacity fade
the beneficial effect of carbon additives is not maintained for SSBs. This capacity fade is due
to several decomposition mechanism and the formed products show bad ionic conductivities,
resulting in a buildup of resistances. So far, these effects have not been analyzed in depth and
are not fully understood because of the complexity of the composite cathode structure.
Together with overlap of the occurring degradation paths, this makes a separation of the
individual decomposition processes challenging.

Cycling experiments highlight the influence of the carbon additives on the battery
performance. These experiments are also used to induce the degradation by prolonged cycling.
The influence of VGCF as carbon-based conductive additive on the degradation within the
cathode composite is investigated by XPS and Tof-SIMS. Surface and bulk analyses were

combined to separate the overlapping degradation mechanism.

The electrochemical studies revealed a higher initial capacity by using VGCF, which is
not only attributed to a higher utilization of active material but also to a contribution from
redox-active decomposition products of the SE. At the same time the capacity fading was
significantly increased with VGCF, making the additive detrimental for higher
charge/discharge cycles. By XPS and ToF-SIMS three independent degradation path were
distinguished for the composite cathode. These degradations are located (i) at the current
collector, (ii) at the active material and (iii) at the carbon-based conductive additive. The
decomposition reactions show a high degree of similarity. With regard to sulfur-containing
decomposition products, sulfate/sulfite formation (e.g., Li.SO, seems plausible) and
polysulfide formation were observed. The polysulfide formation is dominant and could be
verified by long-chain Sy fragments. Phosphate formation is dominant for the phosphorus-

containing decomposition and LisPO4 seems to be reasonable.

This work was written by Felix Walther. The electrochemical experiments and SEM
images were performed and the description of the electrochemical experiments was written by
Simon Randau. Felix Walther and Simon Randau planed the analysis experiments. Simon
Randau prepared the analyzed samples. Felix Walther conducted the analytical experiments

and performed the interpretation.
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Figure 20: a) Charge and discharge curves for the first and the hundredth cycle of a Li|f-
LisPS4|LiNiosC00.2Mno2/f-LizPSs ASSB with 3 wt.% and without (w/0) VGCF in the composite cathode.
b) Charge and discharge capacity and Coulomb efficiency as a function of the cycle number. Adding
VGCF results in higher initial capacities, but at the same time in a significantly increased capacity
fading. Reprinted with permission from Chemistry of Materials 2020 American Chemical Society.*®
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Figure 21: Scanning electron micrographs showing the microstructure and the morphology of the solid
electrolyte -LisPS4 and the active material NCM-622. a) Overview image of the solid electrolyte, b)
Large-magnification image of the solid electrolyte, ¢) Overview image showing the particle size
distribution, d) Large-magnification image of single NCM-622 secondary particles formed by several
primary particles. Reprinted with permission from Chemistry of Materials 2020 American Chemical
Society.®
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Figure 22: Charge and discharge curve for the first cycle of a Li|f-LisPS4|LiNioC002Mno 2/f-LisPSa
ASSB cell with 3.8 wt.% VGCF in the composite cathode. The slope at the beginning of the first charge
curve is smaller compared to the reference without VGCF, indicating an increase in side reactions.
Additionally, the charge and discharge capacity are further increased compared to the sample with
3wt.% VGCF, supporting the hypothesis of further capacity contributions due to decomposition
reactions. Reprinted with permission from Chemistry of Materials 2020 American Chemical Society.*®
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Figure 23: Cyclic voltammogram for a In|f-LisPSs|VGCF/p-LisPSs cell. Reprinted with permission
from Chemistry of Materials 2020 American Chemical Society.*®

3.3.5 Macroscopic Displacement Reaction of Copper Sulfide in

Lithium Solid-State Batteries

Copper sulfide (CuS) is due to its intrinsic mixed conductivity and high theoretical
capacity of 560 mAh-g? an attractive electrode material. Additionally, its ductility and
possibility for low temperature synthesis makes it appealing for use in SSBs. In this
publication the electrochemical properties of respective SSBs (L. | LisPS, | LisPS4/CuS) are

investigated. The galvanostatic cycling is combined with SEM, EDX and XPS measurements.

The initial discharge capacity at 0.1 C was 498 mAh-g2, i.e. 84% of its theoretical
capacity. After 100 cycles, the capacity reached 310 mAh-g=. The cell delivered an energy
density of 58.2 Wh-kg™ at a power density of 7 W-kg. Furthermore, the macroscopic phase
separation between the discharge products (Cu and Li2S) was investigated. CuS underwent a
displacement reaction with lithium, leading to the macroscopic phase separation. In particular,
Cu formed a network of um-sized, well-crystallized particles that seems to percolate through
the electrode. This separation was reversed upon charging. The displacement mechanism is in
agreement with literature based on liquid electrolyte batteries, although the Cu crystals are
larger for SSBs. A comparison with literature in a Ragone plot shows that the cells are among

the best conversion-type SSBs reported so far.

This study shows that the use of CuS can mitigate two limitations of the conversion
reaction, named the polarization and the low Coulombic efficiency in the first cycle. The
displacement reaction of the active material is reversible enough for rechargeable batteries at
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room temperature. The ductility of the active material and SE, the electrochemical stability of
the active material and the SE, the intrinsic conductivity of copper and the displacement
mechanism benefit the SSB properties.

The publication was written by Aggunda L. Santhosha. The benchmarking of the battery
data, comparison with the literature and Ragone plot were provided by Simon Randau.

A. L. Santhosha, N. Nazer, R. Koerver, S. Randau, F. H. Richter, D. A. Weber, J.
Kulisch, T. Adermann, J. Janek and P. Adelhelm, Macroscopic Displacement Reaction of

Copper Sulfide in Lithium Solid-State Batteries, Adv. Energy Mater, 2020, 10, 2002394
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Figure 24: Ragone plot of the ambient temperature performance of solid-state batteries with transition
metal sulfides CoS, TiS,, FeS,, NiS, MoS; and CusS (this work) as cathode, lithium as counter electrode
and thiophosphates as solid electrolyte. The performance of the SSBs is estimated from the current
density, average charge/discharge voltage and cell mass excluding current collectors and casing.
Reprinted with permission from Wiley-VCH GmbH 2020.12
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4  Conclusion and Outlook

In this Ph.D. thesis the current literature for SSBs was reviewed and evaluated from a
quantitative perspective. A comparison between different cell concepts and to a minimalistic
cell was performed. From this the current state of the art could be derived and specific research
goals for the further development of SSBs with lithium anode could be derived. It is
demonstrated that the differences in specific energy and specific power of the multitude of
available ASSBs mostly originate from differences in layer thicknesses and internal resistance.
The Ragone plot and the plot of the cycle-dependent specific discharge energy offer direct
comparison of different cell concepts and varying cycling protocols relative to the minimalistic
cell. This comparison clearly shows that currently the large thicknesses of the separator are
mainly responsible for a reduction of the energy density in SSBs. From the comparison it could
also be concluded that protection concepts, especially for CAM, will be necessary.
Furthermore, key research targets were identified using fundamental equations. These are:
achieving less than 40 Q cm? internal resistance, less than 50 um separator thickness, in-situ
generation of the anode, more than 5 mAh cm area capacity and 500 Wh kg hypothetical
cathode specific energy. This analysis projects a pathway to lithium metal SSBs and highlights
the remaining challenges still to be overcome in order to surpass the performance of state-of-

the-art lithium-ion batteries.

Based on this, the battery performance was optimized. For this purpose, the influence of
different carbon conducting additives in the cathode composite was considered. Their
morphology and specific surface area have a strong influence on battery performance. The
presented combination of simulation and experiment highlights that the balance of ionic and
electronic percolation is crucial for the performance of SSBs. In addition, it was found that
fiber-like carbons form interconnected conduction networks, which leads to a better contact
between CAM and current collector. Particular carbons form a multitude of isolated areas
which are contacted within the area, but long-range contacting is not guaranteed. The
particular carbons showed no positive influence on the battery performance. Additionally, the
results of cyclic voltammetry show that all investigated carbons increase the cathode
degradation, which decreases the cycling performance of full cells. XPS analysis indicates the
formation of oxidized sulfur species such as polysulfides. With higher surface areas of the
carbons, the volume fraction of the decomposition products increases. Although batteries with
VGCF initially showed the highest discharge capacities, this positive effect was used up during
prolonged cycling by the constant decomposition of the SE. This was addressed by a
nanometer thin, electronically insulating alumina coating on VGCF. This coating decreased
fading of the discharge capacity, without decreasing the initial battery performance. The
76



Conclusion and Outlook

resulting microwire concept for carbon additives reduces cell decomposition effectively and

may be crucial to realize high power ASSBs.

In summary, this thesis shows that for a useful optimization of SSBs, the entire cell must
be considered. A battery cell is a system of anode, separating electrolyte and cathode
composite. In the future, the focus should therefore be on a reduction of the separating
electrolyte thickness and thus a reduction of the resistances within the battery. In addition to
the material thickness, the overall cell resistance needs to be reduced. This can be influenced
by the contacting of the individual components. Especially within the cathode composite there
are possibilities for optimization by means of carbon conducting additives. However, the
decomposition of the SE induced by the carbons must be effectively prevented. For this
purpose, it will be necessary to understand the mechanism of the Al;O; coating for carbon
fibers presented in this thesis. Suitable layer thicknesses have to be identified. Furthermore, it
may be possible to further vary the coating material. Alternative oxides or insulating polymers

can also result in increased performance.

Solid-state batteries still face a variety of challenges, which need to be solved for a
successful commercial application. The achieved progress in academia and industry as well as
the emerging drive towards expanding renewable energy use by politics and society allow an
optimistic outlook
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Supplementary Table 1. Selected cell performance measures and equations.
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Resistance (anode interface, solid electrolyte, cathode interface, diffusion in CAM, electronic)
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g  Specific capacity of CAM
A Area of a battery pellet
J  Current density
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/! y Table 2: iption of i and ions made to calculate data for comparison where indicated.
Reference* Comment Assumptions
Whiteley et al.’® Layer thicknesses unavailable; Calculation of Ca and SE thicknesses by CAM and | CAM density (4.78 g-cm*); SE density (1.94 g-cm?); 100 um thickness of lithium

SE densities and weight fraction of CAM

Zhang et al.?® Layer thicknesses unavailable; Calculation of Ca and SE thicknesses by CAM and | CAM density (5.05 g-cm~); SE density (2.1 g:cm'3); C-rate based on 137 mAh-g*
SE densities and weight fraction of CAM; Current density calculated from C-rate | theoretical capacity of LiCoO2

Woo etal. 2 - -

Xie et al.2 Thickness of lithium unavailable; weight fraction of CAM contradictory: the 100 pm thickness of lithium; 5.5 mg-cm2 assumed to be the CAM loading
paper states 70 wt.% weight fraction of CAM was used in the cathode mixture,
however, it also states 7 mg-cm™? cathode composite and 5.5 mg-cm? CAM
were applied, which corresponds to 78.5 wt.% CAM.

Ulissi et al.?* Layer thicknesses unavailable; Calculation of Ca, SE and An thicknesses by Ca, | CAM density (4.75 g-cm™); SE density (1.9 g-cm™); An density (0.53 g-cm™)
SE and An densities and weight fraction of CAM

Choi et al.2¢ SE thickness unavailable, estimated by SE mass and SE density Density (SE) = Density (B-LisPSsin cell type 1)

Nam et al.> Current density calculated from C-rate C-rate based on 200 mAh-g ! theoretical capacity of NCM

Yamamoto et al.”% -

Sakuda et al.'® m(SE) unavailable; Estimated from SE thickness

Kato et al.? 'm(SE) and m(An) unavailable; Estimated from SE and An thickness and total cell
mass; Total cell mass was calculated from the values given in the reference for
the specific energy based on mass of LiCoO;, the specific energy based on mass

of cell and the mass of LiCoO; in the cell and its content in the cathode

Density (SE) = Density (B-LisPSq in cell type 1)
Density (SE) = Density {An) = Density (B-LisPSain cell type 1)

composite
Kato et al.2® m(SE) unavailable; Estimated from SE thickness Density (SE) = Density (B-LisPSsin cell type 1)
Ito et al.?’ - -
Kim et al.?® Layer thicknesses of Ca and anode composite unavailable; Calculation of Ca and | CAM density (5.05 g-cm™?); An density (1.9 g-em)
anode composite thicknesses by CAM and A density and weight fraction of
CAM
Kraft et al® Average charge/discharge voltage for 0.5C and 1C not shown M. Kraft personal communication: Ug(0.5C) = 2.63 V, Uys(0.5C) = 1.98 V, Ug(1C) = 2.50
V, Ugs{1C) = 1.84V
Yamada et al.® Layer of Ca and SE Calculation of by Caand | CAM density (2.0 g:cm?); SE density (1.85 g-cm*)
SE densities and weight fraction of CAM
Yaoetal® Layer thickness of Ca and mass of SE unavailable; Calculation of Ca thickness by | CAM density (5.45 g-cm-3); Density (SE) = Density (B-LisPSqin cell type 1)
Ca density and weight fraction of CAM; Calculation of mass of SE from SE
thickness and density
Zhang et al.** Calculation of Ca thickness by Ca density and weight fraction of CAM; An CAM density (5.66 g-cm™); Ca density (4.82 g-cm™); Density (SE) = Density (B-LisPSsin
thickness unavailable cell type 1); 100 um thickness of lithium
Yuetal? Current density calculated from C-rate C-rate based on 200 mAh-g™! theoretical capacity of NCM

Finsterbusch et al.® | Mass of SE and anode unavailable; Calculation by SE and An densities and

thicknesses

SE density (5.2 g-cm3), An density (0.53 g-cm)

Chen et al. Cell area and mass of Ca, SE and anode unavailable; Calculation by SE and An

densities and layer thicknesses

Park et al.* Cell area and mass of SE and anode unavailable; Calculation of thicknesses by
Ca and SE densities and weight fraction of CAM; Current density calculated

from C-rate

Wakayama et al.* Anode thickness and mass of Ca, SE and anode unavailable; Calculation of mass

of Ca, SE and anode by density, thickness and weight fraction of CAM

Area assumed to be 3.14 cm? as LIR 2032 coin cell was used; Ca density (2.7 g-cm), SE
density (2.2 g-cm3), An density (0.53 g-cm3)

Area assumed to be 3.14 cm? as CR 2032 coin cell was used; CAM density (4.78 g-cm3),
SE density (3.0 g-cm™), An density (0.53 g:cm3); C-rate based on 200 mAh-g?!
theoretical capacity of NCM

100 pm thickness of lithium; Ca density (5 g-cm™), SE density (1.2 g-cm3), An density
(0.53 g-em3)

Ates et al® Mass of polymer electrolyte unavailable; Calculation by layer thickness and Polymer electrolyte density (1.2 g-cm3)
density
Hovington et al.” Mass of Ca, SE and anode unavailable; Calculation of mass Ca, SE and An by CAM density (3.53 g-cm*), Ca density (2.23 g-cm™3), SE density (1.2 g-cm™), An density

densities, layer thicknesses and weight fraction of CAM

Porcarelli et ol. % Anode thickness and mass of Ca, SE and anode unavailable; Calculation of mass
Ca, SE and anode by densities, layer thicknesses and weight fraction of CAM
Anode thickness and mass of Ca, SE and anode unavailable; Calculation of mass
Ca, SE and anode by densities, layer thicknesses and weight fraction of CAM

Bouchet et al.3”

(0.53 g-em™)

100 pum thickness of lithium; CAM density (3.53 g-cm3), SE density (1.2 g-cm?), An
density (0.53 g-cm)

100 pm thickness of lithium; CAM density (3.53 g-cm?), SE density (1.2 g-cm3), An
density (0.53 g-cm?3)

Ca: cathode composite; CAM: cathode active material; SE: solid electrolyte; An: anode (composite)

*References refer to numbers in the main text for consistency.
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y Table 3: Description of values taken from graphics and illustrations.
Reference® Comment
Whiteley et al.’® Average voltage for charge and discharge extracted from graph
Zhang et al.2° Average voltage for charge and discharge extracted from graph
Woo et al.?* Average voltage for charge and discharge extracted from graph
Xie et al.22 Average voltage for charge and discharge extracted from graph
Ulissi et al.2* Average voltage for charge and discharge extracted from graph
Choi et al.2¢ Average voltage for charge and discharge extracted from graph
Nam et al.® Average voltage for charge and discharge extracted from graph
Yamamoto et ol.% Average voltage for charge and discharge extracted from graph
Sakuda et af.1¢ Average voltage for charge and discharge extracted from graphy; thickness for Ca, SE, A obtained from an SEM image of the cell cross-section
Kato et al.? Average voltage for charge and discharge extracted from graph; Data for Ragone plot extracted from a Ragone plot displayed in the paper
Kato et al. Average voltage for charge and discharge extracted from graph; Data for Ragone plot calculated from discharge curves shown in graph
Ito et al.” Average voltage for charge and discharge extracted from graph
Kim et al.? Average voltage for charge and discharge extracted from graph
Kraft et al.” Average voltage for charge and discharge and 0.25C extracted from graph
Yamada et ol.® ‘Average voltage for charge and discharge extracted from graph
Yaoetal® Average voltage for charge and discharge extracted from graph; Data for Ragone plot extracted a Ragone plot displayed in the paper
Zhang et al.3! Average voltage for charge and discharge extracted from graph;
Yuetol Average voltage for charge and discharge extracted from graph
Finsterbusch et al.* Average voltage for charge and discharge extracted from graph
Chen etal. Average voltage for charge and discharge extracted from graph
Park et al.® Average voltage for charge and discharge extracted from graph
Wakayama et al.** Average voltage for charge and discharge extracted from graph
Ates et al.3* Average voltage for charge and discharge extracted from graph
Hovington et al.” Average voltage for charge and discharge extracted from graph
Porcarelli et ol.% Average voltage for charge and discharge extracted from graph
Bouchet et al.?” Average voltage for charge and discharge extracted from graph

*References refer to numbers in the main text for consistency.

y Table 4: C ition and thi of the cells. Unless specified otherwise, values were either obtained or calculated from values specified in the
respective reference.
Reference* A lea Ise lan Patcam) Wean Wse Wearban Wainder Paica) Paisey Peian) Pacety

/em? /um /um /um / mg-em? /wt.% / wt% /wt% [ wt.% /mgem?  /mgeem?  /mgem? [/ mgem?

Cell type 1 0.785 40 425 120 8.9 70.0 30.0 00 0.0 12.7 76.4 6.4 95.6
Cell type 2 0.785 80 210 120 17.8 70.0 30.0 0.0 0.0 25.5 38.2 6.4 70.1
Whiteley et al.** 1327 19% 777" 100" 5.2 68.6 29.4 20 0.0 75 151 53 163.6"
Zhang et al.® 0.785 21 607" 80 5.5 70.0 30.0 00 0.0 89 1274 4.3 1406
Woo et al.? 1327 20 900 550 28 37.7 56.6 57 0.0 10 200 39 249
Xieet al 0.785 17 1000 100" 5.5 785" 21.5% 00 0.0 75 150.7 294 187.6"
Ulissi et al.23 1327 - 446* 57* 14 60.0 35.0 5.0 00 23 90.4 3.0 95.7
Choi et al.2¢ 1327 50 503" 100 7.0 70 25 25 25 10 90.4 53 105.8
Nam et al.** 1327 155 45 138 29.3 79.2 195 13 0.0 37 75 27 715
Nam et al15 8.0 88 30 65 143 68.1 29.2 13 14 21 49 13 389
Yamamoto et al.? 0.785 7 59 134 15.9 76.2 19.0 19 29 209 139 215 56.3
Sakuda et al.’® 4.84 63% 63% 89° 9.5 66.0 283 28 2.8 14.4 11.3¢ 10.2 35.9%
Kato et al.? 1.0 28 240 29 4.9 60.0 34.0 6.0 0.0 81 49.8% 6.0° 63.9
Kato et al.2® 1.0 600 100 524 115.4 61.0 36.0 30 0.0 189 18" 112 319%
Ito et al.?” 1327 250 200 100 6.8 60.0 35.0 5.0 0.0 113 527 113 753
Kim et al.2® 13 25.3" 600 28" 10.0 86.3 11.0 18 09 11.6 134.6 6" 152.2
Kraft et al.2* 113 160 450 340 341 70.0 30.0 0.0 0.0 49 133 81 262
Yamada et al.* 1327 137 407* 100 0.7 300 60.0 10.0 0.0 2 75 5 83
Yaoetal® 0.785 26" 1000 100 35 40.0 50.0 10.0 0.0 ) 1807 5: 194%
Zhang et al.}! 0.785 26% 1061* 100" 5.7 45.0 50.0 50 0.0 12.7 1911 5% 208.8
Yuetal? 0.503 150 420 120 9.9 450 25.0 15.0 15.0 22 101 18 141
Finsterbusch et al.* 113 25 500 200 71 50.0 50.0 0.0 0.0 14 2637 1+ 287
Chen et al.2 314 300 70 100 60.8 75.0 15.0 10.0 0.0 81 15" st 102
Park et al.3* 3.14¢ 31 75 200 6.0 60.0 30.0 10.0 0.0 10 23¢ 17 23
Wakayama et al.3' 154 25 200 100' 113 90.0 10.0 00 0.0 13¢ 247 s* a2
Atesetal.®s 0.76 2% 121 120 76 67.2 288 20 20 1 16 6 34
Hovington et al.” 38 92 29 26 14.4% 70.0 25.0 5.0 0.0 21° 3 2* 26
Porcarelli et al.36 0.78 30 20¢ 100" 50 65.0 20.0 15.0 00 8 2> s* 15
Bouchet et .. 3.14 70 70 100" 4.7 60.0 32.0 80 0.0 8 8 s¢ 22
Abbreviations: CAM: cathode active material; Ca: cathode ite; SE: solid 5 An: anode ite); nd: no data available.

*References refer to numbers in the main text for consistency.

*Not all necessary data was available in the respective reference to calculate these values; these values include approximations.

£Not all necessary data was available as numbers in the respective reference; these values include data extracted from figures in the respective reference.
' Data unavailable, values estimated.
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Supplementary Table 5: Data for the calculation of the energy efficiency.

Reference* j quis of 2" charge g of 2™ discharge | Uof2™ charge U of 2" discharge | @g(chdis)
/ mA-cm2 / mAh-g1 / mAh-g1 /v YAY /%
Cell type 1 0.178 130 128 3.98 3.69 92
Cell type 2 0.356 111 109 3.96 3.66 91
Whiteley et al.1® 0.082 1258¢ 125' 3.79%! 3.595! 958+
Zhang et al.® 0.075% 13451 131* 3.76%" 3.765* 985"
Woo et al.2! 0.045 12454 120* 4.07%* 3.85%¢ 915+
Xie et al.?? 0.066 1318 130 3.97% 3.92¢% 97%
Ulissi et al.2® 0.004 105% 100 3.425 3.28% 918
Choi et al.?* 0.12 170 168 3.88 3.70 93
Nam et al.*s 0.147% 1228 120 3.67% 3.57% 968
Nam et al.1s 0.072% 1128 110 3.71% 3.67% 97¢
Yamamoto et al.?® 0.064 189! 122! 3.68%! 3.51%" 595
Sakuda et al.1® 0.064 115% 111 3.81% 3.62% 928
Kato et al.3 0.067 117% 110 3.745 3.71% 97%
Kato et al.?® 0.50 123% 123 3.845 3.75% 98¢
Ito et al.?” 0.05 nd 121" nd 3.59%! nd
Kim et al.28 0.14 133¢% 119 3.92% 3.69% 84
Kraft et al.2® 1.71 120 89"5 2.25%% 2.11% 895
Yamada et al.30 0.025 15858 1640 2.405 1.945 84%
Yao et al.® 0.13 642 646 1.945! 1.58" 785!
Yao et al.® 1.27 5008* 501* 2.158* 1.258* 585"
Zhang et al.*! 0.57 537 550" 2.05" 1.45' 71"
Yuetal® 0.043 nd 102 nd 1.13% nd
Finsterbusch et al.® 0.10 1228 116 4.03 391 92
Chen et al.3? 0.10 1715* 155" 3.49%" 3.115¢ 815"
Park et al.33 0.24% 168%" 165" 3.81%" 3.68%" 958"
Wakayama et al.* 0.08* 139%* 136" 3.98" 3.85' 95'
Ates et al.®® 0.06 1458 139 3.81% 3.73% 85
Hovington et al.” 0.81# 168°% 165 3.60% 3.27% 87%
Porcarelli et al.? 0.09* nd 152" nd 3.4%" nd
Bouchet et al.3” 0.05* nd 162" nd 3.38%1 nd

*References refer to numbers in the main text for consistency.

#Not all necessary data was available in the respective reference to calculate these values; these values include

approximations.

% Not all necessary data was available as numbers in the respective reference; these values include data extracted from

figures in the respective reference.
'Data unavailable, values estimated.
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Supplementary Figure 1: Image of the ASSB cell setup and casing along with schematics of the layer
thicknesses of cell type 1 and cell type 2.

We prepared two types of Li| LPS|NCM pellet-type cells with 10 mm diameter and cycled them
galvanostatically to 4.3 V during charge and 2.6 V during discharge vs Li*/Li at various current
densities. In brief, the cell casing and layer thicknesses of cell type 1 and cell type 2 are depicted in
Supplementary Figure 1. Cell type 1 contains an LPS separator thickness of 425 um and a cathode
composite thickness of 40 um. Excluding the cell casing and current collectors, the first discharge
specific energy of cell type 1 is 44 Wh-kg* and the energy density is 72 Wh-L™. Specific energy and
energy density are increased by decreasing the thickness of the solid electrolyte separator and
increasing the amount of cathode mixture. Therefore, we prepared cell type 2, which has half of the
LPS separator thickness, and double the thickness of cathode composite. The first discharge specific
energy of cell type 2 is 100 Wh-kg* and the energy density is 172 Wh-L"%. Even though the employed
LPS has only moderate ionic conductivity, the cells presented here show sufficiently low resistance to
demonstrate high specific power up to 100 W-kg™. Cell specifications and cycling results are
summarized in Supplementary Table 6.
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Supplementary Table 6: Overview of cell specifications and cycling results.

Cell type 1 Cell type 2
CAM mass, mcam 10 mg 20mg
LPS separator mass, msg 60 mg 30mg
Lithium mass, man 5mg 5mg
Thickness of cathode layer, /ca 40 pm 80 um
Thickness of solid electrolyte, /se 425 pm 210 um
Thickness of anode, /a, 120 um 120 pm
Thickness of copper foil, /cu 40 um 40 um
Current density for 0.1C (theory), j 0.178 mA-cm* 0.356 mA-cm~
Surface density of CAM, pacam) 8.9 mg-cm? 17.8 mg-cm?
Initial charge capacity, gcn 176 mAh-g? 153 mAh-g*
Initial discharge capacity, qais 128 mAh-g? 107 mAh-gt
Specific energy based on first discharge, En 44 Wh-kg! 100 Wh-kg?
Energy density based on first discharge, Ev 72 Wh-L?! 172 Wh-L?

The cycling data of cell type 1 and cell type 2 are shown in Supplementary Figure 2. The first charge
capacity of cell type 1 is 176 mAh-geaw™ (1.5 mAh-cm?) and the first discharge capacity is
128 mAh-geam® (1.1 mAh-cm), resulting in a Coulomb efficiency of 73 %. The average Coulomb
efficiency up to 200 cycles is 99.8 %, excluding the first cycle. The first charge capacity of cell type 2 is
153 mAh-gcam® (2.7 mAh-.cm?) and the first discharge capacity is 107 mAh-gcam™ (1.9 mAh-cm?),
resulting in a Coulomb efficiency of 71 %. The average Coulomb efficiency up to 200 cycles is 99.2 %,
excluding the first cycle.

The rate tests were performed by applying current densities of 0.178 mA-cm™, 0.445 mA-cm?,
0.89 mA-cm™ and 1.78 mA-cm2, which correspond to 0.1C, 0.25C, 0.5C, and 1.0C, respectively, based
on a theoretical capacity of 200 mAh-g*. For cell type 1, the specific capacities reduce from 128
mAh-g* to 98 mAh-g?, 54 mAh-g* and 0 mAh-g* at 0.178 mA-cm?, 0.445 mA-cm?, 0.89 mA-cm? and
1.78 mA-cm?, respectively. Due to the lowering of accessible capacity, these current densities
correspond to a true C-rate of 0.16C, 0.48C, 1.71C, and n.d., respectively. For cell type 2, the specific
capacities reduce from 106 mAh-g* to 78 mAh-g?, 46 mAh-g™* and 0 mAh-g* at 0.356 mA-cm?, 0.89
mA-cm?, 1.78 mA-cm, and 3.56 mA-cm? respectively. Due to the lowering of accessible capacity,
these correspond to a true C-rate of 0.19C, 0.66C, 2.22C, n.d., respectively.
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Supplementary Figure 2: Charge (black) and discharge (blue) curves of Li| B-LisPSs| NCM cell type 1 (a) and cell
type 2 (b). Coulomb efficiency over 200 cycles of cell type 1 (c) and cell type 2 (d). Rate tests for cell type 1 (e)
and cell type 2 (f).

The minimalistic cells showed comparable loss of capacity over 200 cycles. We attribute the
irreversible capacity loss that occurs during cycling to interfacial reactions at the cathode with the
solid electrolyte. This is confirmed by X-ray photoelectron spectroscopy of the cathode composite
(Supplementary Figure 3), which is in line with previous reports.'' The interfacial reactions on the
cathode side upon cycling were investigated by X-ray photoelectron spectroscopy (XPS). The surface
of the cathode composite (cell type 1) in contact with the stainless steel current collector after 200
charge and discharge cycles at 0.178 mA-cm was compared to a freshly prepared cathode mixture
without electrochemical treatment. The signals for the cycled cathode composite broaden toward
higher binding energies, indicating the formation of an oxidized sulfur species and degradation of the
solid electrolyte. These results are in good agreement with previous investigations of the cathode
composite in combination with an indium anode.' It is evident that the major fraction of the oxidized
species is formed during the first charge step, which mainly explains the low Coulomb efficiency of
the first charge-discharge cycle.’ In addition, the volume contraction of the NCM particles during
charge leads to a contact loss of the CAM, further limiting capacity."
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Post mortem cathode composite
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Supplementary Figure 3: XPS S2p spectra of a) a pristine cathode composite and b) a cathode composite after
200 cycles at 0.178 mA-cm2.

Scanning electron microscopy (SEM) images (Supplementary Figure 4) of a cross-section of the
all-solid-state Li|LPS|NCM battery of cell type 1 after 200 cycles at 0.178 mA-cm? show that the
60 mg LPS solid electrolyte resulted in a 425 um thick solid electrolyte separator layer. The cathode
composite was approximately 40 um thick. The roughly 10 um sized NCM particles are embedded in
LPS. Supplementary Figure 4 also shows that LPS and lithium are in intimate contact, forming a
continuous interface. However, LPS is known to react with lithium metal and forms an interphase
consisting of Li;S and LisP. “" The impact of such an interphase can be analyzed in symmetric lithium
cells (Supplementary Figure 5). Whereas cycling at 0.178 mA-cm? causes the resistance of a
symmetric lithium cell to increase with time, ramping of the current density resulted in a short-circuit
above 0.713 mA-cm™. During the first cycles, cell type 1 reached 128 mAh-g* discharge capacity,
which corresponds to a 6.1 um thick lithium layer, which is transferred per step in this setup (area
0.785 cm?). After 200 cycles, the observed discharge capacity has reduced to 52 mAh-g?, which
corresponds to 2.4 um of transferred lithium per step.

Cell type 1 after 200 cycles

Li metal anode,
120 ym

Supplementary Figure 4: Cross-sectional SEM images of Li| B-LisPSs|NCM cell type 1 after 200 cycles. The
change in contrast through the solid electrolyte is likely due to changes in sample height caused by an
uneven cut through the sample.
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Supplementary Figure 5: a) Galvanostatic cycling of a symmetric lithium cell with B-LisPSa of 425 pm
thickness at a current density of 0.178 mA-cm2. Every step length was 6.5 h, corresponding to 6 pm lithium
stripping/plating. These conditions correspond to those of cycling of cell type 1 with a discharge capacity of
130 mAh-g?. b) Determination of the critical current density of a symmetric lithium cell with B-LisPSa
between current densities of 0.089 mA-cm and 0.802 mA-cm™.

A distribution of relaxation times (DRT) analysis of electrochemical impedance spectroscopy (EIS)
measurements was carried out for the cells to monitor the processes governing each impedance
contribution. In the state-of-charge (SOC) dependent DRT analysis of cell type 1, four processes were
detected (Supplementary Figure 6). We attribute the SOC independent high frequency process to the
LPS separator. As shown in the Nyquist (Supplementary Figure 7) and Bode (Supplementary Figure 8)
plots, the impedance of a pellet of LPS with stainless steel blocking electrodes (oips = 1.2:10* S-cm™?)
agrees well with the high frequency process. The SOC independent process with a peak at 20 kHz is
attributed to charge transfer at the lithium-LPS interface. As shown in Supplementary Figure 7, the
impedance of a symmetric transference cell with LPS also shows a peak at 20 kHz, which clearly
represents the charge-transfer process at the lithium-LPS interface. We then attribute the strongly
SOC dependent peak between about 100 Hz and 1 kHz, in the discharged and charged states,
respectively, to the charge transfer process at the NCM-LPS interface (Supplementary Figure 7),
which is in line with previous reports."i Finally, the fourth contribution is attributed to lithium
diffusion in the cathode particles. Fitting of the impedance data can thus be carried out using the
equivalent circuit: (Ro)(R1/Q)(R2/Q)(Rs/Q)(Zoirs), in which (Ro)(R1/Q) represents the solid electrolyte,
(R2/Q) the lithium-LPS interface, (Rs/Q) the cathode-LPS interface and (Zoi) lithium diffusion in the
CAM, fitted with a Finite Space Warburg element. Supplementary Table 7 and Supplementary Table 8
respectively list the fitted circuit parameters for cell type 1 and cell type 2.
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X = impedance measurement
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Supplementary Figure 6: First charge and discharge curve for a Li| B-LisPSa| NCM-622+B-LisPSa battery of cell
type 1. The cell was cycled in several steps (charge: 5x10 min, 7x60 min, 3x until cut-off potential; discharge:
5x10 min, 5x60 min, 2x until cut-off potential). After each step and a 10 min rest time, impedance
measurements were carried out for b) charge and c) discharge. For clarity, the corresponding Nyquist plots
are each stacked by a 10 Q-cm? shift on the y-axes with respect to the previous one and the last two were

omitted. Graphs (d) and (e) present the DRT

3

ysis of the i

e data shown in (b) and (c), allowing

one to clearly determine the characteristic frequency of each polarization contribution.
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Supplementary Figure 7: Impedance data: a) Nyquist plot and corresponding fit of a pellet of 60 mg B-LisPSa
(stainless steel stamp current collectors); b) Nyquist plot for a symmetrical Li|B-LisPSa|Li cell with 425 pum
thickness of LPS; c) Nyquist Plot for cell type 1 ASSB at 4.2 V after first charge; d) Nyquist plot for cell type 2
ASSB at 4.2 V after first charge.
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Supplementary Figure 8: Bode plots corresponding to the impedance data shown in Supplementary Figure 7.
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Supplementary Table 7: List of circuit

for the r

the resistance Ro and the resistance of the first R1/CPE element.

for Li| B-LisPSa| NCM ASSB of cell type 1. The solid electrolyte resistance (Rse) is the sum of

Cycle# | Ro R o fi Q Rse Raa Aan fan Qan Rea A fa Qca Zos,n Zoiti,1 Zom,p
/Ql /a /-10°Hz /10"'C | /Q /Q /Hz /107C| /Q /Hz /-10°C /Q /-10°s
1 37.0 14186 0.71 9.40 3.72 4556 | 451 0.70 29482 171 533 0.83 1675 2.15 1853.7 1.09 0.36
2 37.7 {422.7 0.70 9.42 3.67 460.4 | 455 0.70 26875 1.86 56.7 0.83 1527 2.22 1943.6 1.09 0.36
3 454 14194 071 9.09 3.77 464.8 | 47.3 0.70 24501 1.96 584 0.84 1392 2.33 1765.8 114 0.35
4 50.1 {420.2 0.71 8.68 3.90 4703 | 49.6 0.70 24501 1.87 61.8 0.84 1269 2.40 1964.4 1.09 0.36
5 521 426 0.70 9.00 3.70 478.1 | 47.8 0.70 24501 194 68.0 0.83 1269 2.22 1986.1 1.08 0.36
6 66.1 | 416.8 0.71 8.25 3.99 4829 | 513 0.70 24501 1.81 713 0.84 1157 2.30 2259.6 1.08 0.36
7 623 | 427 071 8.37 3.89 4893 | 499 0.70 24501 1.86 776 0.83 1157 2.14 2202.1 1.08 0.36
8 24.4 1 4668 0.74 8.99 3.60 4912 | 541 0.70 26876 156 821 0.84 1054 2.20 2819.3 1.00 0.38
9 54.4 {4458 0.71 8.50 3.75 500.2 | 522 0.70 22336 1.95 85.5 0.84 1054 211 1983.8 1.07 0.35
10 49.0 | 454.2 0.73 7.93 3.99 503.2 | 56.9 0.70 22336 179 883 0.85 961 221 2291.5 1.02 0.36
11 0.1 15095 071 8.84 3.53 5096 | 545 0.70 22336 187 945 0.84 961 2.09 2336.7 1.01 0.36
12 0.0 {5145 071 8.83 3.50 5145 | 584 0.70 20362 191 96.2 0.85 876 221 2376.3 1.00 0.36
13 0.0 {5197 0.72 8.67 3.53 519.7 | 575 0.70 20362 194 102.1 0.85 876 2.10 2267.4 1.05 0.35
14 0.0 |5251 0.72 8.59 3.53 525.1 | 56.4 0.70 20362 1.98 108.2 0.84 876 1.99 22208 1.02 0.35

*From cycle 11 onwards, R, becomes zero, as the RelaxIS software combines R and Ri to receive a more precise fit result. Reasons for this can be small changes
in the a value or in the capacitance Q. Unfortunately, there are not enough data points within the measurement range to reliably distinguish Ry and R; in these
cycles. However, Rs: can be determined well as the sum of R, and R;.

Supplementary Table 8: List of circuit

for the r

the first resistance Ro and the resistance of the first Ri/CPE element.

for Li| B-LisPSa| NCM ASSB of cell type 2. The solid electrolyte resistance (Rse) is the sum of

Cycle#t | Ro R o fi Q Rse Raa Qnn fan Qun Rea A fa Qea Zoif,n Zoiti,1 Zo,p
/Ql /a /-10'Hz  /10"C | /Q /Q /Hz /-107C| /Q /Hz /-10°C /Q /-10"s
1 65.9 11909 0.80 1.04 5.96 256.8 | 75.8 0.70 27645 1.08 100.2 0.77 2015 1.02 2909.5 110 0.21
2 54.8 12074 0.79 112 5.40 2622 | 76.4 0.71 27606 1.07 104.4 0.77 2015 0.98 2956.7 1.08 0.21
3 458 | 221 0.77 1.20 497 2668 | 75.6 0.72 28090 1.05 108.5 0.77 2015 0.95 3081.5 1.10 0.22
4 485 (2221 0.78 117 5.02 2706 | 749 0.72 28993 1.02 1124 0.76 2015 0.92 3451.7 1.09 0.22
5 50.1 2235 0.78 114 511 2736 | 844 0.70 25466 1.06 105.7 0.77 1837 1.06 3098.6 1.10 0.21
6 489 12283 0.79 112 5.12 277.2 | 827 0.70 26398 1.03 109.8 0.76 1837 1.03 3246.2 1.08 0.22
7 51.9 {2263 0.79 1.08 5.28 2782 | 83.2 0.70 24990 1.09 99.4 0.78 1837 112 3040.7 1.09 0.22
8 54.8 12252 0.80 1.05 5.41 280.0 | 828 0.70 25430 1.08 100.3 0.78 1837 i1 2883.1 1.10 0.22
9 53.7 {228.1 0.80 1.05 5.38 281.8 | 820 0.70 25612 1.08 101.7 0.77 1837 1.10 3011.2 114 0.22
10 51.9  233.8 0.79 1.06 5.26 285.7 | 88.2 0.70 24747 1.04 108.5 0.77 1675 1.14 31825 1.09 0.22
11 37.2 {2525 077 117 4.70 289.7 | 940 0.70 21865 111 103.3 0.78 1527 129 24434 83.1 0.21
12 39.2 12533 0.78 114 4.77 2925 | 936 070 22151 110 106.5 0.78 1527 1.26 2627.8 778 0.21
13 29.7 {12663 0.77 1.20 4.47 296.0 | 100.1 0.70 19840 114 100.3 0.80 1392 143 2125 113 0.19
14 30.5 | 2683 0.77 1.18 4.50 2988 | 99.5 0.70 20146 113 103.4 0.79 1392 1.40 22331 91.2 0.20
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The resistances Rsg, Ran and Rc, are shown as function of cycle number (see Supplementary Table 7
and Supplementary Table 8 and Supplementary Figure 9). Comparing cell type 2 with cell type 1, the
resistance contribution of the solid electrolyte (Rse = Ro + R1) is about half as large — as expected —
whereas the cathode transfer resistance Rca appears to be almost twice as large. Also, the anodic
transfer resistance Ra, was observed to be slightly larger in cell type 2, but is still within experimental
error. Overall, the analysis of the impedance data recorded in the charged state shows that cell
degradation occurs in all parts of the cell (Supplementary Figure 9). For both cells, the solid
electrolyte and the Li/LPS resistance contributions increase with the same rate, which may be caused
by decomposition reactions in the cathode composite, decreasing the content of conducting phase,
thus decreasing ion transport. However, whereas the NCM/LPS interface resistance of cell type 1
almost doubles within 15 cycles, the cathodic interface resistance of cell type 2 hardly shows any
change in the interface resistance. These apparently contradicting trends may simply originate from
differences in the state of charge between these two cells measured here, from the margin of
experimental error, or from yet unidentified factors requiring further investigation.

a) 600 = b) 600 150 ©
cell type 1 P < cell type 2 <
500 = = = = :_:ﬂ;,;—w!’ Th » £ 500 | =
O o Aadd o "% E S oE W oswEEEosowea 2
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Ree * Ran * Roa * Rigt "y
Supplementary Figure 9: Resistance contributions for Li| B-LisPSa| NCM ASSB of a) cell type 1 and b) cell type
2. The impedance data for the charged state were analyzed. Additionally, the internal resistance (R:) as the

sum of the three contributions and the discharge charge capacities for every cycle is shown.
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text. Marked area (blue) represents the target region with more than 700 Wh-I'! energy density and a cycling
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Supplementary Figure 12: Energy, Coulomb and voltage efficiencies for a) cell type 1 at a current density of
0.178 mAh-cm2 and b) cell type 2 at a current density of 0.356 mAh-cm Energy, Coulomb and voltage
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Supplementary Figure 13: Cycling tests of a) intercalation and b) conversion-type cells.
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Supplementary Table 9: List of parameters to predict battery performance and impedance requirements

(compare SD 2).

Parameter Comments

Cell system The choice of anode and cathode material determines the OCV of the cell as well as specific
capacity and the density of the CAM. Lithium is used in this comparison as anode material. The
OCV determines the allowed overpotential to achieve a certain energy efficiency at a certain
current density. The lower the OCV, the lower the internal resistance must be.

C-rate Fixes the desired rate at which the cells are to be cycled.

Solid electrolyte

Choice of the solid electrolyte determines the density of the solid electrolyte, e.g. LigPSsCl with a
density of about 1.87 g-cm™3.

Layer thicknesses, /

Anode and solid electrolyte only contribute to the weight of the cell. The weight fraction of CAM
and cathode layer thickness determine the area capacity of the cell.

Area capacity, Qa

Having fixed the C-rate at 1C, the area capacity determines the required current density. From
comparing the literature data, a current density of 5 mA-cm2 without dendrite growth appears to
be an ambitious target. Dependent on the specific capacity and the weight fraction of CAM in the
cathode composite, the cathode thickness needs to be adapted to obtain the desired area
capacity of the cell. In this context, 80 um to 120 pum cathode layer thickness appears to be the
most realistic range for intercalation type CAMs.

Energy efficiency, D¢

Finally, the desired energy efficiency determines the allowed overvoltage. Using Ohm’s law, the
maximum allowed internal resistance of the cell is estimated from the overvoltage and current
density.
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Supplementary Figure 14: Calculation of the current density required for intercalation- and conversion-type
cell systems. NCM, LNMO, and LizS cathode materials and solid electrolytes PEO-LITFSI (density of 1.2 g-em3),
LisPSsCl (LPSCI, density of 1.87 g:em™), and LisLasZr2012 (LLZO, density of 5.14 g-cm) are compared. Each
point indicates the achievable specific energy and the current density requirement at a rate of 1C. 20 pm of
lithium foil are used for this calculation. Comparison is carried out at equal current density, i.e. equal cell
capacity. Hence, variation of the cathode composite thickness is required to set cell capacity to 1.0, 1.3, 1.8,
2.7, 4.0, 6.0, 10.0 mAh-cm™? (low to high specific energy) as indicated in SD 3. 200 pm, 50 pum or 20 pm solid
electrolyte, 25 vol.%, 50 vol.% or 75 vol.% volume fraction ¢cam of CAM in cathode composite and the
addition of aluminum and copper foil current collectors (each 15 pm thick) are compared.
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Supplementary Figure 15: Calculation of the maximum internal resistance for intercalation- and
conversion-type cell systems dependent on the energy density. NCM, LNMO, and Li2S cathode materials and
solid electrolytes PEO-LITFSI (density of 1.2 g-cm™), LisPSsCl (LPSCI, density of 1.87 g-cm™), and LizLasZr2012
(LLZO, density of 5.14 g:cm™®) are compared. Each point indicates the achievable specific energy and the
internal resistance requirement for 90 % energy efficiency at a rate of 1C. 20 pm of lithium foil are used for
this calculation. Comparison is carried out at equal current density, i.e. equal area capacity. Hence, variation
of the cathode composite thickness is required to set cell capacity to 1.0, 1.3, 1.8, 2.7, 4.0, 6.0, 10.0 mAh-cm*?
(low to high specific energy) as indicated in SD 3. 200 um, 50 pm or 20 pm solid electrolyte, 25 vol.%, 50
vol.% or 75 vol.% volume fraction ¢cam of CAM in cathode composite and the addition of aluminum and
copper foil current collectors (each 15 pm thick) are compared.
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Supplementary Figure 16: XRD pattern of the used B-LisPSa solid electrolyte. The content of LizS side phase is
about 7 %.
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Supplementary Figure 17: XRD pattern of the used NCM-622 active material.

Supplementary Figure 18: SEM images for the B-LisPSa solid electrolyte at a) small and b) large magnification.
The average particle size is about 10 um.
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Supplementary Figure 19: SEM images of NCM. The average particle size is about 10 pm.

Additionally, Supplementary Data (SD) are available:

SD 1 Calculation table to evaluate lithium SSB performance from experimental data

SD 2 Prediction of performance characteristics of lithium solid state batteries

SD 3 Prediction of the maximum allowed internal resistance and the required current density for
intercalation- and conversion-type cell systems versus Li*/Li
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S1. Schematic for a cyclic voltammetry cell

B-Li,PS,
30 mg

Suppl. tary Figure 1: Sck tics of the cyclic voltammetry test cell setup. For this work the counter electrode
(CE) is indium metal (125 um). The separating electrolyte is 3-Li;PS,. The composite cathode consists of 5-LisPS,

and one of the carbon additives.

S2. SEM Cross-Section of KBC cathode composite

Supplementary Figure 2: SEM cross section for a cathode composite with KBC as conductive additive. Due to the

particular character and presence of not conducting carbon domains, carbon is not visible in the images.

S3. Reference electrode material for cyclic voltammetry cells

A counter electrode with a stable potential is needed to perform the cyclic voltammetry experiments.
Three types of anode are possible, a pure lithium anode, an ex situ formed indium-lithium alloy (ex situ

In/InLi) and indium metal, which forms a lithium-indium alloy during the experiment (in sifu In/InL1).

A lithium metal anode combined with a thiophosphate-based SE results in a reduction of the SE and the
formation of an isolating SEI layer."? By using an InLi alloy the negative influence of the direct contact
with lithium metal can be avoided. In the region of < 1 at.% to 47 at.% lithium the In/InLi two-phase
mixture shows a stable potential of 0.62 V vs. Li/Li.* This two-phase alloy is typically prepared by
applying a thin lithium foil onto a thick indium foil. During further assembly, a contact between lithium
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metal and SE may occur, a reduction of the SE is possible. If an indium foil is used during cell assembly,
it is necessary that the alloy is formed in sifu. During the first positive sweep of CV cells the SE is
oxidized at the SE/carbon interface. The resulting lithium ions migrate to the anode and form the InLi
alloy shortly after the beginning of the experiment, which then forms a stable potential in the presence

of unreacted In.*

When shifting the cell potentials for CV cells with alloy reference electrodes by 0.62 V vs Li"/Li, the
present peak position overlays with the lithium metal CV cell (Supplementary Figure 3). This is also
visible for the first cycle, but the influence of the first oxidative decomposition of the SE leads to an

additional variation of the peak positions hindering an easy comparison.

Since the ex situ and in situ formed In/InLi two-phase alloy electrodes are comparable, for all CV cells
in this work an in situ formed In/InLi alloy mixture is used as reference electrode. For simplicity the in

situ formed anode is indicated as In/InLi in all further figures.

8.00 T L—
— instyIninLi | LPS | LPSWGCF
5.00 | — ex situlivinli | LPS | LPSVGCF
— Li|LPS | LPSNGCF
400 2cyde
< 300
£
el 200
1.00
0.00 =
-1.00
0 062 18824 3 4 5 55 612 7.38
UlVvs.Li
0.62 0 1.261.782.38 338 4.384.88 5.5 6.76
U!Vvs. InfinLi

Supplementary Figure 3: By comparing the open circuit potentials of CV cells with different anodes the necessary
potential shifts for cells with an ex situ_formed In/InLi anode and an in situ formed In/InLi anode can be shown.
Both CV cell potentials needed to be shifted by 0.62 V' vs Li*/Li for comparison. The shift for both In/InLi anodes
agrees with literature data.’ To receive an in situ formed In/InLi anode a lithium ion source is needed. We assume

an oxidation of the SE during the first positive potential sweep.

S4. Reversibility of the cathode redox couple in the CV cells

Recurring peak sequences can be seen beginning with the second cycle of the cyclic voltammograms
(see Figure 3a,b). When VGCF and C65 are used as carbon additives, the course over several cycles
shows a reduction of the current maxima for the individual peaks and a shift of the peak positions to
higher potentials for oxidation and to lower potentials for reduction. The presence of oxidation and
reduction peaks suggests that a redox pair is present. Due to the mentioned changes, the underlying

reaction does not seem to be completely reversible. This can be explained by changes in ion mobility as
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well as kinetic barriers due to the oxidation products formed, resulting in an incomplete reduction of the

formed oxidation products. Leading to an increase of cell resistance and the observed peak position shift.

CV cells with CNT and KBC as carbon additive show a different behavior, which has already been

discussed in the manuscript.

S5. Discussion on surface normalization: Steel stamp vs. fiber carbon vs.

particular carbon

A first comparison between a cell with carbon additive and a cell without additive is useful
(Supplementary Figure 4). For the cell without carbon additive, an active area of 0.79 cm? is assumed,
since only the steel stamp acts as a current collector. For the cell with carbon additive, the surface of the
VGCF is added. Here the assumption is made that all fibers are in contact with the steel stamp. However,
this will result in an overestimation of the electronic contact area for this setup, because of the complex
3D structure and presence of isolated domains of the conductive carbons. Therefore, a surface
normalization for these experiments is limited. The calculated contact areas, peak currents and
calculated ratios for the two setups are shown in Supplementary Table 1. When the ratios for the
maximum peak current and surface area are compared for the first cycle, a similar order of magnitude
is noticed. Consequently, a surface area dependence of the oxidation can be assumed. In the second
cycle the maximum current of the peaks is significantly lower, which is also reflected in the calculated
ratio. The reactions can be kinetically and energetically inhibited and reduced contact surfaces by
isolated carbon fibers may be the reason. In addition, the changed peak sequence, with three peaks for

the second cycle must be taken into account.

ninU |LPS | LPSVGCF e -
1

1] M) 100 o LT 100

/ B

J [\
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/ / e
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‘//5 /:}2/&%:2 0.00 é

0.00 // — 0.00 0.00 .
Ia/inl | LPG | Sreel Otarrp. IVInLi | LP3 | Steel Stamp
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Supplementary Figure 4: Cyclovoltammogram for a) the first and b) second CV cycles of CV cells with VGCF in

the composite and without VGCF. The y-achis is scaled differently for a better comparison.
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Supplementary Table 1: Overview of the calculated surface areas and the peak currents measured for the CV cells
with VGCF composite and planar steel working electrodes. The surface areas in the cell composition with VGCF
have been idealized and simplified, resukting in an overestimation. In addition, the ratios for the surface areas

and peak currents for both electrode types are calculated.

Electrode setup: VGCF composite Steel stamp Ratio
Area: 656 cm? 0.79 cm? 830
Inax (1. cycle): 780.4 pA 1.16 pA 673
Linax (2. cycle): 212.5 pA 1.15 pA 185

S6. Cyclic voltammetry cell with first reductive sweep

The standard CV test starts with a positive sweep toward high potentials, with an initial oxidative peak.
Tests were carried out, performing at first a negative sweep towards low potentials (0 V vs. In/InLi).
Supplementary Figure 5 shows the corresponding voltammograms. In the negative potential sweep no
peaks are observed. In the following positive potential sweep the first oxidation starts at ca. 2.2 V vs.
In/InLi. The formed oxidation products are the starting materials for the redox pair, observed in the

following cycles. The further cycles do not differ from CV cell, beginning with a positive potential

sweep.
a) o7 ' ' ! v b) o7 v v . . v
0.50 | 9 0.50 |-
< 025f 4 < 025f
£ {
= 0.00 =
/ IninLi | LPS | LPSVGCF InfinLi| LPS | LPS/VGCF
0.25 reversed scan direction | | -0.25 revarsed scan direction | |
— 1. cycle — 1. Cycle
— 2. cycle
—— 3.cycle
0.50 |- ) 1 -0.50 |
0 1 2 3 4 5 0 1 2 3 4 5
U/ Vvs. InfinLi UV vs. In/inLi

Supplementary Figure 5: Cyclic voltammogram of a cell with VGCF as conductive additive. This cell performed
a reversed potential sweep, with a first sweep to negative potentials (reductive region) and afterwards a positive
potential sweep. When the reductive sweep performed first, no peaks are visible in this area. The first peak is
always the oxidative peak seen in all CV cells first cycles. This peak form the educts of the later observed redox

pair.
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S7. Cyclic voltammetry cell narrow potential window

Starting from the OCV a first positive sweep was carried out to 3.68 V vs. In/InLi and the following
negative sweep stops at 1.98 V vs. In/InLi, corresponding to the upper and lower cut-off potential of an
ASSB (Supplementary Figure 6). The expected oxidative peak is present in the first cycle. Compared to
cyclic voltammograms with higher reversal potentials, the first oxidation is not finalized. Furthermore,
reduction peaks are absent. due to the high cut-off potential of the reductive sweep. For the second and
third cycle the oxidation is reoccurring. However, the quantity of reaction decreases, a saturation of

decomposition products at the SE/carbon interface can be assumed.

1.00
In/InLi | LPS | LPS/VGCF
0.75 — 1. cycle
—2.cycle
0.50} — 3. cycle
E 0.25
= 000
-0.25
0.50
0755 1.0 2.0 3.0 4.0 5.0

U/ V vs. In/inLi

Supplementary Figure 6: CV of a model cell with VGCF carbon additive. For the CV experiment, a potential
window of 3.68 V to 1.98 V' vs. In/InLi is applied. This correlates to the potential window for an ASSB.

S8. CV of SE with CNT carbon additive

1200 T T
InilnLi | LPS | LPS/CNT
1000 |- —1. cycle 4

—2. cycle
o0 [ — 3 cycle 1
<
£ 600} 4
=
400 | 9

!
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U/Vvs.In/InLi

Supplementary Figure 7: CV spectra for a cell with CNT carbon additive. The high current in the first cycle

indicates strong decomposition reactions.
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S9. First three charge and discharge curves of a full cell with VGCF additive
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Supplementary Figure 8: The first three charge and discharge curves of a cell with VGCF as the conductive
additive in the composite cathode (Li|LPS|NCM-622/LPS/VCGEF). For the battery cycling, the potential limits
have been set to 4.3 V during charging and 2.6 I during discharging.

S10. Onset for carbon additive induced oxidation in full cells
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Supplementary Figure 9: Onset of the initial oxidation decomposition reaction in the first charge step induced by

different carbon additives. A surface dependency for this onset is recognizable and is in agreement with the Onset

discussion for the CV cells, mentioned in the manuscript.

S11. Simulation Framework

The microstructure resolved simulation framework Battery and Electrochemistry Simulation Tool

(BEST) is based on a continuum model for lithium-ion batteries derived by Latz et al.’. The dynamic
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evolution of the concentration and the potential in the simulated cell is described by a set of coupled
partial differential equations resulting from the conservation equations for mass, charge, momentum,
and energy. We continuously improved and modified the simulation framework to describe additional
interfacial and material transport effects in solid-state battery cells®”. In our recent work, we investigated
the interface modification induced through SE delamination and the current-collector contact loss on the
battery performance. An in-depth analysis of the parametrization of the material system NCM-622 and

B-LPS can be found in our recent work’.

S12. Mixture of electronic and ionic properties in SE phase (BEST)

A prominent advantage of the microstructure resolved simulations is the ability to incorporate inherently
the morphological properties of the cathode composite, as for example particle size and electrode
tortuosity. The battery simulation studies are performed on virtually generated voxel-based electrodes,
which are based on common experimental microstructural parameters like electrode thickness and
particle size. Nevertheless, the growing interest in cell design optimization sets additional requirements
also for model development. Additives, such as conducting agents, are just nanometers in size and more
or less homogencously dispersed in the cathode microstructure.® To maintain numerically efficient
virtual electrode resolutions and simultaneously include the fine structural influences of the additive, we

extended the BEST framework.

In Supplementary Table 2 the equations for the extended simulation framework implemented in our

framework BEST® are summarized.

Supplementary Table 2: The constitutive equations of the Li-ion battery model used in this work. Indices are

defined as electrolyte= EI, active material= So and carbon additive = CB.

Phase Material balance Charge balance
Electrol gy 3 = 5 2
ectrolyte a[F= —V-Ny (la) 0= _V'Icﬂ,El(lb)
Carbon additive 0= —V 'Lﬂ,cs (1c)
- : 3cso RN _ _9.7
Active material a_:<= —¥ N, (1d) 0 V- Jso (1€)
Phase Lithium flux Charge flux
Electrolyte - - -+ =
o Ng = :‘H (1) Jerr = — etV (¢ ) (1g)
Carbon additive » -
Jefice = — KefrcpV Pso (1h)
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Active material Ny, = — DsgVcs, (1i) Jso= —KsoV P, (1)

The new extended electrolyte model describes a homogenized electrolyte and conductive additive phase
that has an ionic, as well as electronic conductivity. In general, we solve the additional charge
conservation equation in the carbon additive phase to account for the electronic transport. The ionic
conductivity Kfoy describes a property of the SE phase, while the electronic conductivity KEISG
characterizes the additive. The effective transport parameters in the mixed-phase are given by:

: i : I _ € I
Kelf = SKbullo (2 e = Sichaiio 3)

where & denotes the volume fraction and 72 the tortuosity of the respective phases within the
homogenized SE phase. In our simulations, we assume a homogeneous mixture of the SE with the
conductive additive. The morphology of the conductive networks is effectively taken into account by
their respective tortuosity which allows the incorporation of the effect of conductive additives without

the need for dissolving the additive at the microstructure level.

Reactions at the lithium interface as well as at the NCM-622 interface are parametrized via a Butler-
Volmer type kinetic expressions.” The corresponding parameters for the interface reactions are given in
the Supplementary Table 3. Through the finite porosity of the carbon additive phase € a passivation of

the active material surface is introduced, leading to a reduced interface reaction area.

S13. Model parametrization BEST

Supplementary Table 3 summarizes the parameters used for the battery cell simulation in BEST. The
estimation of the transport kinetics for NCM-622 and LPS is based on the deconvolution of
corresponding electrochemical impedance measurements of symmetric and full cells. A detailed
discussion can be found in literature.” The general material parameters such as diffusion coefficients
and conductivity were either measured or taken from literature. The state-of-charge-dependent transport
correlations for NCM-622 are based on literature values extracted from Galvanostatic Intermittent
Titration Technique measurements on half-cells with liquid electrolyte. A summary of all correlations
is given in the work of Neumann et al.”. In this study, we additionally introduced conductive carbons

with an assumed bulk conductivity of 83 S-cm''.
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Supplementary Table 3: Simulation Parameters in BEST. Values are measured by the authors (superscript [ °]) or
calculated (superscript [*]). The chemical diffusion coefficient of lithium and the electronic conductivity of NCM-
622 are functional parameters dependent on the SOC of the material. Their values are given for the initial

concentrations. All other parameters are constant during the simulations. If not indicated the references for the

used parameters are given in Neumann et al’.

Parameter, Unit Description Value
Electrolyte
s mol-em? concentration of Li ions in LPS * 0.0103
KEY'e, S-em! Li-ion conductivity ° 1.20-10~*
th transference number of Li ions 1
D§bte em?-g! Li-ion self-diffusion coefficient 24-107°
fie thermodynamic correction 1.28
factor*
LPS, um electrolyte (separator) thickness 425
Conductive carbons
KV S-em-! electronic conductivity!” 83
NCM-622
MO mol-cm initial Li concentration * 0.021
K S-cm! electronic conductivity Eq. S4.1
DIM, cmz-s! Li-ion chemical diffusion Eq. S4.2
coefficient
UNM v open circuit potential Eq. S4.3
aNM symmetry factor 0.5
cNEMmax mol-em maximum Li concentration * 0.0519
iNM, A-em?:mol* S exchange current density factor 498-10*
*
CM, F-em? double layer capacity * 8-10~7
Lycum, pm composite cathode thickness * 40
Li metal
Kmde g om! electronic conductivity * 10 - 102
U, v open circuit potential 0
aNM symmetry factor 0.5
iNM, A-em? exchange current density factor | 8.87 -10~*
*
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Chy, F-em? double layer capacity * 2-107

S14. Effective conductivity calculation with GeoDict
Effective conductivity tensors (k) of electronic and ionic networks of the virtual electrodes and
homogenized SE phase are calculated in Geodict'! using microstructure-resolved input data.

= |l Ky Ky

Kox  Kzy Kg

Kxx  Kxy sz]
(5)

The main diagonal clements define the effective conductivity in the main propagation axis
(x-, y- and z-direction). For the effective conductivity Keg estimation, we use the mean value of the
diagonal elements. By calculating the porosity € based on the introduced solid volume fraction (SVF)
of the conductive additive and using a common notation for the description of effective transport

parameters
£
Keff = ﬁk- (©6)

we can evaluate the tortuosity 72 for each phase. Thereby, the conductivity value K represents the ionic

(1l or electronic (1) bulk conductivity of the bulk SE and conductive additive, respectively.

S15. Analysis of virtual reference electrode

The presented clectrode generation algorithm randomly distributes the NCM-622 particles in the
electrode volume of 40x150x150 pm? up to the desired 45 % SVF. The SVF is calculated based on
material densities of NCM-622 and LPS, as well as the experimentally set mass ratio for the composite
cathode of 70:30. The secondary NCM-622 particles are approximated by ideal spheres. The particle
size is assumed to follow a gaussian distribution with particle diameter d = 10 + 3 pm. The standard
deviation accounts for particle size reduction trough the initial manufacturing process as well as during
the mixing and further pressing of the cell for the electrochemical characterization. Supplementary
Figure 10 shows an exemplary electrode microstructure. The virtual sample contains isolated particles
shown in blue color, which are not electronically connected to the rest of the electrode depicted in red

color.
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Supplementary Figure 10: Virtual electrode generated in GeoDict for the structure analysis and the
electrochemical simulation in BEST. Electronically connected particles are depicted in red colour and isolated

AM particles are given in blue colour.

We use a random seed for the structure generation which leads to statistical deviations between each
generated structure. In order to quantify the potential statistical deviation, we created five structures with
the same composition. The generated electrodes were structurally analyzed regarding their particle
connectivity and effective conductivity, as well as their electrochemical performance, i.e. discharge

capacity. The results are given in Supplementary Table 4.

Supplementary Table 4: Estimated isolated particle SVF, effective electronic conductivity, and simulated
discharge capacity for five equally generated electrodes in GeoDict. The calculated mean value for each column
is highlighted in yellow colour. The virtual electrode marked with [*] was selected as a representative for the

electrochemical simulation in BEST.

Virtual Electrode | Isolated SVF / % | Effective conductivity Discharge capacity /

No. ke / S-em! mAh-g!
1 9.0 0.026 100

2% 5.0 0.031 116
3 4.9 0.040 121
4 6.2 0.023 112
5 3.6 0.029 120

Mean value 5.74 0.029 113.8

The calculated average isolated SVF is 5.74 % and the mean discharge capacity is 113.8 mAh/g.
Although we use the same generation method, we monitor significant fluctuations of isolated material
for the five electrodes. Moreover, we observe a change in the effective electronic conductivity of up to
50% between the electrode with the highest isolated SVF compared to the one with the lowest isolated
SVF. The relative change in effective conductivity is not proportional to the change in discharge capacity.

Even though the effective electronic conductivity provides a first approximation for the electrode
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transport properties, several structural aspects are neglected which are captured by the discharge
simulation performed on the virtual electrode. These structural aspects are e.g. the inhomogencous
particle clustering of the AM, the distribution of the isolated AM particles, and the electrode morphology
close to the current collector. All these influences together lead to the observed non-linear deviation
between the calculated effective electronic conductivity and the performed microstructure resolved
simulation. For a more rigorous study on this structural and interfacial effects, we refer to Neumann et

al’.

Nevertheless, the introduction of carbon additives improves the effective electronic conductivity of the
composite cathode and therefore increases the battery performance. Based on the calculated average
isolated SVF and the mean effective electronic conductivity value, we selected the virtual structure No. 2

(indicated by [*]) for the electrochemical data presented in the manuscript.

S16. Effective electronic conductivity calculation cathodes with conductive

additive

For the effective conductivity calculation, we select three electrodes from Supplementary Table 4 in
order to create high-resolution cutouts of cach electrode. Thereby, the selected electrodes represent the
upper and the lower boundary for the isolated SVF deviation as well as the mean value. We chose a
cubic volume (40x40x40 pm?) in the center of each sample and generate a high-resolution cutout
(1280x1280x1280 voxel) with a voxel resolution of 31.25 nm. By selecting the center part of the
electrode, we reduce the influence of possible generation artifacts occurring atSVF the electrode

boundaries.

In the next step, the conductive additive is randomly distributed in the remaining pore space up to the
desired SVF based on the carbon additive mass content. In Supplementary Figure 11 the described

workflow for the structural analysis is schematically shown.
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(1)
a cutout

Current
Collector High-resolution cutout
Separator (1280x1280x1280 voxel)

(3) Introduce carbon additive and
calculate effective conductivity

C65

Supplementary Figure 11: Stepwise workflow for the structure analysis of the carbon additive. (1) cathode

VGCF

structure generation. (2) Selection of symmetric cutout and creation of high-resolution cutout. (3) Introduction of
carbon additive and calculation of effective conductivity. We use only the introduced additive phase for the

calculation of the effective electronic conductivity KSJff.

For the granular additive Super C65, we select a convex polyhedron as a representative particle shape
with 93.75 nm diameter. The VGCFs are introduced with a diameter of 100 nm and a length distribution
of 25 + 5 pm to approximate the product specifications given by the manufacturer. We do not account
for fiber bending or specific surface clustering of the carbon additives, but we allow for additive overlap

and direct contact to the AM.

For each high-resolution cutout, we vary the mass content of the additives from 0.5 - 6 wt-% and
calculate the effective conductivity matrix. We estimate the effective conductivity based on the mean

value of the diagonal elements as described in the section above.

We summarize the relevant parameters for VGCF in Supplementary Table 5 and Super C65 in
Supplementary Table 6. Electrochemical simulations in the manuscript use the corresponding values

with 3 wt-% conductive additive content which is marked with [*].
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Supplementary Table 5: Calculated parameters for VGCF with a mass density pycer = 1.9 g - ml ™ effective

electronic conductivity K&ff, carbon additive SVF, tortuosity T and porosity € in the solid electrolyte.

Mass content/ | VGCF SVF | Effective conductivity k&l Porosity in solid Tortuosity

mg /% / S-cm’! electrolyte & 72

0.5 0.9 0.00033 0.016 25.8

0.75 13 0.0011 0.023 12.0

1 1.7 0.0016 0.031 10.5

2 33 0.0047 0.061 7.0

3% 49 0.0081 0.089 6.0

4 6.4 0.012 0.12 5.5

5 7.9 0.016 0.15 4.8

6 9.3 0.022 0.17 4.4

Supplementary Table 6: Calculated parameters for C65 with a mass density pces =1.6 g-ml™': effective
electronic conductivity k&ff, carbon additive SVF, tortuosity T° and porosity € in the solid electrolyte. We excluded

the 0.5, 0.75, and 6 wt-% since the calculations yield no meaningfil results regarding the effective conductivity.

Mass content/ | C65 SVF | Effective conductivity rglfe Porosity in solid Tortuosity
mg /% /S-cm’! electrolyte & 72
1 1.7 0 0.036 0
2 3.3 0 0.072 00
3% 49 0 0.11 00
4 6.4 0 0.14 0
5 7.9 0 0.17 )
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6.4 List of Conference Contributions

2019

2018

130

22nd International Conference on Solid State lonics, June 2019, PyeongChang,
South Korea, poster presentation: Methods for optimizing all solid battery

performance based on the evaluation of a minimal cell system

Third Bunsen Colloquium on Solid-State Batteries, November 2018,
Frankfurt/Main, Germany, poster presentation: All-Solid-State Battery using NCM-
622 and a Lithium Metal Anode for reference performance and literature overview

with Ragone plot

19" International Meeting on Lithium Batteries, June 2018, Kyoto, Japan poster
presentation: All-Solid-State Battery using NCM-622 and a Lithium Metal Anode



