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Abstract

Oxide-ceramic based All-Solid-State Lithium Batteries (ASSLBs) can provide high intrinsic
safety, extended operational temperature range, and high energy density. As the first two are
intrinsic to the materials system, one prerequisite to obtain high energy densities with such
ASSLBs is the manufacturing of thick, mixed electronic and ionic conductive composite
cathodes, analogous to those of conventional liquid electrolyte-based lithium batteries. The
preparation of composite cathodes using oxide-ceramic electrolytes is challenging since high
temperature sintering steps are necessary during electrode and cell manufacturing to achieve
proper mechanical stability, contact between the individual phases, and good ionic and
electronic conductivity. Since oxide-based electrolyte materials like LizLazZr2O12 (LLZ)
require sintering temperatures above 1050 °C, they often exceed the thermal stability windows
of the cathode active materials like spinels (e.g. LixNiMn3Osg) or layered materials (e.g.
Li[NijxyCoxMny]O> and LiCoO, (LCO)). One well established method to achieve
consolidation at lower temperatures is high-pressure assisted Field-Assisted Sintering
Technique/Spark Plasma Sintering (FAST/SPS).

The first part of this dissertation will focus on the material selection and show that LCO is
compatible with LLZ. Through the application of high-pressure assisted FAST/SPS, the
sintering temperature was reduced to 675 °C — 750 °C and the dwell time to 10 minutes,
reaching a relative density of 95 % for LCO/LLZ pellets. The high mechanical pressure was
found to be a crucial factor for achievement of high density and phase purity. However, low
sintering temperature leads to a significant influence of surface impurities in the initial powders
and influences the crystallinity and impedance of the sintered LCO/LLZ interface. Therefore,
a special heat treatment for the cleaning of the starting powders and post-sintering annealing
was conducted. The annealed composite cathode can provide a high areal capacity in fully
inorganic and polymer-ceramic ASSLBs.

The all-solid-state composite cathode with rigid interfaces is mechanically stable during
electrochemical cycling, which is attributed to the high relative density of the cathodes
achieved via FAST/SPS processing. Although, no mechanical degradation is observed, the
composite cathodes show a fading electrochemical performance due to increasing
LCO/LLZ:Ta interface impedance while cycling. Detailed interface characterization and
thermodynamic calculations imply an electrochemical driven Al-Co exchange that can explain
the fading electrochemical performance. A subsequent thermal annealing step helps to nearly

fully recover the electrochemical performance of the composite cathode.



Kurzfassung

Oxidkeramik-basierte ~ Festkorper-Lithium-Batterien (ASSLBs) bieten ein hohes
Sicherheitslevel, einen breiteren Betriebstemperaturbereich und eine hohe Energiedichte. Da
die ersten beiden Punkte intrinsisch sind, ist eine Voraussetzung zur Erzielung hoher
Energiedichten mit solchen ASSLBs die Herstellung von dicken, ionisch und elektronisch
leitenden Verbundkathoden, analog zu denen von konventionellen Lithiumbatterien auf
Fliissigelektrolytbasis. Die Herstellung von Kompositkathoden mit oxidkeramischen
Elektrolyten ist eine Herausforderung, da bei der Elektroden- und Zellherstellung Sinterschritte
bei hohen Temperaturen notwendig sind, um eine gute mechanische Stabilitit sowie einen
guten Kontakt zwischen den einzelnen Phasen und dadurch eine gute ionische und
elektronische Leitfdhigkeit zu erreichen. Da oxidbasierte Elektrolytmaterialien wie
LisLa3sZr2012 (LLZ) hohe Sintertemperaturen erfordern, iiberschreiten sie oft die thermischen
Stabilitdtsfenster der kathodenaktiven Materialien wie Spinelle (z. B. Li;NiMn3Osg) oder
Schichtmaterialien (z. B. Li[Nijx.yCoxMny]O> und LiCoO. (LCO)). Eine etablierte Methode,
um eine Verdichtung bei niedrigeren Temperaturen zu erreichen, ist die Feld-Aktiviertes
Sintertechnik/ Spark Plasma Sintering (FAST/SPS) unter hohem mechanischen Druck.

Der erste Teil der Arbeit konzentriert sich auf die Materialauswahl und zeigt, dass die
kompatibelsten Materialien, LCO un LLZ sind. Durch die Anwendung des Druck-gestiitzten
FAST/SPS Prozesses wurde die Sintertemperatur auf 675 - 750 °C und die Sinterdauer auf
10 Minuten reduziert, wodurch eine relative Dichte von 95 % fiir LCO/LLZ-Pellets erreicht
wurde. Es zeigte sich, dass der hohe mechanische Druck ein entscheidender Faktor fiir das
Erreichen einer hohen Dichte und Phasenreinheit ist. Die niedrige Sintertemperatur fiihrt
jedoch zu einem erheblichen Einfluss von Oberfldchenverunreinigungen im Ausgangspulver
mit Auswirkung auf die Kristallinitit und Impedanz der gesinterten LCO/LLZ-Grenzflédche.
Daher wurden eine spezielle Reinigungswirmebehandlung der Ausgangspulver und eine
Glithung nach dem Sintern durchgefiihrt. Die thermisch nachbehandelte Kompositekathode
weist eine hohe Fliachenkapazitit in inorganischen und polymer-keramischen ASSLBs auf.

Die Festkoper-Kompositkathode mit starren Grenzfldchen ist beim elektrochemischen
Zyklieren mechanisch stabil, was auf die hohe relative Dichte der Kathoden zuriickgefiihrt
wird, die durch FAST/SPS erreicht wurde. Obwohl keine mechanische Degradation beobachtet
wird, zeigen die Kompositkathoden eine nachlassende elektrochemische Leistung aufgrund der
steigenden LCO/LLZ:Ta-Grenzflichenimpedanz wihrend der Zyklierung. Eine detaillierte

Grenzfldchencharakterisierung sowie thermodynamische Berechnungen ergaben, dass ein

II



Kurzfassung

elektrochemisch getriebener Al-Co-Austausch eine Erkldrung fiir die nachlassende
elektrochemische Leistung liefert. Ein anschlieBender thermischer Ausheilungsschritt kann die

elektrochemische Leistung der Kompositkathode nahezu vollstdndig wiederherstellen.
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1. Motivation and Introduction

Batteries are electrochemical devices that are the dominant form for storage of electrical
energy. By now, many types of batteries have been developed and commercialized. Nowadays,
the most commonly used amongst them, Li-ion batteries, are characterized by their enhanced
energy storage capacity (Fig. 1.1), low weight, and long lifetime [1-4]. Li-ion batteries are

broadly used in portable electronics, power tools, and electric mobility.
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Fig. 1.1. Overview of volumetric and gravimetric energy density for batteries of various type
(MH: Metal Hydride) [5].

Since their commercialization in 1991, Li-ion batteries have remarkably improved with
respect to their electrochemical performance and production cost. While there is still
optimization potential left, upcoming applications, e.g. the electric powered transportation and
small remote devices for the internet of things, require new concepts of Li-ion batteries that
provide a higher power and energy density, and prolonged lifetime under harsh conditions [6].

Another new and prospective application of Li-ion batteries is in stationary electrical energy
storage facilities. Large-scale Li-ion batteries can be used to store surplus electrical energy
irregularly produced by renewable energy sources [7]. The large-scale Li-ion batteries can
stabilize the grid loading and thus prevent a possible blackout. In addition, new large-scale and
environment friendly Li-ion batteries can be used in battery powered electric vehicles.

However, with the upscaling of Li-ion batteries, the enhanced energy density and safety
concerns due to the use of flammable liquid electrolytes have to be addressed in the next battery
generation. In this regard, All-Solid-State Lithium Batteries (ASSLBs) on the basis of oxide-
ceramics attract the attention of researchers and engineers owing to their intrinsic safety,

extended operational temperature range, and potential to achieve higher energy densities [2-4,
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8-12]. One of the most prospective solid electrolytes is the garnet-type LizLa3ZrO12 (LLZ)
ceramic [3, 13, 14]. High ionic conductivity makes LLZ very promising for ASSLB
application. However, the challenges during processing of LLZ ceramic and following
integration into an electrochemical cell hampers the application of LLZ-based ASSLBs.
Furthermore, to achieve a high energy density in ceramic ASSLB, the cathode structure has to
provide a high areal capacity and an enhanced utilization of the Cathode Active Material
(CAM), which requires an efficient conduction of electrons and Li-ions. The high energy
density can be achieved by creation of an intertwined 3D network of CAM and solid electrolyte
with well-developed contact between them. In general, the CAM/solid electrolyte interface has
to possess a high total area with a low impedance to allow an efficient charge and Li-ion
transport with minimum resistance losses in the battery. In conventional Li-ion batteries with
liquid electrolyte, the infiltration of electrolyte into a porous CAM structure leads to
spontaneous formation of a CAM/electrolyte interface. This infiltration is not realizable with
solid electrolytes (e.g. LLZ). Therefore, other approaches for the improvement of the
CAM/electrolyte interface in composite cathode have to be explored. One possibility to
manufacture composite cathodes with high electrochemical performance is the co-sintering of
LLZ and CAM powder mixtures.

In order to achieve a good contact between individual LLZ grains and to reach a desirable
ionic conductivity, a sintering temperature above 1050 °C with a dwell time of a couple of
hours is usually required [14]. This raises the question of stability of LLZ and CAM phases
during sintering. However, the mixtures of LLZ and promising CAMs for Li-ion batteries, such
as Li[NijxyCoxMny]O2 (NMC) or LizNijxMnyO, (NMO) have a reduced thermodynamic
stability [15]. The oxidizing nature of CAMs promotes the reaction with LLZ already at
approximately 700 °C for NMC and at 500 °C for NMO, which is far below the sintering
temperature of LLZ [16].

Some research groups have shown that control of the sintering kinetics, i.e. by a reduction
of sintering time, or careful control of powder morphology and composition can help to
overcome or to circumvent these thermodynamic restrictions [17-20]. Some published co-
sintered composite cathodes show greatly increased CAM utilization and improved charge
transport compared to pure CAM cathodes [21-25]. However, despite the achieved progress,
the formation of secondary phases during processing on the CAM/solid electrolyte interface
remains a serious limitation for cathode performance [10, 11, 15, 16, 26-28]. Additionally, the

volume change of CAM during electrochemical cycling leads to fracturing. The fracturing is a
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reason of the high residual porosity of 20 % often obtained in conventional free sintered
composite cathodes manufactured via a slurry-based route [18].

As mentioned above, the kinetics of side reactions can be effectively controlled by the
schedule of thermal treatment. In particular, faster processing with higher heating and cooling
rates, and shorter dwell time combined with lower sintering temperature can lead to a reduction
in secondary phase formation. A decrease in sintering temperature and sintering time can be
achieved by application of sintering aids or by coating of pristine CAM particles, for example
with an Nb- or Li3BOs layer [28,30]. However, the grain boundary composition is also altered,
which often leads to an increase in interfacial resistance. For example, Li3BO; has a Li-ionic
conductivity of only 10% S cm™' at Room Temperature (RT) which is much lower than that of
LLZ (approximately 10# S cm™ at RT [14, 29]). Thus, Li3BOs layer limits the charge transfer
across the CAM/solid electrolyte interface [30]. In order to avoid the use of sintering additives
while maintaining reduced sintering temperatures and dwell times, advanced sintering
technologies like the Field-Assisted Sintering Technique/Spark Plasma Sintering (FAST/SPS)
can be used [17, 31]. By applying direct Joule heating and mechanical pressure, FAST/SPS
enables sintering of dense ceramics at lower temperature and with significantly shorter dwell
time as compared to conventional free sintering [17, 28, 31-38].

The motivation of this dissertation is to develop a FAST/SPS-based process for
manufacturing a dense bulk composite cathode and half cells (composite cathode and
separator) for garnet LLZ-based ASSLBs and its structural and electrochemical
characterization. Additionally, a new polymer-ceramic ASSLB concept and a novel sintering
technique will be introduced and shortly discussed. The dissertation is subdivided into four
main parts:

i) The selection of a CAM suitable for co-sintering with LLZ and the development of a

reliable FAST/SPS sintering process.

i) The preparation of an ASSLB based on the FAST/SPS sintered composite cathode
and its structural and electrochemical evaluation. The explanation of observed
electrochemical performance and the optimization of manufacturing route for
composite cathode.

iii) The development and evaluation of a possible approach to recover the
electrochemical performance of a LLZ/LCO composite cathode after electrochemical
cycling.

iv) The preparation and evaluation of a polymer-ceramic cell concept with increased

areal capacities.



2. Literature Overview

2.1. Sintering

Sintering is the process of consolidation of metallic or ceramic powders, or powder mixtures
to a solid body by means of heat below the melting point of the primary constituent in a powder
mixture. When all mixture components remain solid, the sintering process is named solid-state
sintering [39-41]. If the sintering temperature exceeds the melting point of a secondary
component in the mixture, the process is defined as liquid-phase sintering. In the present work
only, solid-state sintering was used. Hence, in the following the expression “sintering” always
refers to the solid-state sintering.

The driving force for sintering is the decrease of free energy of the powder system [41].
During sintering the pores between particles are reduced in size or eliminated with the
formation of new grain boundaries, i.e. solid-solid interfaces. This leads to an increase in grain
boundary energy and to a decrease in free surface energy. If the sum of these energy changes
(AE) is negative, the material is thermodynamically prone to sintering (Eq. 2.1).

AE = ygp - Mgy + ys - AAs Eq. 2.1.

Here yg is the specific grain boundary energy; ys is the specific free surface energy; A
represents the interface area between particle and pore (4s) or the area of the new grain
boundary (A4g) [41]. Essential for sintering is the material mass transport. In general, six
distinct mechanisms can contribute to sintering of powder particles: (1) vapor transport, (2)
lattice diffusion from the surface, (3) lattice diffusion from the grain boundary, (4) surface
diffusion, (5) plastic flow, and (6) grain boundary diffusion (Fig. 2.1) [39-41]. Besides, only
lattice diffusion from the grain boundary and grain boundary diffusion (3 and 6), and plastic

flow (5) lead to densification. The remaining mechanisms lead only to material redistribution.

Particle

. Particle

Fig. 2.1. Schematic presentation of material transfer mechanisms during sintering [41].
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The sintering process is, in general, divided into three stages: initial, intermediate, and final
sintering stage (Tab. 2.1) [39-41].

Initial stage: This stage is characterized by neck formation between contacting particles.
During initial stage the relative density of material is increased to a value of around 65%.

Intermediate stage: In the initial stage the particles are connected only via necks. Hence,
the intermediate stage starts with open porosity. The related particle structure can be idealized
as a set of tetradecahedrons with cylindrical pores along the edges. Lattice and grain boundary
diffusion lead to the shrinkage of pores and to densification. In course of this process, the pores
become disconnected from each other resulting in a closed porosity at a relative density of
90 %.

Final stage: During the final stage the isolated pores are further reduced in size. In addition,
the grain growth becomes much more intensive. Grain growth is the result of diffusion of
matter from one particle to another particle. The grain growth process can be divided into
normal and abnormal grain growth. In the normal grain growth, the grain number decreases,
and the size of the grains is increased. The size distribution is narrow. In abnormal grain
growth, larger grains grow more rapidly. This leads to a wide grain size distribution.

Tab. 2.1. Overview of sintering stages [41].

Stage Typical microstructural Relative Idealized model
feature density range
Initial Rapid inter-particle neck <0.65 Two monosize spheres in
growth contact
Intermediate Equilibrium pore shape 0.65-0.90 Tetradecahedron with
with continuous porosity cylindrical pores of the
same radius along the edges
Final Equilibrium pore shape >0.90 Tetradecahedron with
with isolated porosity spherical monosize pores at
the corners

The final density and the microstructure define the main properties of the sintered body.
Through control of the sintering variables, the reproducibility and the desired microstructure
design can be achieved. This means that the sintered density (or porosity), grain size, and to
some extent phase composition are controllable.

Sintering is realized in many different technologies: free sintering, hot pressing, hot isostatic
pressing, microwave sintering, etc. [41]. This work will focus on sintering of oxide-ceramics

for battery application by Field-Assisted-Sintering-Technique (FAST), which is also known as
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Spark Plasma Sintering (SPS). FAST/SPS represents an advanced sintering technology that
combines fast Joule heating, application of external mechanical pressure, and electric field to

accelerate the sintering process (described in section 2.2) [31, 32, 35].

2.1.1. Powder material properties

The grain size is an essential property for sintering. The driving force for sintering is the
reduction of interface/surface energy. Smaller grains have higher specific surface area and
consequently higher surface energy. According to Herring the sintering rate in grain boundary
diffusion controlled densification is proportional to 1/(grain size)* and, therefore, highly
dependent on the grain size [41, 42].

Smaller grain sizes show significantly enhanced sintering. Thus, either the sintering
temperature can be reduced, or the dwell time can be shortened. However, smaller grains tend
to agglomeration [41]. The grains will sinter firstly within agglomerates, then the agglomerates
will sinter with other agglomerates. In such a case, the sintering is controlled by agglomerate
properties and sizes. An optimal grain size has to be found at which the agglomerate formation
is negligible, and the sintering properties are acceptable. Simply decreasing the grain size might
not be beneficial [39]. In the case of agglomeration, the advantage of smaller grain sizes is less,
can fully disappear, or even lead to retarded sintering. Besides, small grains show increased
grain growth and the same negative effect on sintering can be observed. In FAST/SPS the
applied external mechanical pressure can break usually soft agglomerates and agglomerate
formation might be less problematic in comparison to free sintering [32].

Besides the grain size, the morphology of primary particles can influence the sintering. The
sintering process has to form junctions between grains. Therefore, the grains have to be packed
closely. An applied external pressure, as in the case of FAST/SPS, can lead to closer packed

grains and assist the sintering.

2.1.2. Constrained sintering
Inhomogeneity within the powder can impact the sintering behavior [39-41]. An
inhomogeneity source, for example, can be a second phase in a powder mixture. The presence
of a second phase powder can interfere with the densification process of the matrix (primary)
phase (Fig. 2.2). During solid state sintering the densification can be significantly reduced or
even completely inhibited depending on the volume fraction of the second phase. Furthermore,

the interface to the second phase can be the origin of cracks due to transient stresses. Transient
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stresses result from: i) different sintering kinetics of two phases, ii) formation of a rigid
percolation network, and iii) the sintering behavior of individual particles can depend on the

surrounding microstructure and lead to differential densification (Fig. 2.2).
Powder

Inhomogeneity

Tensile stress Q Q

Compressive stress Radial crack Circumferential crack

a) b) c)

Fig. 2.2. Schematic diagram illustrating the effects of inhomogeneity in a powder: a) reduced
densification (r represents the distance), b) growth of radial flaw due to a lower sintering
inhomogeneity, and c) circumferential flaw due to larger sintering rate of the internal
inhomogeneity [41].

The conventional theories developed for the sintering of powder mixtures are inapplicable
here, as the rigid inclusions lead to major deviations [39-41]. Lower shrinkage rate of matrix
surrounding an inclusion leads to the development of mechanical stresses. The stresses are
compressive for the inclusion and tensile for the matrix, which is highest at the interface and
decreases with increasing distance (r) by a factor of r3 (Fig. 2.2a) [41].

The use of a pure viscoelastic model to simulate the sintering will lead to the prediction of
unreasonably high stress [41]. Therefore, two models, the self-consistent calculation and

composite sphere model, were developed to describe constrained sintering.

2.1.2.1.  Self-consistent calculation
This model assumes that the inclusions forms islands in a continuum basic material, in which
the powder inclusions contract with a slower rate (Fig. 2.3a) [41]. The model is only applicable
to small volume fractions of rigid inclusions below 20 vol-%, as forces between the inclusions
are not considered. The stress in an isolated inclusion can be calculated from the solution by
Selsing [41, 43]. Using these results and the constitutive equation for the matrix phase, it is

possible to calculate the sintering rates.
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2.1.2.2.  Composite sphere

This model assumes, that the inclusions are well dispersed within the matrix powder
(Fig. 2.3b) [41]. While sintering, different shrinkage rate of the cladding/matrix and the
core/inclusion leads to compressive stress within the core and to compressive radial stress and
tangential tensile stress within the cladding. These stresses reduce the densification rates of the
composite. Viscous flow or creep will always seek to relieve the stresses, so the model requires
a time-dependent viscoelastic solution. However, the elastic strain is much smaller than the
strains observed during sintering, so the observed deformation results almost entirely from
viscous flow. Due to this Scherer and Bordia developed a model based solely on viscous
response of the sintering material [41, 44-46]. Experimental tests of this theory showed that
the model performs well if the amount of rigid inclusions is below 15 vol-% but significantly

underestimated the effects of the inclusions at higher volume fractions [41].

Powder Inclusion

Fig. 2.3. a) Composite in which inclusions prevent the powder matrix from sintering freely
[41]. b) Composite containing spherical inclusions is conceptually divided into composite
spheres (cross-sectional view) [47]. Each sphere is chosen to have the same volume fraction of
inclusion.

2.1.3. Percolation and Network Formation

In an ASSLB, high ionic conductivity of the electrolyte and high ionic and electronic
conductivity of the electrodes is required. Thus, the amount of inclusions must be high enough
for percolation and network formation. In other words, the amount of inclusions must provide
a number of inclusion-inclusion contacts sufficient to produce a continuous network across the
entire sample volume [41]. The ratio at which such a continuous network forms is called
percolation threshold. The percolation threshold depends on the shape and dimensionality of
the particles. For example, in a 3-dimensional solid, the percolation threshold is reached with

a volume fraction of particles in a fully dense sample of around 16 vol-% [41]. This value
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varies with the relative density and grain size of the powder as pores or large particles can
block percolation pathways [41].

The effect of percolation on the stiffness of the composite is an important factor since this
will influence the sintering kinetics [41]. If inclusions are bonded together, the stiffness of
composite will drastically increase after the percolation threshold, and alter the sintering rate,
thereby affecting the densification. Depending on the interaction between the rigid inclusions
and the powder matrix, the densification might be limited to a lower level or even have
increased rate [41].

The simulation of the densification process is challenging, as it requires material properties
of the primary phase and the rigid inclusion that are difficult to measure or estimate at the

percolation threshold concentration [41].
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2.2. Field-assisted-sintering-technique/Spark-plasma-sintering

2.2.1. Overview

FAST/SPS is a low voltage, pulsed Direct Current (DC) activated, pressure assisted sintering
technique [32, 35, 48, 49]. In the FAST/SPS setup the powder sample is placed in a mold and
external mechanical pressure is applied via two punches (Fig. 2.4). The FAST/SPS setup is,
therefore, similar to hot pressing but differs in heat generation and transfer. Hot pressing heats
the pressing tools by radiation, while in FAST/SPS Joule heating produced by a pulsed or
continuous current is used. Thus, the heat is generated either in the pressing tools (typically
graphite-based tools) or in the case of a conductive sample, within the sample itself. Due to the

low electrical resistance of the FAST/SPS circuit, a voltage below 10 V can produce a high

current in the kA-range that provides heating rates up to 1000 K/min [32, 35].

Mechanical load

a) Pyrometer b)
Electrode
—

Graphite

TZM mould

Pyrometer/

Thermo-
couple

Sample @)

Graphite

Pulsed DC
current

Foil
Punch

Spacer

Water cooled vacuum chamber

Fig. 2.4. a) Schematic view of the FAST/SPS apparatus [32]. b) The detailed view of the
sintering tool [17].

FAST/SPS is beneficial for sintering processes [31, 32, 35, 48]. First, Joule heating during
FAST/SPS allows a high heating rate and lowers the total time of the sintering process. A
typical FAST/SPS sintering cycle is usually completed within minutes. This is much shorter
compared to conventional sintering which often requires heating and sintering for hours.
Second, materials can be sintered with FAST/SPS at a significantly lower temperature than
with conventional free sintering due to the applied mechanical pressure [31]. Therefore, one of
the strengths of the FAST/SPS process is the possibility of co-sintering of materials with
different sintering or decomposition temperatures [50, 51]. In addition, inter-diffusion
processes, that lead to secondary phases, may be suppressed due to short dwell time and low
sintering temperature [32]. In order to optimize the co-sintering process by FAST/SPS multiple

parameters have to be considered.
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2.2.2. Parameters of the FAST/SPS process
2.2.2.1. Atmosphere

The atmosphere during the sintering process can influence defect formation and diffusion in
the sintering material [32, 35]. This has an impact on the densification kinetics, grain growth,
phase stability, and material stoichiometry. Gas adsorption on the particles can also change the
thermodynamics as the free surface energy is altered. To avoid such changes and due to the
graphite foil used in the tools, normally the FAST/SPS process is conducted under vacuum
(around 1073 bar) [49, 52, 53]. For Li-based materials the vacuum is challenging. Li is rather
volatile at elevated temperatures and the low pressure in the sintering chamber will lead to Li
losses in the materials [17].

Other atmospheres, commonly used in FAST/SPS, are Ar or N> [32, 35]. The gas pressure
can be 1 bar or less. Hydrogen containing atmospheres are not suitable for sintering of oxide-
ceramics, such as LLZ, as such atmospheres would strongly reduce them. Oxygen-based
atmospheres are possible but require special oxidation-free tools [32].

As the sample is placed in a closed die, the local atmospheric conditions at the sample can
differ from the applied atmosphere and could also be influenced by the material of the

FAST/SPS setup [54].

2.2.2.2. Heating rate

One unique characteristic of the FAST/SPS process is the high heating rate up to
1000 K min™! [32, 35, 48]. However, rapid heating can lead to an uncertainty in temperature
measurement. The temperature during FAST/SPS is measured with a pyrometer, a
thermocouple, or both (Fig. 2.4). The pyrometer measures the temperature of the focus area on
the mold or punches and the thermocouple measures the temperature within the mold.

As FAST/SPS uses Joule heating, two effects have to be considered [32, 35, 48]. In the case
of a conductive sample an internal heating is observed. The heat is distributed from the inside
of the sample and the measured temperature at the mold or punches will be lower than the
sample temperature. For a nonconductive sample, such as LLZ, Joule heating will lead to
higher temperatures in the pressing tools than in the sample. The difference of the measured
and actual temperature can, therefore, depend on the sample geometry and properties varying
up to 100 K [32, 55]. With lower heating rates the temperature difference could be decreased.
However, higher heating rates are expected to lead for nonconductive powder to higher density

and lower grain growth. For conducting samples such an effect is often not observed [32].

11
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Therefore, the heating rate has to be optimized based on the powder and the desired

properties of the sintered body.

2.2.2.3.  Electrical effects

The DC current applied during FAST/SPS sintering can be either continuous or pulsed. The
pulsing current, however, has usually only a minor effect on sintering. [32, 35].

An electric current is used to produce Joule heating. The electric current flows for a
conductive sample through the sample and/or through the pressing tools depending on the
sample and tool conductivity. For nonconductive sample, such as LLZ, the electric current
flows only through the pressing tools. In this case the effect of the electric current on the
sintering process is indirect.

The electric current influences the heating of the sample but not the sintering process itself
[32]. Depending on the sample geometry an inhomogeneous heating within the sample can be
observed. However, for small samples (e.g. 12 mm in diameter as used in this work) the
temperature inhomogeneity is relatively small [55].

Depending on the powder properties, the Peltier effect can be observed. This is mostly
observed in semiconductors and is negligible for other materials [32].

Electric fields can impact material transport, grain boundary migration, and generation of
lattice defects [32, 35, 48]. These effects correlate with the strength of the electric field. The
applied voltage in FAST/SPS process is only around 10 V and is rather too weak for initiation
of these field effects. However, materials with high-dielectric permittivity can amplify the
electric field locally by several orders of magnitude at inter-particle junctions [32].
Furthermore, the properties of the sintered body could be influenced by the electric field, as

was reported for gadolinium-substituted ceria which was electrochemically reduced [56].

2.2.2.4. External pressure
The external pressure enhances the densification during sintering [39-41]. The application of
pressure results in densification and creep of powder material that leads to more inter-particle
contacts and an increase in the driving force for sintering. Due to the increased inter-particle
contacts, small external pressure can have significant impact on the driving force for sintering
[41]. In addition, the external pressure can lead to grain sliding [39-41], which leads to particle

rearrangement with related densification.

12



2. Literature Overview

The external pressure can also break agglomerates and their impact on the sintering is

reduced compared to free sintering without external pressure [32, 35, 48].

2.2.2.5. Dwell time
In comparison to conventional sintering the dwell times in FAST/SPS processes are rather
short as a consequence of the applied external pressure and the electric field [32]. The dwell
time is normally within several minutes. The optimization of the dwell time is usually

performed according to the density and microstructure requirements [32, 35, 48].

2.2.3. FAST/SPS sintering of garnet-based electrolytes and composite cathodes

Requirements for all-solid-state lithium batteries are a dense and high conductive solid
electrolyte, and an intimate contact between CAM and solid electrolyte to obtain low interfacial
resistances. FAST/SPS has been used for sintering of many types of inorganic e.g. NASICON
(Na+xZrSixP3-xO12)-, perovskite-, and garnet-based solid electrolytes [10, 31]. As this work
is focused on garnet-based LLZ electrolyte, the following discussion will be based on sintering
of LLZ by FAST/SPS.

Multiple research groups have reported that FAST/SPS sintering is advantageous to increase
the density of solid electrolytes in comparison to conventional free-sintering [14, 29, 31]. It is
also a solvent free method to sinter LLZ powder into free-standing LLZ separator, without the
requirement of pre-compaction of the powders [31]. Furthermore, it can prevent significant
grain growth and lead to highly conductive grain boundaries [31]. The application of Joule
heating and mechanical pressure assists the sintering process, and decreases the sintering
temperature and the dwell time required in comparison to conventional sintering, while still
achieving higher and more homogeneous density and similar ionic conductivity [36, 57]. One
reason for this was reported by Baek et al., who reported that FAST/SPS significantly reduces
or prevents grain growth in comparison to conventional sintering [57]. In the case of LLZ,
densities of up to 99.8 % and a total ionic conductivity of up to 0.69 mS cm™ at RT can be
obtained by FAST/SPS within minutes at sintering temperatures between 900 °C and
1150 °C [36, 58].

Lower sintering temperature and shorter dwell time are beneficial in two ways. First, it can
reduce the loss of volatile elements such as Li. Second, it allows the co-sintering of solid
electrolytes with CAMs, as their mixture has, in general, only low thermal stability [50, 51].

Furthermore, the short dwell time will limit diffusion related secondary phase formation.

13
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However, the FAST/SPS process can lead to the reduction of Li2COs [58], which is typically
formed on LLZ exposed to ambient atmospheres (section 2.4.3), according to Eq. 2.2.
COs> +4e — C+30% Eq.2.2.

The formed oxygen ions can react with Li-ions from the LLZ and form Li>O. The removal
of Li-ions from LLZ leads to the formation of non-Li-ion conductive La>Zr>O7. This reaction
can be suppressed by short dwell times, low sintering temperatures, or removal of Li,CO3 prior
the FAST/SPS process.

Dense composite cathodes can be sintered by FAST/SPS. The majority of these composite
cathodes have been co-sintered with solid electrolyte sintering at low temperatures such as
Li22Co.8B0.203 or LizsAlosGer5(PO4)3 [31, 59, 60]. The assembled ASSLBs show promising
electrochemical properties and stable cycle behavior [31].

Garnet LLZ-based composite cathodes are challenging to co-sinter, even by FAST/SPS, as
the required sintering temperature exceeds the thermal stability limit of most CAMs [15, 16].
One strategy to further decrease the sintering temperature of LLZ in the FAST/SPS sintering
process was reported by Laptev et al [17]. They applied a high mechanical pressure of 440 MPa
and obtained a dense LCO/LLZ-based composite cathode. However, only limited information

on electrochemical properties were reported and no information about the phases are available.
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2.3. Li-ion batteries

In battery chemistry, energy of the active material is converted into electrical energy by an
electrochemical redox reaction. The term battery describes the device consisting of the
electrochemical cell, the housing, and the external connections. Technically, the redox reaction
takes place only in the electrochemical cell. In the case of an irreversible redox reaction, the
term primary battery is used as for example in alkaline (metallic Zn and MnO>) or commercial
Li-air batteries (recently, rechargeable Li-air batteries have been developed [61]). In Li-Ion
batteries (LIBs), the redox reactions are, in general, reversible; hence the batteries are also
known as rechargeable or secondary batteries. A Li-ion battery is a battery in which only Li-

ions are found. In the case metallic Li is present in the anode, the term Li battery is used.

2.3.1. Functionality

In general, an electrochemical cell consists of two electrodes, a cathode and an anode, that
are immersed in a liquid electrolyte and separated by a separator (Fig. 2.5). When using an
LIB, as an example, LiCs is oxidized in the Li-graphite anode into Li* and Cs during discharge
(Eq. 2.3). The Li" migrates through the electrolyte to the cathode to incorporate into
Li;xCoO2 where Co*" is reduced to Co>" (Eq. 2.4). The electrodes are named after the process
occurring during discharge and are kept the same during charging by the Battery Research
Society even though the processes at the electrodes have switched. The redox reaction in the
LIBs (shown for graphite anode and LCO cathode LIB) is always accompanied by ionic
diffusion as well as volume expansion (oxidation) or contraction (reduction) due to

intercalation/deintercalation of Li* (Eq. 2.3 to Eq. 2.5).

Anode: x'LiCs = x'Cs + x'Li" + x-€ Eq. 2.3.
Cathode: LiixCoO2 + x-Li* +x e = LiCoO» Eq. 2.4.
Cell reaction: Li;xCo0O; + x-Li" = LiCoO> Eq. 2.5.

The liquid electrolyte can compensate for these volume changes, but for rigid solid
electrolytes these are the major drawbacks for successful long-term battery application [62].
The electrodes can store the Li or Li* either by 1) alloying (i.e. In), ii) conversion (i.e. Si-based),
or iii) intercalation (i.e. LiCoO2) [63, 64]. The storage of Li or Li* is described in detail in

section 2.4.1 for the anode and in section 2.4.2 for the cathode.
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Fig. 2.5. Schematic of the electrochemical cell for graphite anode and LCO cathode LIB. The
movement of electrons and Li* during charge and discharge are shown [64]. The current
collectors are Al on the cathode side and Cu on the anode side. Different current collector
materials are required to prevent their reduction or oxidation during cycling [65].

The choice of anode, electrolyte, and cathode determines the energy density of the battery.
Energy density limitation occurs in general within the cathode due to lower Li* storage capacity
than the anode (section 2.4.1 and 2.4.2). The Li" storage capacity (Csp) and the discharge
potential of the cell (Vg) are commonly used to calculate the theoretical energy density (pE,meo)
(Eq. 2.6).

PEtheo = Csp - Va [Wh1™']or [Whkg™'] Eq. 2.6.

In Ragone plots different materials or even battery types can be compared graphically and
suitable anode and cathode material combinations can be found (Fig. 2.6) [5]. Suitable anode
and cathode combinations should, in order to obtain a high energy density, have a large

difference in chemical potential.
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Fig. 2.6. Ragone plot (voltage vs capacity) for cathode and anode materials for present and
next generation Li-ion batteries [5].

Based on the difference in chemical potential between the anode material (ua) and cathode
material (u¢), and the magnitude of charge (e), the open circuit voltage (Vocv) can be calculated
with Eq. 2.7.

Hq ~ He
e

Vocv = Eq. 2.7.

The Open Circuit Voltage (Vocv) of a proper working battery cell is limited by the
electrochemical window of the electrolyte (Fig. 2.7a). The electrochemical window is defined
by the energy gap between the Highest Occupied Molecular Orbital (HOMO) and the Lowest
Unoccupied Molecular Orbital (LUMO) of the material. The electrochemical potential of the
anode has to be below the LUMO, while that for the cathode has to be above the HOMO of the
used electrolyte. Otherwise, the electrolyte will be reduced by the anode or oxidized by the
cathode. The formation of interfaces between the electrolyte and electrode can stabilize the
open circuit voltage (Vocv) of the battery cell but lead to higher internal resistance of the battery
cell, which reduces the overall energy density [66].

Additionally, the O%2p® band also determines the achievable voltage in oxide materials
(Fig. 2.7b) [64]. For example, in Li transition metal-based cathodes such as LiCoO», the energy
of the transition metal Co>*/Co*" band has to be higher than the p-band of the O* anion during
the whole charge/discharge process, as otherwise Oz will be formed. In the case that the Li
concentration in Li;xCoOz is lower than 0.5 (x > 0.5) the electrons can be removed from the

02:2p% band rather than from the Co’"/Co* band since the Co**/Co* band overlaps with the
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0%2p° band. This results in oxygen release from the structure and can destroy the

electrochemical cell.

?) LUMO b)

- : LUMO
LC— E; (Li) LUMO ¢
2
Eg e VOCV é CO“/CO‘“ ;go
M HOMO }S

LiCoO,
HOMO
- He 02 2p$
Density of states N,

Anode Electrolyte ~ Cathode

Fig. 2.7. a) Schematic of the electrochemical window of the electrolyte and the chemical
potential of the anode and cathode and the resulting open circuit voltage [64]. b) Energy
diagram of the electrochemical potential of a LIB with metallic Li anode and LiCoO; as
cathode and the electrochemical window of the electrolyte [64].

The actual measured open circuit voltage is also called operating voltage (Vop) and can be
smaller than the theoretical one due to the Internal Resistance of the cell (IRcen, Eq. 2.8)
Vop = Vocv — IReen Eq.2.8.
Internal resistance of the cell is caused by activation polarization (1act), ohmic polarization
(no) and concentration polarization (nro) (Fig. 2.8a). The polarization effects will lead to a
potential hysteresis for charge and discharge. While the potential is decreased for discharge, it
is increased for charge (Fig. 2.8b). But also, the overpotential for de-/lithiation of the cathode

and anode will lead to a potential hysteresis and add to the internal resistance of the cell.
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Fig. 2.8. a) The actual measured open circuit voltage Voc is decreased by the activation
polarization (7act), the ohmic polarization (1) and the concentration polarization (npor) [67].
b) Internal resistance of the cell (IRcen) will lead to a potential hysteresis during charge and
discharge [64].

As current flows in or out of the cell, the voltage will change. The cut off voltages define the
charge and discharge capacity. The capacity is either based on the volume (V<) or mass (m.) of

the limiting active material, or the electrode area (4c). The capacity (C) of the cell can be
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calculated through Eq. 2.9 to Eq. 2.11 by the current (/) and the duration of charge or discharge

(difference between # and #1).

ty
Volumetric: C = ff;;l [mAh cm™3] Eq. 2.9.
(4
I
Gravimetric: c= o [mAh g~1] Eq. 2.10.
mC
I
Areal: c= 2t [mAh cm™2] Eq. 2.11.

e

In order to compare different battery types, the real energy density (pg) should be considered.
The real energy density (pE) is calculated by Eq. 2.12 with the help of the capacity (C) and the
actual measured open circuit voltage (Vop).

pe = C- Vop [Whem™3] or [Whg™1] Eq. 2.12.

The energy density can be calculated for the electrodes or even for the full battery system
(anode and cathode material, separator, electrolyte, sealing, and wiring). Often, different
battery types are compared by either their volumetric or gravimetric energy density.

Another important parameter to evaluate a cell is the Coulombic Efficiency (CE) which
represents the ratio between the output (Qa) and input (Qc) of charge (Eq. 2.13). The CE is
relevant to measure irreversible capacities and the CE of a single cycle is related to the capacity
fading.

_ %

CE =
Qe

Eq. 2.13.
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2.4. All-solid-state lithium batteries

LIBs are the preferred battery type to power portable consumer electronics for entertainment,
computing, and telecommunication as they offer high energy density and a longer lifetime than
other battery types [1-4]. The LIBs have been optimized for these applications. However, the
upcoming electric mobility and the Internet of Things (IoT) have different requirements such
as large-scale LIBs or an extended operational temperature window. In large scale LIBs, the
large amount of flammable liquid electrolyte leads to safety concerns. IoT devices require
miniaturized LIBs that have good low (below 0 °C) and high temperature (above 40 °C)
performance as these devices are exposed to a wide range of temperatures. Additionally, for
all applications of LIBs, a higher energy and power density, and increased shelf and cycle life
are desirable. However, physicochemical restrictions limit the increase in energy and power
density of LIBs [68].

In this regard, All-Solid-State Lithium Batteries (ASSLB) have attracted the attention of
researchers and engineers as they offer high intrinsic safety, extended operational temperature,
and potential to achieve higher energy and power densities with longer shelf and cycle life
[69]. The higher energy density is a result of the easier stacking that leads to a simplified
thermal management system of the battery [70].

An ASSLB can contain the same CAM (section 2.4.2) as that for LIBs but uses obviously a
solid electrolyte (section 2.4.3) and different anode material (section 2.4.1).

Charge |
{ |
1 Discharge

il

Al Solid Electrolyte (-

) ©0¢g e ®¢g e Li

Li; ,CoO, Li metall

Fig. 2.9. Possible cell design of an all solid-state Li battery with a metallic Li anode and the
processes during charge and discharge. The current collector are Al on the cathode side and Cu
on the anode side. Different current collector materials are required to prevent their reduction
or oxidation during cycling [65].
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2.4.1. Anode materials

Metallic Li foils would be the optimal anode material for Li batteries [71].! Metallic Li can
provide good electronic conductivity, high specific storage capacity of 3860 mAh g'!, and a
low negative electrochemical potential of -3.04 V vs the standard hydrogen electrode. It is also
lightweight due to its low density of only 0.59 g cm™,

Metallic Li anodes are common for primary batteries (such as commercial Li-air batteries)?
but uncommon in rechargeable batteries. This is due to two limitations [72]: The first one is
the uncontrollable growth of Li dendrites during charging and the second one is the low
coulombic efficiency due to the decomposition of liquid electrolyte when in contact with
metallic Li to form a Solid Electrolyte Interface (SEI). While the loss of Li by forming the SEI
can be overcome by the usage of excess Li, the Li dendrites lead to safety hazards and short
cycle life.

As a work around, batteries have been designed as Li-ion batteries. For conventional Li-ion
batteries the anode is graphite-based [72]. The graphite is chosen as it can provide high specific
capacity and low electrochemical potential. The Li intercalation process is reversible, and the
performance of the anode can be maintained for up to several thousand cycles. The advantages
in safety and cycle life outweigh the disadvantages of lower specific capacity and higher
electrochemical potential than metallic Li.

Next generation Li batteries are designed to prevent the Li dendrite formation and allow the
use of metallic Li anodes [2]. The Li dendrite prevention is achievable by improved stability
and uniformity of the SEI layer [73]. However, this approach can only guarantee limited
success as metallic Li is believed to be thermodynamically unstable in organic solvents used
in commercial liquid electrolytes [72]. One proposed alternative is the usage of mechanical
blocking layer by solid electrolyte with a high shear modulus [73, 74]. Nevertheless, Li
dendrite growth has been observed in ASSLBs with such solid electrolytes [10]. As the solid
electrolyte acts just as a mechanical barrier to prevent Li dendrite growth, it does not change
its root causes. The relatively slow Li atomic diffusion in metallic Li anodes still lead to the
formation of Li dendrites [10].

Higher Li atomic diffusion in the anode can prevent Li dendrite formation. This is achieved
with a variety of Li alloys [75]. One popular system is the In-Li alloy. The In-Li alloy is formed
during charging of the Li batteries [74]. The In-Li alloy has a high Li diffusion coefficient that

! A battery with metallic Li is called Li battery, the Li-ion battery (LIB) describes a battery with only Li-ions,
metallic Li is not found.
2 Research is focusing on rechargeable Li-air batteries [61].

21



2. Literature Overview

is beneficial to prevent Li dendrite formation [74]. High operation temperatures increase the
Li atomic diffusion process further. Indium also has a high theoretical capacity for Li of
1012 mAh g and can prevent undesired side reactions between anode and electrolyte [76, 77].
The In-Li alloy has a stable redox potential of about 0.6 V vs Li/Li" over a wide stoichiometry
range [78].

Another promising anode material are Si-based anode materials [79, 80]. Si-based anode
materials have the potential of significantly enhancing the gravimetric capacity (up to
4200 mAh g') compared to the graphite-based anodes (372 mAh g) [79, 80]. The Si-based
anode materials have even higher capacity than metallic Li anodes (3860 mAh g [71]).
However, the volume change of Si-based anodes during de-/lithiation causes rapid capacity
fading and prevents their commercial application [79, 80].

Recently, researchers try to completely eliminate the anode materials in an anode-free
concept [81, 82]. In such a concept the Li-ions are simply plated onto the current collector,
which will form the anode during the first charge. Anode-free Li batteries are advantageous as
during the processing no metallic Li is present, which lowers the requirements concerning the
atmosphere of the manufacturing process and eliminates any steps necessary to attach an anode
to the cathodic half-cell [82]. While the manufacturing process is simplified, an anode-free cell
faces the challenge of rather large volume changes during the first formation of the anode and
cycling. This can lead to rapid fading of the electrochemical properties e.g. conductivity and

capacity [82].

2.4.2. Cathode active materials

The intrinsic requirements for Cathode Active Materials (CAMs) are a high potential vs
Li/Li* and a high specific Li-ion capacity (see also Fig. 2.6) [63]. De-/lithiation has to be a
reversible process for rechargeable Li batteries.

The most commercially successful CAM is LiCoO> (LCO). LCO is a layered Li transition
metal oxide. Multiple LCO phases are thermodynamically stable [83]. Among them, the
rhombohedral phase, with the space group R3m is the most relevant one. In the R3m LCO, the
CoOs and LiOg octahedra are occupying octahedral sites in alternating LiO2 and CoO: layers.
The CoO: layers in LCO can be stacked in three different possibilities to describe the unit cell.
These are classified as O3, O4, and O2-type (Fig. 2.10) [84].
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03 04 02

Fig. 2.10. LCO has three relevant polymorphs by different staking of the LiOs- and CoQOs-
octahedra in AB, BC, and CA layers (red: oxygen-, blue: Co-, and green: Li-ions) [84].

The electrochemical behavior of the three LCO polymorphs as CAM is distinct.
De-/lithiation in the polymorphs occurs at different voltages, leading to specific charge and
discharge profiles for each polymorph [84]. This also affects, the capacity and reversibility of
the de-/lithiation, which is highest for O3 and O4. The O2-type has lower stability as the
removal of Li-ions leads to gliding of the CoO; layer and irreversible phase transitions [84].

The rhombohedral LCO has higher electronic and ionic conductivity in comparison with
other LCO phases and can explain its superiority for the application as CAM. Therefore, the
theoretical specific capacity of 274 mAhg! and theoretical volumetric capacity of
1363 mAh cm™ is also highest among LCO phases [63]. However, the practical capacity of
LCO is only half of its theoretical one, as the Li-ions are essential for the stability of the LCO
structure. The charge of the Li-ions counteracts the repulsive forces between the CoO» layers
and keeps the CoO; layer together. During delithiation the repulsive forces between the CoOa
layers get stronger as the counteracting Li-ions are removed and the distance between the CoO»
layers expands. As soon as more than half of the Li-ions are removed from the structure,
irreversible changes occur in the LCO structure [64]. This can be avoided by only charging the
Li;xCoO; to maximum a half (x < 0.5) of the Li-ion concentration within LCO.

LCO s a classical two-dimensional conductor. The Li-ions can diffuse within the LiO; layers
but not cross the CoO; layers (Fig. 2.11). Depending on the orientation of LCO and the long-
range order, the LCO can only be charged/discharged in isolated locations [85, 86].
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This means that the LCO can partially be overcharged even as the overall SoC of LCO is not
overcharged. Hence, a change in the crystal structure, accompanied by oxygen loss can be

observed from the electrolyte interface [83].

a)

ae —» b

Fig. 2.11. Schematic drawing of the unit cell of LCO. a) The Li-ion migration is possible in a-
and b-direction or within the LiOa layers. b) In c-direction or through the CoO: layers the Li-
ion migration is not possible [86]. The color code is: Li: green, Co: blue, and O: red.

By charging the Li;.xCoO: only to x < 0.5, a stable cycle performance is obtained. LIBs or
Li batteries can be designed to successfully last for their application in most portable electronic
devices. However, LCO is also a controversial material due to its release of oxygen at
temperatures above 200 °C that can cause explosions and environmental concerns [63].
Additionally, battery manufacturers look for abundant and cheaper alternatives than expensive
Co-based materials [5].

Substitution of Co with Ni was found to be an effective way of increasing the specific
capacity and lowering the cost. Adding a small amount of Al or Mg helps to improve the

thermal stability [63]. Some LiNixCoyAl,O2 (NCA) and LiNixCoyMn,O, (NMC) combinations
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achieve reversible specific capacity as high as 200 mAh g!' or 234 mAh g! with good cycle
stability.

Research efforts on complete Co-free CAM are ongoing [87, 88]. Co-free CAM such as
LioNiixMnyO2 (NMO), is attractive as it can provide similar energy density as LCO (NMO:
180 mAh g at lower cost due to cheaper transition metals [89]. NMO is so far only used in
research, as its commercialization is pending due to its high operational voltage of 4.7 V vs
Li/Li*, for which most of the commercial electrolytes face severe decomposition [63]. Besides
layered CAMs also spinel-, olivine-, and tavorite-structures are relevant [63]. An overview of
commercialized CAMs, as well as promising CAMs in research is shown in Tab. 2.2.

Tab. 2.2. Properties of representative intercalation cathode compounds [63, 64, 90-92].

Structure Compound Specific capacity Current status
(theoretical/practical)
(mAh g™)

Layered LiTiS> 225/210 Commercialized
LiCoO» 274/148 Commercialized
LiNiO> 275/150 Research
LiMnO> 285/140 Research
LiNio.33Mn0.33C00.33 280/160 Commercialized
LiNio.8Co0.15A10.0502 279/199 Commercialized
LiNio.sMng.s02 280/180 Research
LixMnO3 458/180 Research

Spinel LiMn,O4 148/120 Commercialized
LiC0204 142/84 Research

Olivine LiFePO4 170/165 Commercialized
LiMnPO4 171/168 Research
LiCoPOg4 167/125 Research

Tavorite LiFeSO4F 151/120 Research
LiVPO4F 156/129 Research

Another type of CAMs are conversion type materials [93]. In conversion type cathodes the
Li-ions react with the CAM. The reactions within a conversion type CAM are shown in
Eq. 2.14 with a transition metal (TM, i.e. Fe**, Fe?", Ni?*, Cu?*,...) and the anionic species (X,
i.e. halogen ions or chalcogenide ions) [63, 94].

TM,Xp + (b-c)-Li* + (b-c)-e" = a"TM® + h-LicX Eq. 2.14.

Suitable transition metal compounds are transition metal oxides, sulfides, fluorides,
phosphides, and nitrides [93]. The advantage of the conversion type CAM is its high
theoretical-capacity around 500 to 1500 mAh g!' [93]. However, conversion type CAM are
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still in the research stage as the volume changes during the reaction with Li are challenging to
control and lead to rapid capacity fading in first experimental cells.

In comparison to the anode materials (see section 2.4.1), the specific capacity of the currently
commercialized CAMs is low (Tab. 2.2). In order to obtain batteries with high energy density,
the CAM is coated as a thin layer on a porous nanostructured electronic conductor, such as
carbon-based structures, to achieve a large CAM/electrolyte interface area [64]. The
nanostructured CAM surface can be beneficial for i) enhancing the reversibility of Li-ion
insertion and extraction without damage to the crystal structure and ii) reduction of electronic
and ionic pathways [64].

As shown in Fig. 2.12a, the typical discharge plateau for LCO is only observed in the bulk
state. The plateau is formed during discharge of the bulk LCO. As soon as the bulk is
discharged and only the surface is discharging the potential decreases due to different energy
levels of the surface sites (Fig. 2.12b). Due to the high surface area of nanomaterials, only

surface discharge is observed.

a) Particle size b)
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Fig. 2.12. Discharge profiles of LCO according to particle size (a). The discharge profile is
defined by bulk and surface sites and their individual energy [64].

2.4.3. Electrolytes
Electrolytes can be liquid or solid. In most commercial LIBs liquid-based electrolytes are
used. Liquid electrolytes are relatively cheap (in comparison to other electrolytes i.e. polymers
or ceramics) [95], rather easy to handle in dry atmosphere, and established. In next-generation
LIBs or Li batteries higher cycle stability and energy density, and safety concerns have to be

addressed. In this regard, ASSLBs on the basis of solid electrolytes attract attention of
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researchers and engineers [1, 3, 96]. Solid electrolytes can be sorted in different classes such
as: oxides, sulfides, hydrides, halides, and polymers [96].

A key property of solid electrolytes is their ionic conductivity [96]. However, for device
integration other properties are also relevant. The most relevant ones are high ionic
conductivity, low ionic area-specific resistance, high electronic and ionic (besides for the
desired ions) Area-Specific Resistance (ASR), high ionic selectivity, a wide electrochemical
stability window, good chemical compatibility with other components, excellent thermal
stability and mechanical properties, simple fabrication processes, low cost, easy device
integration, and environmental friendliness [96]. Therefore, each electrolyte class has its
unique advantages (Fig. 2.13).

The focus of this work will be on oxide-type solid electrolytes. Oxide-type solid electrolytes
are promising as they have beneficial intrinsic properties such as a high thermal and oxidation
stability, and good ion selectivity [ 14, 29]. However, the device integration and the processing

cost have to be optimized [4, 96, 97].

Oxides
Sulfides

Electronic ASR Polymers

lon selectivity

lonic ASR

Chemical stability Device intergration

Thermal stability | Processing cost

Mechanical properties

Fig. 2.13. Relevant solid electrolyte properties for oxide-, sulfide-, and polymer-based
electrolytes [4, 96, 97]. In comparison to the sulfide and polymer electrolytes, the strength of
the oxides is in its oxidation and thermal stability.

One of the most promising oxide-type solid electrolytes is the Li-stuffed garnet-type
LisLasZr2O12 (LLZ) ceramic [13, 14, 29]. LLZ can crystallize in cubic or tetragonal phase.

Both phases have a high Li-ion transference number (71:+~1) and good chemical stability versus
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metallic Li. However, the ionic conductivity of the tetragonal phase is two orders of magnitude
lower than that of the cubic phased one, due to different positions of Li-ions within the LLZ
structure [7-13]. The cubic phase of LLZ crystallizes in the space group la3d with a lattice
constant a of 12.95 — 12.97 A (Fig. 2.14a). The framework of the garnet structure is an 8-fold
coordinated LaOg dodecahedra (24c) and 6-fold coordinated ZrOs octahedra (/6a) [14, 29].
The interstices of the framework structure are partially occupied by Li atoms. The occupied
sites are the tetrahedral 24d sites and the octahedral 48g or off centered 964 sites. The 96/ sites
are displaced off the 48¢g sites due to Li*-Li* repulsion across shared site face. The 24d
tetrahedral cages form a three-dimensional network of conduction pathways. The Li* in 24d
sites are considered immobile. The Li* diffusion is a result of either the Li" migration via
interstices of neighboring octahedral sites and bypasses the Li" in tetrahedral sites or the Li*
movement through the shared triangular faces of the octahedral and tetrahedral faces

(Fig. 2.14b) [29].

a) b)
24d
48g/96h
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Fig. 2.14. Crystal structure of cubic LLZ in a) and the Wyckoff positions for the Li-ions in
24d, 48g, and 96h sites. b) The Li-ion conduction via the tetrahedral sites are marked A and
through triangular faces are marked B [29].

The activation energies for the Li* diffusion is 0.8 eV via interstices or 0.26 eV via octahedral
and tetrahedral faces, which means the later one is the preferred Li* diffusion pathway. The
energies, however, also depend on the Li concentration in the LLZ structure. In the case of a
Li count smaller than five for the formula unit, the interstitial conduction might be preferable
[98].

The Li* conduction via the interstices is hindered in the tetragonal LLZ phase by distortion
that leads to the Li* occupying different sites (8a, 16f, and 32g), than in the cubic one (244,
and 48g or 96h) [29]. The tetragonal phase of LLZ is the one stable between RT and 150 °C
[99, 100], which is the temperature range for battery operations [101-103]. The desired high
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Li* conductive cubic structure of LLZ is only stable at high temperature. One possibility to
stabilize the cubic LLZ structure at RT is by a partial substitution of Li and Zr in LLZ by Al
and/or Ta (e.g. Lis4sAloosLasZri ¢Tao4O12, LLZ:Ta) [104-107]. This results in an excellent
ionic conductivity of >10* S-cm™! at RT and low electronic conductivity of around 10 S ¢m’!
to 107 S cm! [29]. The ionic conductivity is furthermore dependent on the surface properties
of the LLZ that can be, for example, altered by the atmosphere its exposed to.

Although LLZ can be handled in ambient air, prolonged exposure leads to the formation of
an insulating layer of LiOH and Li»CO; at the surface due to Li"/H* exchange [108, 109].
However, this insulating layer is usually removed during the following heat treatment (e.g.
sintering) with restoration of the initial ionic conductivity [108].

The required high sintering temperature hampers the integration of LLZ into ASSLB. The
high LLZ sintering temperature leads to chemical reaction with CAMs or severe diffusion of
transition metals, which causes electronic leakage through the electrolyte [27, 110, 111].

One solution so far is that LLZ is sintered first and then coated with CAM [27, 112]. The
CAM/LLZ interface area is, therefore, small and the ASSLB has a low energy density [113].
Furthermore, the low Li-ionic conductivity of most CAM limits the thickness of the cathode.
Of course, it is possible to mix the CAM with liquid or polymer electrolyte and attach it to a
solid electrolyte/separator [114, 115]. This would lead to thicker cathodes and higher energy
density by introducing Li-ion diffusion paths into the cathode for accessing CAM. The system
would, however, also contain multiple electrolytes, as well as solid-liquid electrolyte
interfaces, and different CAM/solid electrolyte and CAM/liquid electrolyte interfaces.
Therefore, the design can be considered a hybrid ASSLB which requires its own optimization
to obtain desirable electrochemical properties. The other option is to lower the sintering
temperature of LLZ and enable the co-sintering of LLZ and CAM (see section 2.2.3).

The chemical reactions between two materials are, in general, kinetically controlled by the
thermal cycle. Faster processing (high heating and cooling rate and shorter dwell time) in
combination with decreased sintering temperature is an alternative option to reduce the
secondary phase formation [18, 22, 53]. Reduced sintering temperatures can be obtained by
using sintering additives e.g. Nb- or Li3BOs layers [22, 27, 116]. However, the additive coating
itself,usually has a much lower ionic conductivity than that for the sintered LLZ, which can be
a limiting factor for the final battery performance. For example, LizBO3; has an Li-ion
conductivity of only 10 S cm™ at RT which is much lower than that of LLZ (approximately
10#S ecm at RT) [30]. Advanced sintering technique e.g. FAST/SPS could circumvent the

use of sintering additives due to the application of mechanical pressure and Joule heating which
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enables the sintering to occur at lower temperatures with significantly shorter dwell times as

compared with conventional free sintering [28, 31, 33, 34, 36-38].

2.4.4. Evaluation of the performance of garnet-based ASSLBs

The progress achieved by several groups allows the preparation of garnet-based all-solid-
state cathodes with a high CAM loading, high initial capacity, and high capacity utilization
[18,22,23,53,117, 118]. However, the problem of fast capacity fading during electrochemical
cycling that is observed in nearly all published ceramic cathodes, still limits their application.
For example, Tsai et al. reported the loss of most of the initial capacity (1.8 mAh cm? to
0.4 mAh cm?) just after 100 cycles at currents of 50 pA cm? for a garnet-based ASSLB with
a composite LCO/LLZ cathode [18]. Only Ohta et al. have been able to cycle a garnet-based
thin layer LCO cathode successfully for 100 times without observing significant capacity loss
[119]. However, the stable electrochemical performance was achieved for low currents of
10 pA cm? [120]. For any possible application, this current is too small. Several phenomena
were suggested as possible reasons for the fading of the performance (Fig. 2.15) [1, 3, 8, 11,
121-125].
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Fig. 2.15. Simplified schematic drawing of the prepared LCO/LLZ:Ta interface (possible
secondary side phases are not shown) (a). In b) to e) the possible reasons for the increasing
LCO/LLZ:Ta interfacial impedance are shown. This can be due to the (b) mechanical
degradation of the electrode due to the bias-induced volume changes, or the electrochemical
degradation of(c) LLZ:Ta; (d) LCO or (e) both phases during operation with formation of
respective high-impedance products.
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Besides processing-induced degradation, during the high temperature processing, leading to
the formation of high impedance reaction layers [1, 3], mechanical fracturing of the cathodes

due to the change in CAM volume during de-/lithiation is one of the most favored explanations
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for the low electrochemical performance of all-solid-state cathodes (Fig. 2.15b). In LCO, the
volume change reaches up to 4 vol-% during de-/lithiation without any geometrical constraint,
and can break the rigid LCO/LLZ:Ta interface [62]. Besides, the LCO and LLZ have different
crystal structures. Ideally LCO is crystallized in rhombohedral crystal structure with lattice
parameters of a: 2.87 A and c¢: 14.05 A [126]. LLZ, however, should have a cubic crystal
structure with a: 12.95 A —12.97 A [29]. The sintered LCO/LLZ interface, therefore,
experiences stress, which is possible to be released by fracturing of the LCO/LLZ interface
[127, 128]. Another hypothesis for the low cycling stability of the rigid ceramic cathodes is
electrochemical degradation of either the solid electrolyte, CAM, or both during operation
(Fig. 2.15¢c-e). While LLZ is estimated to be stable up to 6 V vs Li/Li", recent theoretical work
has suggested the oxidation of LLZ already starts at 2.9 V vs Li/Li" [122]. The experimental
validation still has to be provided [122, 129, 130]. Possibly, the LLZ is kinetically stabilized
by a high oxidation overpotential or by a thin passivating layer formed on the LLZ surface,
that prevents ongoing decomposition [122].

Besides LLZ, LCO could also show electrochemical degradation and be responsible for the
fading electrochemical performance (Fig. 2.15d). Wang et al. observed a thin (below 250 nm)
layer of “disordered” LCO formed on the interface with LiPON electrolyte [124, 131].
Disordered LCO accompanied by a possible phase transformation can lead to a significant
decrease in ionic and electronic conductivity, and specific capacity [86, 126]. LCO in its
rhombohedral crystal structure has a practical specific capacity of 140 mAh g''[126], while
other LCO structures have less. The “quasi-spinel” structure for example has only a practical
specific capacity of 84 mAh g'. The phase change in LCO would hence cause a significant
loss in capacity. Moreover, Otoyama et al. published that the State of Charge (SoC) of LCO in
a composite cathode can be inhomogeneous [132]. An inhomogeneous SoC leads to

inhomogeneous expansion/contraction of LCO and as a result to disordering or even cracking.
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3.1. Synthesis of the solid electrolyte

Ta- and Al-substituted LLZ powder (theoretical stoichiometry: Lig45sAlo.osLasZr16Tao 4012,
further denoted as LLZ:Ta) was synthesized by solid-state reaction [133]. The starting
materials, LIOH-H>O (99.995 %, Sigma Aldrich; 12 wt-% or 20 wt-% excess was added to
compensate the Li loss during processing [133]), La;O3 (99.9 %, Merck), ZrO> (99.5 %,
Treibacher), Ta20Os (99.5 %, Inframat Corp.) and Al2O3 (99.9 %, Inframat Corp.), were mixed
stoichiometrically. The resulting powder was pressed into pellets and calcinated at 850 °C in
an AlyOs-crucible with an Al2O3 cover for 10 h (with a heating and cooling rate of 5 K/min)
and crushed in a mechanical mortar RM200 (Retsch) for 1 h. This procedure was repeated
twice with a calcination temperature of 1000 °C. The resulting particles had a spongy shape
(Fig. 3.1a) with a particle size of Dip=5.8 pum, Dso=10.0 pm and Dgy=16.4 um as
determined by the laser light scattering method (method described in section 3.3.1). This
powder will be denoted further as LLZ:Ta-air powder. The real composition of the LLZ:Ta
powder was analyzed by Inductive Coupled Plasma-Optical Emission Spectroscopy (ICP-
OES, Tab. 3.1, method described in section 3.3.2).
Tab. 3.1. Composition of the prepared LLZ:Ta powder after calcination by ICP-OES.

Element Theoretic 12 % Li excess 20 % Li excess
stoichiometry

Li 6.45 7.07 7.39

Al 0.05 0.05 0.07

La 3.00 3.00 3.00

Zr 1.60 1.59 1.58

Ta 0.40 0.40 0.41

A part of the LLZ:Ta powder was ball-milled (200 rpm, 3 h in isopropanol, Retsch) after
calcination, dried and sieved (20 pum) to analyze the effect of grain size on the FAST/SPS

process.

3.1.1. Pretreatment of the solid electrolyte
A part of the LLZ:Ta powder with 20 % Li excess was pressed into loose pellets. The LLZ:Ta
pellets were transferred into an Ar-filled glovebox. The LLZ:Ta pellets were placed in an A1,O3
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crucible and annealed in Ar at 750 °C for 2 h to remove surface impurities (LiOH and Li>CO3).
The annealed cake was crushed into powder in the Ar-filled glovebox. The obtained powder
consisted of particles with nearly the same shape (Fig. 3.1b) and particle size as the non-
annealed powder with Dijg=6.6 um, Dso=12.2 um and Dy =22.5 pm. This powder is
abbreviated further as LLZ:Ta. The heat treatment led to a small loss of Li according to ICP-
OES results (Li: 7.18; Al: 0.05; La: 3.00; Zr: 1.61; Ta: 0.41, compare with Tab. 3.1).

Fig. 3.1. a) Pristine LLZ:Ta powder. b) LLZ:Ta powder after 2 h annealing in Ar at 750 °C.
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3.2. Pellet preparation
The pellets with one or two layers (for the use as a half-cell) were manufactured by
FAST/SPS or free sintering. In one case, LLZ:Ta-air, LLZ:Ta powder, or their 50/50, 40/60,
or 60/40 wt-% mixture with LCO (99.95 %, Alfa Aesar) was used. In the other case, the first
layer consisted of LLZ:Ta-air, or LLZ:Ta and LCO mixture, or pure LCO and the second layer
was comprised of pure LLZ:Ta-air or LLZ:Ta powder. A schematic overview of the prepared

pellets is shown in Fig. 3.2.
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Fig. 3.2. Schematic overview of manufactured battery components.

3.2.1. FASTY/SPS sintering

For FAST/SPS sintering, LCO, LLZ:Ta-air, LLZ:Ta powder or their mixture was used. In
the case of co-sintering of half-cells, the first layer consisted of LLZ:Ta and LCO mixture and
the second layer was comprised of pure LLZ:Ta-air or LLZ:Ta powder.

During manufacturing of pellets with single layer, a portion of 0.5 g of LCO, LLZ-air,
LLZ:Ta powder, or their mixture with LCO was poured into a metallic mold made of a
molybdenum-based alloy (TZM, Plansee SE, Fig. 3.3a). The mold had an inner diameter of
12 mm that was covered by wounded graphite foil (SGL Carbon). The TZM punches were also
separated from the powder by two discs punched from the same graphite foil to prevent sticking
with the sintered pellet.

For the half-cell, 0.5 g of powder mixture was firstly poured in the mold and pressed by hand,
followed by adding another 1 g of LLZ:Ta-air or LLZ:Ta powder and pressing by hand.

The powders and powder mixtures were sintered in a HP D 5 FAST/SPS device (FCT
Systeme GmbH). The sintering was performed at a temperature of 675 °C, and between 750 °C
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to 1050 °C in 50 K steps with 10 min dwell time in Ar flow (Fig. 3.3b). The heating rate was
100 K min™ and the cooling rate was 20 K min™.

A sintering temperature of 675°C is slightly below an onset temperature of reaction between
LCO, LLZ, and graphite foil (starting at approximately 700 °C) as explained in detail by Laptev
et al. [17]. A temperature of 750°C is somewhat higher than the above-mentioned onset
temperature. However, the reaction between LCO, LLZ, and graphite at this temperature is still
not pronounced [17]. The sintering at 800 °C was performed to verify the phase stability at
higher temperature. The single phases of LCO and LLZ:Ta-air and LLZ:Ta were sintered over
the whole temperature range of 675 °C to 1050 °C.

A mechanical pressure between 50 MPa and 440 MPa was applied before or after heating,
and during the dwell process in all experiment. The loading with 50 MPa is typical for
FAST/SPS sintering in a standard graphite mold [32]. A pressure of 440 MPa is the highest
pressure which can be achieved in the used 12 mm mold with a maximal load of 50 kN for a
HP D 5 device. After FAST/SPS sintering the graphite foil was polished off from all pellet
surfaces by SiC sandpaper (grade #4000).

3.2.2. Conventional sintering and annealing of the prepared pellets by
FAST/SPS

LLZ:Ta pellets were also prepared by conventional free sintering. The LLZ:Ta-air powder
was pressed into 12 mm in diameter pellets and sintered at 1175 °C for 10 h in a closed Al2O3
crucible in air. The temperature was increased with 5 K min™!' and after sintering the samples
were free cooled to RT. Some of the free sintered LLZ:Ta-air pellets were used to assemble
half-cells. These LLZ:Ta-air pellets were polished with SiC sandpaper (up to grade #4000).
The polished LLZ:Ta-air were painted with an ink of LCO and LLZ:Ta-air mixture, prepared
according to Tsai et al [18], or used in polymer-ceramic ASSLBs (section 3.4.3). The ink was
dried at 50 °C and co-sintered according to the schedule in Fig. 3.3c. This process was also

applied to FAST/SPS sintered samples for their annealing.
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Fig. 3.3. a) Photograph of the FAST/SPS mold. b) Schematic of the FAST/SPS sintering
process with 750 °C sintering temperature. ¢) The sintering schedule for the LCO/LLZ:Ta-air
ink and annealing of the FAST/SPS samples.
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3.3. Characterization

3.3.1. Particle size distribution

Particle Size Distribution (PSD) of LLZ:Ta powder was measured by the laser light
scattering method in a LA950 device (Horiba) in an ethanol suspension. The laser light is
scattered by the particles in the ethanol suspension. The diffraction angle is dependent on the
particle size, which allows to separate grain sizes in the micro- to millimeter range [136].
Smaller particles have high scattering angles and large grains have low ones. However, the
light intensity of the scattered light is dependent on the grain size and larger particles cause
much higher scattered light intensity. By this a small number of large particles can hide a high
number of small particles.

The measured light intensity is converted into particle sizes by the Mie theory based on the
Fresnel equation or Fraunhofer approximation [136]. While the Fresnel equation is used for
near field regions, the Fraunhofer approximation is applied for the far field. Far field means
that diffraction pattern and the diffracting particles are far away from each other.

In this work, the Fraunhofer approximation is used to calculate the PSD. To correct for the
different light distribution in the suspension in comparison to the ethanol solvent, the refractive
index of 1.85 was used.

In sintered bodies the grain sizes were measured by the linear intercept method from SEM
images [137]. In this method, a cross sectional SEM (described in section 3.3.6) image taken
in the backscattering mode is used. A random straight line is drawn through the SEM image
and then the number of grain boundaries intersecting the line is counted. By dividing the length
of the line through the number of intersecting grain boundaries, the average grain size can be

calculated.

3.3.2. Chemical analysis
The stoichiometry of synthesized and commercial powders was measured with Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES) with a Thermo Scientific iCAP
7600 dual-view spectrometer. For the measurement 50 mg of the sample was dissolved with
the help of 2 g (NH4)2SO4 in H2SO4. The solution is then sprayed into an Ar plasma [136]. The
Ar plasma produces excited atoms and ions that emit electromagnetic radiation which are
characteristic to particular elements. In case the intensity is calibrated, ICP-OES can also be

used to quantify the concentration of the atoms and ions.
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3.3.3. Thermal analysis

The thermal stability of the CAMs powder and in combination with LLZ:Ta powder was
measured with Differential Thermal Analysis (DTA) and Thermal Gravimetric Analysis
(TGA) with a NETZSCH STA 4491 in vacuum and Ar atmosphere. A piece of graphite foil
was added to all samples prior to the measurement to simulate the conditions in the FAST/SPS
setup. The heating and cooling rate were 5 K min™.

In DTA the energy required to heat the sample is compared to a reference sample. In the case
the phase of the sample changes, this will either release or consume energy. These energy
changes can be measured and help to find the transition temperature of the analyzed material.

In TGA, the weight of the sample material is measured over a temperature range and gives
information about the temperature at which the weight is changed. This can help to identify the
decomposition temperature.

The sintering behavior was analyzed with dilatometry measurements (DIL 402C dilatometer,
NETZSCH). The powder for dilatometer measurement were pressed into pellets with a
diameter of 8 mm and height of 1 mm. The heating and cooling rate were 5 K min’'. The
Dilatometer measures the shrinkage of a sample. In ceramics, dilatometer measurements can

be used to find the onset temperature of sintering.

3.3.4. X-ray diffraction
Atoms in a crystal have commonly a distance of a few nanometers to each other. The
wavelength of X-rays is similar and by that elastically scattered by the atoms, or more precise
by their electrons [138]. Although most of the scattered X-rays experience destructive
interference, some show constructive interference. The angles at which these X-rays are
measured are used to calculate the distance between atoms or planes by Bragg’s law (Eq. 3.1)

[138].
2d -sin(@) =n A Eq. 3.1.

d is the spacing between atoms/planes, @ is the incident angle,  is an integer, and A is the
wavelength of the X-rays. The diffraction pattern can, therefore, be used to qualitatively and
quantitatively analyze phases.

The qualitative and quantitative phase analysis by X-ray diffraction (XRD) was performed
with a D4 Endeavor (Bruker) device on powders or pellets (LLZ containing pellets were

polished by sandpaper #4000 prior to the analysis to remove LiOH and Li»CO; formed in air).
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A Bragg-Brentano configuration in the 26 range from 10° to 80° with a step of 0.02° and
with Cu K, radiation was used. The XRD device was equipped with a LYNXEYE energy-
dispersive 1D detector (Bruker). The HighScore software (Malvern Panalytical) with the PDF-
2 database (International Centre for Diffraction Data, (ICDD)) was used for qualitative phase
analysis. The Rietveld analysis for quantification of results was conducted using the

TOPAS 4.2 software (Bruker).

3.34.1.  In-situ high temperature X-ray powder diffraction

The in-situ High-Temperature XRD (HT-XRD) was performed in air. The patterns were
recorded with an Empryean (Malvern Panalytical GmbH) including a HTK1200N heating-
chamber (Anton Paar GmbH) with Bragg-Brentano geometry equipped with an x-ray tube with
Cu anode, and a Ni filter for the removal of the Ky radiation. The measurements were
performed with a step size of 0.026°, a collection time of 150 s and 255 channels at 45 kV and
40 mA over the 20 angular range between 10° and 90°. For HT-XRD, the CAMs:
LiMni5Nio.s04 (MNO), LiNio33Mno33Co003302 (NMC) stabilized with Mg (NMC:Mg) and
with Mg and Al (NMC:MgAl), or LCO (99.95 %, Alfa Aesar)) 3 and LLZ:Ta powder were
mixed in a 1:1 wt-ratio and pressed into pellets of 13 mm in diameter.

The in-situ HT-XRD were performed at selected temperatures during heating and cooling.
The heating and cooling rate were 5 K min™!. The maximum HT-XRD temperature for the

samples is given in Tab. 3.2.

Tab. 3.2. Maximum HT-XRD temperatures of the CAM and LLZ:Ta mixtures.

Sample Highest HT-XRD
temperature (°C)

LLZ:Ta 1100

LCO+LLZ:Ta 1100

NMC:Mg + LLZ:Ta 800
NMC:MgAl + LLZ:Ta 800
MNO + LLZ:Ta 800

3.3.5. Density measurement
The density of pellets was determined from their geometry and mass or via the Archimedes

method, which uses the weight differences of the pellet before and after immersion in water

3 MNO, NMC:Mg, and NMC:MgAl have been synthesized by Dr. S. Ivanov, TU Ilmenau.
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and in water [139]. For the Archimedes method the weight of the pellet was measured first.
Then the pellet was placed in vacuum and after 2 h the pellet was covered by water for another
2 h. The weight of the sample was then measured in water and outside. The density for
LCO/LLZ:Ta pellets was calculated by using a theoretical density of 5.2 g cm™ as an average
from LLZ:Ta (5.3 g cm™) and LCO (5.1 g cm™) densities [140].

3.3.6. Scanning electron microscopy

The microstructure of powders and sintered pellets was investigated by Scanning Electron
Microscopy (SEM) with TM3000 (Hitachi) or Zeiss Ultra 55 microscopes. Within the SEM,
an electron beam is focused on the sample to interact with the atoms in the sample. By that
different signals (electrons e.g. secondary or back-scattered, x-ray, and cathodoluminescence)
are produced [136]. The signals can be used to analyze the microstructure, topography, and
composition of the sample.

In this work, the images were recorded in backscattering mode with an electron beam
accelerating voltage of 15 kV. The backscattering mode allows to separate heavy and light
elements [136], as heavier elements backscatter electrons stronger and appear in the SEM
image lighter, This effect allows the separation of LCO and LLZ areas. Often also secondary
electrons are used for the SEM image which is beneficial for the analysis of the topography of
the sample but is not applicable for polished sample surfaces.

Powder samples were placed on a carbon pad on a sample holder and sputter coated with Au
for 10 s. Sintered pellets were embedded in epoxy and polished or used as fracture surface
analysis. First SiC sandpaper up to #4000 was used followed by water free diamond
suspensions (9 um, 3 um, and 1 um). The surface electronic conduction was increased by

sputtering of a thin Pt- (EM ACE200, Leica) or Au-layer (Cressington 108).

3.3.6.1. Energy dispersive X-ray spectroscopy
In combination with SEM analysis, Energy Dispersive X-ray spectroscopy (EDX)
measurements were performed. The focused electron beam for SEM imaging generates
characteristic x-rays. By detection of the emitted x-rays with EDX, the elements can be
qualitatively identified.
The EDX analysis was performed with an X-Max (80 mm?, Oxford Instruments) in the Zeiss
Ultra 55 or a Quantax 70 (Bruker) in the TM3000. The data was analyzed with the Inca or

Bruker software package.
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3.3.7. Transmission electron microscopy

Transmission Electron Microscopy (TEM) is a technique that creates an image based on the
electrons transmitted through a sample [141]. In order to allow the electrons to pass through
the sample it is required to be thin, normally less than 100 nm thick. The electrons passing
through the sample interact with the atoms and lead to different contrasts in the TEM image as
well as different elements and crystallinity can be separated.

In this work, TEM is used to analyze the LCO/LLZ:Ta interface. The high resolution of TEM
allows to analyze the LCO/LLZ:Ta interface on an atomic scale and also provides information
about the crystallinity and elemental distribution.

The samples for TEM were prepared according to SEM preparation. The lamella for TEM
were cut out of a polished cross section by a dual beam-focused ion beam with 30 keV and
10 pA within a Helios NanoLab G3 CX device and transferred to a carbon laced TEM grid by
a glass tip micro-manipulator. The TEM images were recorded with a JEM-2100F electron

microscope (JEOL) operated at 200 kV.

3.3.7.1. Energy dispersive X-ray spectroscopy
The elemental distribution of chemical species in the samples was performed using EDX
with a field emission gun TEM equipped with an electron probe 1.2 nm in size. The data was

analyzed with the Inca software package.

3.3.7.2.  Selected area electron diffraction
The Selected Area Electron Diffraction (SAED) pattern was done by parallel incident
electron beam with a diameter of few microns. The diffracted area of the specimen was selected
with the selected-area aperture which is located in the image plane of the objective lens. Thus,
the SAED patterns can be collected from LCO and LLZ:Ta part, and the interfaces.
The electron scattering for the SAED patterns is the same principle as for the one by x-rays,

(described in section 3.3.4).

3.3.8. Raman spectroscopy
Raman spectroscopy is used to characterize the local chemical order of a sample [136, 142].
Therefore, the phenomenon of inelastic scattering of light by matter is used, also known as
Raman Scattering or Raman Effect (Fig. 3.4a), while elastic light scattering is called Rayleigh

scattering. The inelastic scattering transfers or receives energy from the sample by the changes
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in the vibrational or rotational modes of the chemical structure. As a result, the frequency of
the scattered light is altered. Either the frequency is increased or decreased which is known as
Stokes or anti-Stokes shift. In the case of elastic light scattering (Rayleigh scattering) the

frequency remains unchanged.

a) b)
Virtual states Stokes-Raman scattering
Alaser Ascatter > Maser Rayleigh scattering
Ataser = Maser
>
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3
=
m
|
Sample

Virbrational states

Ground states

Rayleigh  Stokes- Anti-Stokes-
scattering  Raman Raman
scattering scattering

Fig. 3.4. a) Scheme of light scattering [136]. Energy will be transferred to the system and
released again. The shift in energy provides information the vibrational modes in the system.
b) Example of a setup with a Stokes-Raman and Rayleigh scattering [142].

Raman spectroscopy detects the changes in the vibrational or rotational modes leading to a
change in polarization [136]. One main challenge of Raman spectroscopy is the low intensity
of the inelastic scattered light. Most light is elastically scattered and has to be separated from
the inelastic scattered light (Fig. 3.4b) [142]. Historically, the elastic scattered light was
blocked out. Today, photomultipliers are used to intensify the inelastic scattered light signal.
Raman spectroscopy is therefore a fingerprint method. Several techniques have been developed
to improve Raman spectroscopy [136], like surface-enhanced Raman scattering or tip-
enhanced Raman spectroscopy.

The Raman spectroscopy was done with a Renishaw inVia Raman microscope using a solid-

I or

state 532 nm excitation laser with a maximum power of 60 mW,* 1800 L mm-
2400 L mm™' grating and a 50x or 100x objective. Both materials, LCO and LLZ:Ta,
decompose during exposure to high laser intensities [143-145]. LCO is less stable and will
form Co304 [143, 144]. In order to preserve the materials, the laser power was reduced. Raman
mappings were performed with a laser power of 1 or 5 % and a step size of 0.2 um. Single
scans were performed also at 10 % or for LLZ:Ta, also at 50 %. The spectral acquisition time

was chosen with 1 s as it provided good resolution and no material decomposition. For single

4 The laser power reaching the sample is around half of the theoretical value in this device.
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scans a total of five scans were performed and averaged. The laser was focused with a point
lens. In order to maintain focus during high-resolution Raman mappings, the auto track
function (live track function) offered by the WiRE software package was applied. The collected
Raman spectra were cleared from cosmic rays and noise filtered with the WiRE software
package. The Raman spectra collected in mapping were additionally analyzed with direct
classical least squares method by normalization to the mean center and scale to unit variance

by the WiRE software package with spectra of pristine LCO or LLZ:Ta.

3.3.9. Time-of-Flight Secondary Ion Mass Spectrometry

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) is a destructive and
qualitative composition analysis technique, that involves a beam of primary ions focused on
the sample surface to produce secondary ions in a sputtering process [146-148]. The analysis
of the secondary ions by Time-of-Flight principle can identify the elements. Depending on the
mass-to-charge-ratio (m q!) of the ionized elements, the duration to hit the detector at the same
accelerating voltage is different. The required time can be assigned to a certain mass-to-charge-
ratio. As material is removed by sputtering, longer sputter times offer depth profiling (um-
range). The strength of the ToF-SIMS is his high sensitivity and low detection limits, however,
the elements cannot be quantified.

A flat polished surface is required to perform ToF-SIMS measurements. Therefore, all ToF-
SIMS samples were polished with SiC sandpaper up to #4000 followed by water free diamond
suspension (3 pm).

The chemical composition at the surface was studied with a ToF-SIMS (ToF-SIMS V
system, ION-TOF GmbH), using a 25 keV Bi" primary beam for analysis and a 1 keV Ox"
sputter beam selected to alter the analysis depth of the measurement. The O>" sputter beam
screened over an area of 300 um by 300 um. The analyzed area by Bi* beam was 120 um by
120 um, with positive or negative secondary ions detected. The beams were operated under
non-interlaced mode (using a 1s:1s sputter: analyze cycle).

Data analysis was carried out with the SurfaceLab 6.7 (ION-TOF GmbH) software package.

In Fig. 3.5, the relevant areas for the ToF-SIMS measurements are schematically shown.
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Fig. 3.5. Schematic of the areas relevant for ToF-SIMS measurements. An area of the sample
surface was sputtered by O2" to clean the surface and then a part of the sputtered area was
analyzed by a Bi* beam.
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3.4. Electrochemical characterization

3.4.1. Preparation of separator layer for ionic conductivity measurements
The ionic conductivity was measured for LLZ:Ta pellets. The pellets were polished with SiC
sandpaper (up to grade #4000) and then sputter coated with Au to act as a current collector on
both sides for 150 s. The Au sputter coated LLZ:Ta pellets were placed into spring-compressed
(10 N) Swagelok cells and sealed.

3.4.2. Preparation of full cells for battery characterization

Half-cells prepared as described in section 3.2 were used for full cell preparation. The half-
cells were polished with SiC sandpaper (up to grade #4000) and then sputter coated with Au
(Cressington 108 sputter coater). On the cathode side the sputtering time was 30 s. The Au
layer here acts as a current collector. On the LLZ:Ta separator side the Au layer helps the
adhesion of an In anode. Afterwards, the half-cells were transferred into an Ar-filled glovebox
(<0.1 ppm H>O and O3). On the LLZ:Ta-side, a metallic In foil was mechanically pressed on
the samples to act as anode. The assembled full cells were placed into Swagelok cells and
sealed before taking from the glovebox. The amount of active material in the composite
cathodes was estimated by measuring of thickness and diameter of the cathode and by using of

average density of the LCO/LLZ:Ta mixture.

3.4.3. Polymer-ceramic full cell fabrication.

A composite cathode was prepared as described in section 3.2.1. However, the graphite foil
discs were replaced by mica foil discs to reduce secondary phase formation due to sample
contact to the graphite foil [17]. The FAST/SPS parameters were a sintering temperature of
675 °C and an applied mechanical pressure of 50 MPa. The dense LLZ:Ta separator was
prepared according to section 3.2.1. Afterwards, the composite cathode and LLZ:Ta layer were
annealed as described in section 3.2.2 and polished by SiC sandpaper up to grade #4000.

The prepared composite cathode was sputter coated with Au for 150 s on one side in order
to act as a current collector and for the LLZ:Ta separator for 30 s to help the adhesion of the In
anode using a Cressington 108 sputter coater. As anode, metallic In foil was mechanically
pressed by hand onto the sputter coated LLZ:Ta side. To improve the contact, the cell was
heated to 200 °C until In started to melt and was cooled down afterwards. The uncoated sides
of the composite cathode and the LLZ:Ta separator were coated with polymer electrolyte. As

polymer electrolyte solution of poly[bis(2-(2-MethoxyEthoxy)Ethoxy)Phosphazene] (MEEP)
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monomer and LiB[C>;04]> as conduction salt in acetonitrile was chosen (the synthesis
procedure can be found in [134, 135]). The MEEP monomer was dried for 60 min at 80 °C and
polymerized under UV light in a UV cube 100 (Honle Group) for 30 min. Afterwards the
composite cathode and the LLZ:Ta separator were attached together. The polymer-ceramic
ASSLBs were placed spring-compressed (10 N) Swagelok cells and sealed. All cells had a
diameter of 12 mm and a thickness of around 0.5 mm. A schematic of the prepared polymer-

ceramic ASSLB is shown in Fig. 3.6.

LCO  Polymer

Fig. 3.6. Schematic of polymer-ceramic ASSLB designs. In a) and b) a dense composite
cathode is coated with polymer electrolyte. In a) the anode is directly attached to the polymer,
in b) the anode is attached to an LLZ:Ta pellet and then glued by polymer onto the composite
cathode. In c) the same concept as in b) is used with a porous composite cathode.

A co-sintering of the half-cell is not possible as the high porosity in the LLZ:Ta separator
will lead to the formation of Li dendrites. Attaching the anode directly to the composite cathode
is the most beneficial setup regarding energy density but requires a method that allows
attachment of the anode without punching holes in the polymer layer. Attaching of the liquid
MEERP electrolyte to the In or Li foil is not possible as the organic solvents lead to reactions

with the In or Li foil

3.4.4. Electrochemical impedance spectroscopy
3.44.1. Basics
Electrochemical Impedance Spectroscopy (EIS) is a unique electrochemical method to
understand chemical and physical processes. EIS allows the separation of the influences of

different components of an electrochemical device [149-151].
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In solid electrolytes, the total ionic conductivity, as well as the contributions from bulk and
grain boundaries can be accessed [152, 153]. In solid-state batteries, information about the

electrodes and the electrode/electrolyte interface characteristics can be collected [153].

3.4.4.2. Theory
In general EIS is conducted by applying an Alternating Current (AC) to a sample and
measuring the current flowing it [149, 151]. The excitation signal is small to ensure a pseudo-
linear response. The pseudo-linear response will result in a sinusoidal response with the same
frequency but shifted in phase. The sinusoidal excitation signal (E}) is described by Eq. 3.2.
E; = Eysin(wt) Eq. 3.2.
w is the angular frequency, also described as w= 2zf with f as the AC signal frequency. In a
linear system the AC response signal (I) is shifted in phase (¢) (Eq. 3.3).
Iy = Iysin(wt + @) Eq. 3.3.
Analogous to Ohms law, the impedance (Z) can be calculated with Eq. 3.4.
E,  Eysin(wt) sin(wt)

Z(w) = —

= : =7y — Eq. 3.4.
I, I,sin(wt + @) sin(wt + @)

Displaying the trigonometric function as complex exponential function gives the real (Z”)
and imaginary (Z’’) components of the complex impedance Z (Eq. 3.5).
sin(wt)

HOI= T Sntr+ @)

= ZyeUP =7'— jz" Eq. 3.5.

3.4.4.3. Data Presentation

Often EIS data is presented by plotting the real impedance Z’ on the x-axis and the imaginary
part Z”’ on the y-axis [149, 151]. This representation is called “Nyquist plot” or “Cole-Cole
plot”. In general, the y-axis is negative [149, 151]. Each point in the Nyquist plot is measured
at a certain frequency value. However, no frequency information is found in the Nyquist plot
and has to be given additionally. In order to make Nyquist plots comparable a squared display
is chosen [149].

In a Nyquist plot, semicircles, or parts of it are observed. The semicircles represent different
polarization processes relating to the solid electrolyte, the electrode(s), and the solid
electrolyte/electrode interface. The impedance spectra represent imaginary and real

impedances. The imaginary impedance is capacitive, and the real ones are resistive. In order to
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gain information about the different processes, the EIS spectra can be fitted with an equivalent

circuit.

3.4.44. Equivalent circuits
Possible circuit elements and their impedance response are shown in Fig. 3.7 [149, 151].
Each circuit element has a characteristic impedance. By combination of circuit elements,
chemical and physical processes are described. The constructed equivalent circuit is then

simulated and fitted to the experimental EIS data.

a) b) ¢)
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Fig. 3.7. Passive elements that serve as components of an electrical circuit, their impedance Z
and appearance (marked in red) in the Nyquist plot (bottom) [149]. With R as an ohmic
resistance, j as imaginary unit, o as the angular frequency, and C as the capacity.

In batteries, the inductor is, in general, not necessary to fit the EIS spectra. However, the
wiring could cause some inductance [149, 151].

In experimental EIS data, the observed semicircles are often flattened. In such cases the
capacitor is replaced with a so called “Constant Phase Element” (CPE) [149, 151]. The CPE is

a tool to mathematically describe a real, non-perfect capacity. The Zcp is described by Eq. 3.6.
1 1

ZCPE = Eq. 3.6.

C jaw)n = - .
cee (j) (RCPE(1 m/n 'CCPEl/n) (o)™

With C as the capacity, j as imaginary unit, @ as the angular frequency, and R as an ohmic
resistance. The exponent n has a value between 0 and 1. In the case of n = 0 the CPE describes
an ideal ohmic resistor and for n = 1 an ideal capacitor. Additionally, for n = 0.5 the CPE

describes a pure diffusion process, a so called Warburg diffusion [149].
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Furthermore, CPEs are often used to describe blocking electrodes [149]. In experimental
data, blocking layers often show some diffusion, e.g. Li* in Au layers or LCO cathodes (e.g.
Fig. 4.15 and Fig. 4.26). These blocking electrodes are, therefore, better represented with a

CPE instead of a capacitor.

3.4.4.5. Interpretation of the equivalent circuit fit

The interpretation of the fit can be done via the calculated capacity values (Tab. 3.3) [154].
This can be seen as a guideline for the interpretation.

However, the calculated capacity values might not match with the values given in Tab. 3.3.
In EIS spectroscopy, each chemical or physical process has a certain frequency at which the
process is observed. For ASSLB, the frequency to observe the grain boundary and bulk
conduction or the electrolyte/anode and electrolyte/cathode interface is similar at ambient
temperatures [155]. The semicircles therefore overlap, and the calculated capacity describes
both effects [153, 155]. Of course, lower measuring temperature is helpful to separate those
processes but is not always possible.

Tab. 3.3. Typical capacity values and their possible related phenomena [154].

Capacity (F) Responsible phenomenon

10712 Bulk

10 Minor, second phase
1011108 Grain boundary

1010~ 10”° Bulk ferroelectric

10° - 107 Surface layer

107 -10% Sample/electrode interface
10+ Electrochemical reaction

3.4.4.6. Calculation of the ionic conductivity
The ionic conductivity o of electrolytes is calculated with Eq. 3.7 by using the height of the
sample /, the sample surface area 4 and the ohmic resistance R [156].
l

- Eq.3.7.
%= AxR, q

The ionic conductivity o of the grain boundary (gb) and bulk (b) of the solid electrolyte can
be calculated by replacing R with the fitted ohmic resistances (Rg and Ryp). The total ionic

conductivity o is calculated by the sum of both.

49



3. Materials and Methods

3.44.7. Measurements

The electrochemical impedance spectroscopy was performed with a VMP-300 multichannel
Potentiostat (BioLogic) or a system from Novocontrol, the Alpha-A, which included a
temperature control unit, with a liquid nitrogen containing cooling system and a furnace. The
temperature for the VMP-300 multichannel Potentiostat was controlled with an external VT
4002EMC climate chamber (V6tsch Industrietechnik).

The setup was 7 MHz or 3 MHz to 1 Hz or 0.1 Hz at intervals of 20 points per decade and
with an amplitude of 10 mV for perturbation field for the VMP-300 multichannel Potentiostat.
The frequency range of the Alpha-A was from 3 GHz to 1 Hz with otherwise identical

parameters.

3.4.4.8. Ionic conductivity
The ionic conductivity was measured at 25 °C or 80 °C with the VMP-300 multichannel
Potentiostat or from -60 °C to 120 °C with the Alpha-A. The measured data was adjusted to
the dimension of the sample (multiplied with the conducting area and divided by the height of
the sample). The fitting of the measured data was performed using the software “ZView”

(Scribner Associates Inc.).

3.4.5. Electrochemical cycling
The assembled full cells placed and sealed in Swagelok cells were used as ASSLBs. The
battery characterization was done at 80 °C or 100 °C (VT 4002EMC). Long term cycling was
performed with a Constant-Current-Constant-Voltage (CC-CV) mode for charging and with
constant current for discharging. The batteries were charged to 3.4 V or 3.6 V vs In-Li (i.e.
4.0 Vor 4.2 V vs Li/Li*) with a constant current density of 50 pA ¢cm and held at this voltage
to allow the current density to drop to 10 pA cm™. Discharge of the batteries was done with a

constant current density of 50 pA cm? until the voltage was dropped to 2.8 V vs In-Li.
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4.1. Manufacturing of the composite cathode
The first priority was the selection of a thermally stable CAM/solid electrolyte material
combination. This material combination was used to develop a FAST/SPS sintering process.
The FAST/SPS process is influenced by multiple parameters such as material selection,
atmosphere, temperature, pressure, grain size, and dwell time. Their impact on the phase

stability, density, microstructure, and electrochemical properties is evaluated.

4.1.1. Material selection

In-situ HT-XRD was used to detect suitable CAM and LLZ:Ta combinations for the
preparation of composite cathodes.

Firstly, the XRD patterns of pure LLZ:Ta were analyzed. The XRD patterns show the typical
peaks of cubic phase LLZ:Ta at temperatures up to 500 °C and above 800 °C (Fig. 4.1). At
intermediate temperatures between 550 °C to 650 °C, XRD patterns show the formation of a
pyrochlore phase La>Zr,O7. The pyrochlore phase has only negligible ionic conductivity and
has to be avoided [108, 157]. In the case of LLZ, the pyrochlore phase formation is reported
for the temperature range between 450 °C and 550 °C [158]. Ta substituents, which contract
the lattice of the cubic LLZ phase [29], might be responsible for the elevated temperatures of
pyrochlore phase formation within LZZ:Ta (Fig. 4.1).
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Fig. 4.1. HT-XRD of LLZ:Ta mixture in air at various temperatures. XRD patterns in red color
show the peaks due to the pyrochlore phase (i.e. La;Zr,O7 marked with X) formation.
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4. Results and Discussion

The pyrochlore phase formation points toward a fundamental issue associated with the co-
sintering of LLZ and CAMs, as the intermediate temperature range might be essential for the
co-sintering of CAM and LLZ:Ta.

The thermal stability of LLZ:Ta mixture with CAMs (LiMn;sNips0s (MNO),
LiNio33Mn033C00330 stabilized with Mg (NMC:Mg) and with Mg and Al (NMC:Mg-Al), and
LCO) was characterized by in-situ HT-XRD (Fig. 4.2). MNO is the least thermally stable CAM
when mixed with LLZ:Ta. Decomposition phases can be seen already at around 500 °C
(Fig. 4.2a). Mixtures of NMC:Mg and NMC:Mg-Al with LLZ:Ta are slightly more thermally
stable, and the decomposition of phases are observed above 600 °C (Fig. 4.2b and c). On the
other hand, the LCO/LLZ:Ta mixture is the highly stable one and it shows no decomposition
up to 1000 °C (Fig. 4.2d) [159]. The LCO/LLZ:Ta mixture was melted at around 1100 °C,
although neither LCO nor LLZ:Ta should melt at this temperature. Furthermore, the pyrochlore
phase LaZr,0O7 is also absent in the LLZ:Ta mixture with LCO. This could be ascribed to the
high peak intensity of LCO and low intensity of the La>Zr,O7 peaks.
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Fig. 4.2. HT-XRD of CAM/LLZ:Ta mixture in air at the given temperature: a) MNO, b)
NMC:Mg, c) NMC:MgAl, and d) LCO. Besides the pyrochlore phase La>Zr0O7 (X), unknown
phases, related to the decomposition of the CAM are found (marked by red color and 0).
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4. Results and Discussion

The reason for the decomposition within the CAMs is most likely a result of the loss of Li.
Thermal Gravimetric Analysis (TGA) analysis reveal that all CAM/LLZ:Ta mixtures have a
mass loss at around 100 °C, 200 °C — 250 °C, and 450 °C (Fig. 4.3) [108, 158, 160-162]. The
evaporation of adsorbed water causes the weight loss around 100 °C, and evaporation of
absorbed water and CO; occurs in between 200 °C and 250 °C [163]. At around 450 °C
predominantly CO; is evaporated. The differential thermal analysis (DTA) signal for all
CAM/LLZ:Ta mixtures decreases continuously with increasing temperature in each sample.

For MNO, the mass is decreased around 2 wt-% between 450 °C and 600 °C (Fig. 4.3a). This
mass loss relates to the full amount of Li in the MNO structure. The MNO structure, therefore,
is most likely wholly collapsed above 600 °C. Both NMC (Mg and Mg-Al stabilized) species
show a continuous mass loss above 450 °C (Fig. 4.3b and c). This mass loss is negligible up to
800 °C (around 0.5 wt-%), and increases for higher temperatures afterwards. At 1100 °C, the
mass loss for NMC:Mg is approximately 2.5 wt-% and for NMC:Mg-Al is around 2 wt-%. As
the Li amount in NMC is around 7 wt-% and half of the total mass is LLZ:Ta, the Li loss is
significant and should also lead to a collapse of the NMC structure. LCO shows the highest
thermal stability (Fig. 4.3d). Above 450 °C, the total mass loss is around 0.3 wt-%, and the loss
is observed only up to 700 °C. This might mean that the mass loss could also partially result

from CO; removal and not Li [163].
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Fig. 4.3. DTA/TGA coupled with mass spectrometry measurements (Quasi Multiple Ion
Detection (QMID)) for CAM/LLZ:Ta mixtures: a) MNO, b) NMC:Mg, c¢) NMC:Mg-Al, and
d) LCO.
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No significant endo- or exothermic peak, that characterize a phase change, are observed for
all CAM/LLZ:Ta mixtures within the measured temperature range.

From the in-situ HT-XRD and the TGA analysis results, it is evident that the thermal stability
of the CAMs is similar except for LCO (Fig. 4.4). Thus, co-sintering of MNO and NMC with
LLZ:Ta has to be performed at a sintering temperature below 550 °C and 600 °C, respectively.
This sintering temperature is significantly lower than the normal sintering temperature of LLZ
(above 1000 °C) and is in the temperature range of pyrochlore phase formation in LLZ:Ta. In
the case of slow kinetics, advanced sintering techniques with short dwell time could prevent
the formation of significant amounts of secondary phase and enable the co-sintering of MNO
and NMC with LLZ:Ta. However, LCO shows better thermal stability with LLZ:Ta. Co-
sintering of LCO and LLZ:Ta is possible up to 1050 °C, which is in good agreement with the
reported stability up to 1085 °C [159]. Hence, LCO is considered the most promising CAM for

the co-sintering with LLZ:Ta and for preparing composite cathodes.
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Fig. 4.4. Thermal stability of CAM/LLZ:Ta mixtures based on Fig. 4.2 and Fig. 4.3 compared
to the conventional sintering temperature of LLZ:Ta [14].

4.1.2. Thermal stability in vacuum and Ar
The atmosphere significantly affect the thermal stability and sintering of materials [17, 164].
Vacuum and Ar atmospheres have been evaluated as possible atmospheres for the FAST/SPS
process (Fig.4.5). Thermal stability was measured by TGA measurements. The TGA
measurements were similarly designed as the FAST/SPS process. In the LLZ:Ta and LCO
powders and the LLZ:Ta/LCO powder mixture, a piece of graphite foil (G) was placed. The
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4. Results and Discussion

measurements in vacuum show that pure graphite foil is stable up to around 1000 °C, so that
mass loss at lower temperatures is a result of decomposition of either LLZ:Ta or LCO
(Fig. 4.5a). For the LLZ:Ta containing samples a mass loss is observed at around 200 °C and
400 °C due to the removal of absorbed H,O and O» (compare with Fig. 4.3). The G-LCO
sample is stable up to 850 °C. However, literature reports suggest that LCO can react with
graphite above 550 °C and form LijxCoOi.y, COx, and Li2O [165]. Besides COx, these
materials are solid at intermediate temperatures and might not cause significant mass loss.
Furthermore, the reaction kinetics might be slow.

For G-LLZ:Ta stability is observed up to a little more than 600 °C and for the G-
LLZ:Ta/LCO mixture stability is between, at around 650 °C.
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Fig. 4.5. TGA measurements of graphite foil and graphite foil with LLZ:Ta, LCO and the
LLZ:Ta/LCO mixture in vacuum and Ar.

In the Ar atmosphere, the graphite foil is stable up to 1100 °C (Fig. 4.5b). The LCO, LLZ:Ta,
and the LLZ:Ta/LCO mixture are thermally more stable. Only above 1050 °C the
decomposition of LCO is observed (similar to section 4.1.1). This matches well with literature
that reports the thermal stability of LCO in Ar is around 1050 °C [166-168]. The LLZ:Ta
containing samples also show the mass loss at 200 °C and 400 °C. However, their thermal
stability is high, and only a small mass loss around 2 % is observed up to 1100 °C. For G-
LLZ:Ta and G-LLZ:Ta/LCO, only a slight mass loss is observed at high temperatures, which
intensifies above 1050 °C in good agreement with G-LCO.

The different observed thermal stabilities are most likely a result of the atmospheric pressure.
Low pressure in vacuum is beneficial for evaporation. In the TGA setup under vacuum, the
pressure is around 10~ mBar. This is comparable to the vacuum in the FAST/SPS sintering

chamber. For Ar atmosphere, the pressure is about 1 Bar. The higher pressure will result in
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slower evaporation and hence higher thermal stability. Also, the Oz in the atmosphere can be
crucial. The Ar has a high purity of 99.999 %, and, therefore, the oxygen partial pressure is
low. In vacuum the total pressure is 10> mBar out of which roughly a fifth is oxygen (due to
the air atmosphere before evacuation). The graphite foil might start to react with the remaining
oxygen and could trigger further reactions.

The vacuum could be used as FAST/SPS sintering atmosphere below 550 °C which is rather
limiting. The expectation that a slow reaction rate and short dwell times of the FAST/SPS
process might prevent the formation of significant secondary phases failed (Fig. 4.7a).

In order to enable higher sintering temperatures and to prevent possible degradation and

secondary phase formation Ar was chosen as the most suitable atmosphere (Fig. 4.5).

4.1.3. Sintering of single phases

At first the single phases of LCO and LLZ:Ta were sintered by FAST/SPS at 50 MPa for
10 min in Ar. The obtained densities are shown in Fig. 4.6 and indicate that LCO nearly fully
densifies (95 %) at 800 °C and is fully dense above 850 °C, while LLZ:Ta only reaches a
density of 88 % at 1050 °C. The sintering temperature was limited due to the requirement of
the thermocouple which was only usable up to around 1100 °C.

In FAST/SPS sintering, LCO is sintered at lower temperatures than LLZ:Ta (Fig. 4.6). Due
to the mixing ratio of the same volume LCO and LLZ:Ta, the LCO can form a rigid percolation
network. The sintering process of the LLZ:Ta can be hindered at the LCO/LLZ:Ta interface
due to interfacial stresses. Such stresses can, for example, result from different densities
between the phases or crystal structures (lead to residual stress during cooling). LCO has a
rhombohedral structure with a lattice parameter a: 2.87 A and c: 14.05 A [126], while LLZ:Ta
is cubic with a lattice parameter a: 12.95 A —12.97 A[29]. Within the single materials, the

sintering is not hindered.
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Fig. 4.6. Densities of pure LCO and LLZ:Ta pellets after FAST/SPS sintering in Ar at 50 MPa.

4.1.4. Phase stability of the composite cathode
4.14.1. Temperature

The phase stability of LCO and LLZ:Ta is essential to achieve good interfacial and bulk ion
and electron transport in the LCO/LLZ:Ta composite cathode. XRD patterns of the
LCO/LLZ:Ta composite cathode prepared at various FAST/SPS sintering temperature were
used to characterize the phase stability. The obtained XRD patterns were then compared with
the corresponding XRD patterns of pristine LCO and LLZ:Ta powders (Fig. 4.7a). Every
observed peak is sharp and indicates good crystallinity after FAST/SPS sintering. For sintering
temperatures between 800 °C and 675 °C, the typical peaks for rhombohedral LCO and cubic
LLZ:Ta are found besides some other peaks with low intensities (Fig.4.7a). Rietveld
refinement suggests that these peaks are related to LazLi1xCoxO4 (23°,27°, and 32°) and CoO
(36°, 42°, and 61 °) with an amount of 11 wt- % and 10 wt- % for the samples sintered at
800 °C and 675 °C, respectively (Fig. 4.7 and Tab. 4.1).

Although it was not observed in TGA (4.1.2) it is possible that the FAST/SPS processing
lead to a significant reaction of LCO with the graphite foil to form Li;xCoO.y, COx, and Li,O
as suggested by Takahara et al. [165].Such secondary phases will lead to lower capacity and
ionic conductivity [1, 3, 27].
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4.1.4.2.

The used FAST/SPS device can apply a maximum mechanical pressure of 440 MPa with the
used setup (see section 3.2.1). The XRD patterns of LCO/LLZ:Ta composite cathodes at high
applied pressure show a similar high crystallinity (Fig. 4.7b). However, the intensity of peaks
related to secondary phases is drastically reduced. The Rietveld analysis gives only 4 wt-% of
secondary phases for 750°C and 675°C sintering temperature (Tab. 4.1). At 800 °C, the
secondary phase content increases up to 13 wt-%, and shows La;LiixCoxOs4, CoO, and
LaZr,07 (34°) phases. This suggests that the high applied pressure is only beneficial up to a

threshold temperature, as with low pressure, the 800 °C sample shows a slightly lower amount

of secondary phases.
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Fig. 4.7. XRD patterns of pristine LCO and LLZ powders and sintered LCO/LLZ:Ta
The composite cathode was sintered by FAST/SPS at different
temperatures under a mechanical pressure of a) 50 MPa and b) 440 MPa. The secondary phases

composite cathode.
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are marked with: # for LazLi;xCoxQO4, + for CoO, and * for LaxZr,O7.
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Tab. 4.1. Rietveld refinement of the LCO/LLZ:Ta composite cathode after FAST/SPS in Ar
for 10 min at a) 50 MPa and b) 440 MPa.

a)
Temperature (°C) LLZ:Ta (wt-%) LCO (wt-%) Secondary phase (wt-%)
CoO 8
54 36
675 LazLi1-xCoxOs4 2
CoO 7
56 33
800 LazLi1-xCoxO4 4
b)
Temperature (°C) LLZ:Ta (wt-%) LCO (wt-%) Secondary phase (wt-%)
CoO 3
52 44
675 LasLi;xCoxOg4 1
CoO 2
50 46
750 LazLiixCoxO4 2
CoO 8
800 50 37 La;Li;xCoxOs 3
LaxZr,O7 2

The striking difference in secondary phase formation between FAST/SPS sintering at
50 MPa and 440 MPa can be understood when considering the effect of applied pressure and
short sintering time on the origin of the secondary phases. First, the appearance of CoO is a
direct result of the reaction between LCO and graphite foil at temperatures above 500 °C
resulting in the formation of Li»O, COy, and CoO (Eq. 4.1) [17, 165, 166]. The pores and thus
the free surface area available for reaction are quickly reduced and limit carbon diffusion into
the sample by applying the high mechanical pressure even before the pressure assisted sintering
starts. Only the material in direct contact with graphite foil decomposes but can be removed
later by surface polishing.

Second, the products of the reaction between LCO and LLZ:Ta, such as LaCoO3, La2CoO4
or Co-substituted LLZ:Ta, are often formed in conventionally sintered LCO/LLZ samples due
to long sintering time [16, 111]. Short heating and dwell time in the FAST/SPS process
kinetically limit these reactions, contributing to reduced secondary phases. Moreover, the
reactions are further limited by low sintering temperatures used during FAST/SPS, which are
far below the reported 1085 °C at which LCO and LLZ start to react with a visible rate
(Fig. 4.4) [159].

Third, the formation of a pyrochlore La>Zr,O7 phase due to delithiation of LLZ is also often
observed in conventionally sintered samples [58, 108, 111, 145]. In the FAST/SPS process,
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short sintering time, applied pressure, and closed sintering mold, results in negligible Li loss
due to evaporation or reaction with carbon from the graphite foil up to 750°C (Fig. 4.7b).

The mechanical pressure has to be applied prior to heating (Fig. 4.8a and b). In case the high
pressure is only applied to the sample at high temperature, the pressure might even enhance
the reaction with the graphite foil (Fig. 4.8c). Most likely, this is explained by the loss of
sample material. The mold shows clearly material residue after the FAST/SPS process
(Fig. 4.8d). At 462 °C the LiOH in the LLZ:Ta (20 molar-% excess) melts and is pressed out
of the mold by applying high mechanical pressure only at high temperature. This can drag
additional material, and the otherwise loose or melted powder will be pressed out (Fig. 4.8d).

The application of high mechanical pressure at high temperature enhances the decomposition
of the materials. First, the loss of Li by removal of LiOH will be enhanced by the application
mechanical pressure at high temperature. The Li loss leads to instability in LLZ:Ta and to the
formation of LaxZr,O7 and LaTa3;O7 with a higher molar density [108, 157]. Second, nearly the
whole LCO has disappeared, suggesting that the decomposition rate is enhanced (Eq. 4.1 and
Eq. 4.2).

LiCoO2 — Li1xC0oOz.y + 0.5-Li2O Eq.4.1.
Li;xC0O02y + 0.5:(2-y)-C — CoO + 0.5-(1-x)-Li2O + 0.5-(2-y)-CO» Eq. 4.2.
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Fig. 4.8. a) FAST/SPS process scheme showing the temperature and pressure values. In b) a
detailed view of a) is shown. The XRD pattern of the two possible pressure schemes varies (c).
In d) the mold after the FAST/SPS process when the pressure is applied after heating shows
clearly material residue.

4.1.4.3. Manufacturing of porous composite cathodes
The preparation of the porous composite cathode is challenging. Based on Fig. 4.7, the lower
pressure during FAST/SPS processing leads to secondary phases. However, a possible work
around was found. The secondary phases are a result of the LCO and LLZ:Ta reacting with the
graphite foil discs. Replacing the graphite foil discs with mica foil discs allows the FAST/SPS
sintering at lower applied mechanical pressure and avoided the formation of secondary phases

such as LaxLi1xCoxO4 (23°, 27° and 32°) and CoO (36°, 42° and 61 ) (Fig. 4.9).
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Fig. 4.9. XRD patterns of pristine LCO and LLZ:Ta powders and sintered LCO/LLZ:Ta

composite cathode. The composite cathode was sintered by FAST/SPS at 675 °C under a

pressure of 50 MPa and graphite or mica foil discs.

Replacing the graphite foil discs allows the FAST/SPS sintering of composite cathodes with
lower applied mechanical pressure. The applied mechanical pressure can be chosen relatively
freely and allows to control the porosity of the composite cathode, without the need for pore
former. However, a mechanical pressure of 50 MPa was required to obtain a mechanically
stable composite cathode. The porosity of the composite cathode can be controlled via the
applied mechanical pressure during FAST/SPS sintering in the range between 5 % and 20 %
(Fig. 4.10).
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Fig. 4.10. Porosity in the LCO/LLZ:Ta composite cathode sintered by FAST/SPS at a
temperature of 675 °C for 10 min in Ar with various applied mechanical pressure.
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4.1.5. Grain size

The grain size significantly influences the sintering process and the total ionic conductivity
[41, 169, 170].

The optimal grain size of LLZ to obtain high total ionic conductivity is a controversial topic.
Some reports suggest larger grains are beneficial as they minimize the amount of low
conductive grain boundaries [171, 172]. In contrast others claim that smaller grains are
beneficial as the grain boundary conduction is higher than for the bulk [169, 170]. Smaller
grains might also show enhanced sintering rate [41]. However, these reports normally use
different synthesis, processing (sintering technique, dwell time, and sintering temperature), and
measuring conditions (temperature and surface treatment) and do not allow direct comparison
[169-172].

In this work, LLZ:Ta powders with a median grain size of 1 pm and 10 pm, have been used
for FAST/SPS sintering in Ar with 10 min dwell time at 675 °C and 440 MPa applied
mechanical pressure (Fig. 4.11). The density of both LLZ:Ta pellets with smaller and larger
grains was 92 % (geometric method, error bar: + 2 %). The initial particle size seems, therefore,
to be secondary for the FAST/SPS sintering process.

Besides, the grain size, the applied mechanical pressure can significantly impact the sintering
rate and final density. The high applied mechanical pressure compacts the powder which
results in contact stress. The contact stress also increases the driving force for the sintering of
the material, especially during the initial stage of sintering [41, 173]. This could mean that the
high applied mechanical pressure is the determining factor of the sintering process. The grain

size might only be a secondary parameter for the sintering process.
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Fig. 4.11. The grain size of LLZ:Ta used as prepared and after planetary ball milling (3 h,
200 rpm) and sieving (20 pm).

4.1.6. Dwell time
In the FAST/SPS processes, the dwell time is regularly within a couple of minutes. The short
dwell times are ideal for maintaining the phase of composite materials. The necessary dwell
time is closely linked to the densification kinetics. In general, the densification for samples

under uniaxial pressure can be calculated via Eq. 4.3 and Eq. 4.4.

p = po- exp(—&z) Eq. 4.3.
h

&z =1In <—) Eq. 4.4.
ho

Where pyo is the relative density of the initial body, and /4 and Ao are the current and initial
sample height, respectively. As the powders are pressed by hand prior to the FAST/SPS
process, the initial density varies, and Eq. 4.3 and Eq. 4.4 cannot be used to describe the
densification. Hence, the densification of LCO, LLZ:Ta, and the mixture of both will be related
to the piston movement during the FAST/SPS process, and the relative density is calculated
for the sintered pellet by the geometric method after the FAST/SPS sintering process
(Fig. 4.12).

As the powders are only pre-pressed by hand before the FAST/SPS process, the densification
starts when the mechanical pressure is applied in the FAST/SPS device. Around half of the
total piston displacement can be observed by only applying the mechanical pressure
(Fig. 4.12). Each densification curve shows a small step due to the waiting time between the
pressure build-up and the start of the heating which is required by the FAST/SPS device. The

powders have already high density when the sintering temperature is reached (more than 90 %
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displacement of the piston). During the dwell time of 10 min, the piston only moves slightly,
around 0.3 mm, and most of this displacement occurs within the first five minutes.

After the FAST/SPS process the relative density reaches 99 % for LCO, 90 % for LLZ:Ta,
and 92 % for the mixture (Fig. 4.12). Therefore, LCO is fully dense (Fig. 4.12a and b). As the
LLZ:Ta has to act as a separator in ASSLBs, only closed porosity can remain within the
LLZ:Ta pellet to prevent open porosity that could lead to Li dendrite formation in an ASSLB
[41, 133]. This should be the case for a density of at least 90 %. Therefore, the obtained density
of LLZ:Ta is just sufficient (Fig. 4.12c and d). Shorter dwell times could lead to too low
density. The mixture reaches a high density of 92 % (Fig. 4.12¢e and f), which allows for high
energy density in the latter composite cathodes.

After 10 min of sintering, the pistons movement is very low (Fig.4.12). Even higher
densities would only be possible with prolonged dwell times. Longer dwell times would on the
other hand lead to secondary phase formation with unfavorable electrochemical properties (see
also Fig. 4.7 and Tab. 4.1).

The sintering temperature can be increased slightly, as otherwise significant secondary phase
formation occurs (Tab. 4.1). For a sintering temperature of 750 °C, secondary phase formation
is still negligible (Tab. 4.1), and the density of the LLZ:Ta pellet increased to 92 % and for
LCO/LLZ:Ta mixture to 95 %.

An increase in the applied mechanical pressure could increase the final density but would
either require smaller samples in diameter or another FAST/SPS device as the maximum force
is applied. Also, a fully dense composite cathode might be a disadvantage due to the volume
expansion of LCO during delithiation [62], leading to the destruction of the LCO/LLZ:Ta

interface.
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Fig. 4.12. Piston movement (black) during FAST/SPS at 675 °C and 440 MPa in Ar of a,b)
LLZ:Ta, c,d) LCO, and e,f) LCO/LLZ:Ta (b, d, and f is an inset of a, ¢, and e). The piston
movement can be linked to the densification but also contain the effects of thermal expansion
of the tools. The densification is driven by the applied mechanical pressure (red) and
temperature (blue).

4.1.7. Influence of LLZ:Ta pretreatment

LLZ is stable in ambient atmospheres [14, 29]. However, long-term exposure to air can lead
to surface contaminants [160]. The impact of surface contaminants from the air was studied on
LLZ:Ta separators prepared by FAST/SPS with respect to achieved density, microstructure
and electrochemical properties.

Several research groups reported the formation of protonated LizxHxLa3Zr;O12 and LiOH
when LLZ was exposed to moisture from air according to reaction (Eq. 4.5). Subsequently,
LiOH converts to Li2CO3 due to interaction with CO [160-162, 174]. Besides, CO2 might also
directly react with LLZ (Eq. 4.6) [109].

66



4. Results and Discussion

LisLa3Zr;012 + x-H20O — LizxHxLa3Zr,O12 + x-LiOH Eq. 4.5.
LisLa3Zr012 + x:CO2 — LizaxLazZrOrz« + x-Li2CO3 Eq. 4.6.
Raman spectroscopy can detect the formation of LixCO; layer on LLZ:Ta surface within a

few hours of air exposure (Fig. 4.13).
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Fig. 4.13. Raman spectrum of LLZ:Ta exposed to air for a couple of days. Besides the LLZ:Ta
spectra, marked by X [175, 176], the Li>CO3 peak at 1090 cm™ is observed.

According to the literature, the Li>CO3 can form a closed layer of around 30 nm in thickness
on LLZ particles within a few days of exposure to air [22]. The reactions in Eq. 4.5 and Eq. 4.6
are described by Larraz et al. to be reversible [108]. Besides, both LiOH and Li>CO3 melt and
start to decompose at 462 °C and 720 °C, repectively. This means that the FAST/SPS sintering
temperature of up to750 °C can remove LiOH, but the Li2COs-layer could remain, since the
dwell time of only 10 min is rather short compared to the commonly used 2 h annealing in Ar
atmosphere at 750 °C to remove Li>CO3 [116].

LiOH and Li>COs layer can impact the sintering behavior and the electrochemical properties.
Two types of LLZ:Ta powders were used to fabricate LLZ:Ta separators and composite
cathodes. In the first set of experiments, LLZ:Ta powder stored in air for a couple of days was
used for sample preparation (LLZ:Ta-air). In the second set of experiments, a part of this
powder was annealed in Ar atmosphere at 750 °C for 2 h (LLZ:Ta) before use. The annealing

process did not significantly change the particle size and shape (see Fig. 3.1).

4.1.7.1.  Density and microstructure
For the high storage capacity and good mechanical stability, ASSLBs require a high density
of sintered components. A high-pressure assisted FAST/SPS sintering process (a mechanical
pressure of 440 MPa was applied) results in LLZ:Ta layers and composite cathodes with a high
density. (Tab. 4.2). An exceptional feature of the developed high-pressure assisted FAST/SPS
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process is the possibility of achieving a relative density of over 90 % at sintering temperatures
as low as 675 °C without any sintering aids. As expected, the relative density slightly increases
for a higher sintering temperature of 750 °C to 92 % and 95 % for the pure LLZ:Ta-air and
LLZ:Ta and for the composite cathode, respectively. The relative density by the geometric
method of LLZ:Ta-air and LLZ:Ta and the composite cathode seems not to be affected by the
way of powder preconditioning within the error of density measurements (around +2 %).

Tab. 4.2. Relative density (%) of pure LLZ:Ta layer and LCO/LLZ:Ta composite cathode
sintered by FAST/SPS at 440 MPa in Ar with a dwell time of 10 min at two temperatures by
the geometric method with and without air exposure.

FAST/SPS Pure LLZ:Ta layers Composite cathodes
temperature |1 7.Ta-air LLZ:Ta LLZ:Ta-air LLZ:Ta

675 °C 90 % 90 % 92 % 92 %

750 °C 92 % 92 % 95 % 95 %

The cross-sectional SEM images of composite cathodes prepared with LLZ:Ta-air and
LLZ:Ta powders are shown in. Fig. 4.14a and b. The LCO and LLZ:Ta grains can be clearly
distinguished. The LCO and LLZ:Ta-air and LLZ:Ta phases are homogeneously distributed
throughout the whole volume, which is beneficial for their application in ASSLBs. Although,
the average density of the LLZ:Ta-air and LLZ:Ta-based composite cathode is the same
(92 %), the local microstructure is clearly different. The LLZ:Ta-based composite cathode
shows a larger number of micro-pores predominantly around LLZ:Ta-air grains. In the
LLZ:Ta-based composite cathode, only a small number of micro-pores are found.

The micro-pore formation can be linked to the removal of LiOH (melting and decomposition
at 462°C) and Li2COs (melting and decomposition at 720°C) during FAST/SPS sintering at
750 °C. The same observation is made for the LLZ:Ta-air and LLZ:Ta layers sintered at 750 °C
(Fig. 4.14c and d). The LLZ:Ta-air-based layer is compact but features a rather large amount
of small encapsulated micro-pores and some relatively large pores that are uniformly
distributed within the sintered layer. The small micro-pores are found predominantly around
LLZ:Ta-air grains. The pores can be the structural weak points within the LLZ:Ta-air separator
and lead to break-outs during polishing of the surface and form the large pores. In the LLZ:Ta
layer the larger pores are absent and imply improved sintering. The same relative density of

LLZ:Ta-air and LLZ:Ta supports the hypothesis (in the framework of measurement accuracy).

68



4. Results and Discussion

Fig. 4.14. Cross-sectional SEM images of LCO/LLZ:Ta composite cathodes (a, b) and pure
LLZ:Ta layers (c, d) after FAST/SPS at 750 °C and 440 MPa in Ar with 10 min dwell time. a)
The composite cathode prepared with LLZ:Ta-air powder. b) The composite cathode prepared
with LLZ:Ta powder. The bright and dark areas are LLZ:Ta or -air and LCO, black areas
represent pores. The LLZ:Ta monolayer prepared with ¢) LLZ:Ta-air and d) LLZ:Ta.

4.1.7.2.  Ionic conductivity of LLZ:Ta pellets

In order to show that the pores in the microstructure of composite cathodes and separators
are a result of LiOH and Li2CO3 removal, Electrochemical Impedance Spectroscopy (EIS)
measurements on pure LLZ:Ta-air and LLZ:Ta separators were performed (Fig. 4.15).

Both LLZ:Ta-air and LLZ:Ta separators sintered at 750 °C (Fig. 4.15a and b) are comparable
with each other and show one semicircle at high frequencies, another one at medium
frequencies, and the tail from the Au blocking layer. The EIS data was fitted with the equivalent
circuits shown in Fig. 4.15, where R represents an ohmic resistance and CPE is a constant
phase element. In the case of using a CPE, the capacity C has to be calculated from the fitting
values by Eq. 4.7.

(Q-R)™  mm Eq. 4.7
C= —x sin (7) q
Forn>0.75, Eq. 4.7 can be simplified to Eq. 4.8 [149, 151, 177].
C= (Qo - )M Eq. 4.8.
- R
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Fig. 4.15. Nyquist-plot for LLZ:Ta-air and LLZ:Ta pellets sintered by FAST/SPS at 675°C
and 750°C with 10 min dwell in Ar under a pressure of 440 MPa at RT. Fitting (red lines) was
performed with a related equivalent circuit. R represents an ohmic resistance and CPE a

constant phase element.

The semicircle at high frequencies (MHz range) is in the capacity range of 10''° F. The
semicircle at mid frequencies (kHz range) is in the capacity range of 10 F. The fitting values
can be found in Tab. 4.3. The fitted capacities are not in the expected ranges (Tab. 3.3) [178].
The measurement temperature can alter the dielectric properties and, therefore, the capacity

[154]. At elevated temperatures the capacity of bulk and grain boundary can have different

values.
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Tab. 4.3. Fit results of the RT EIS measurements for LLZ:Ta-air and LLZ:Ta layers sintered

at two temperatures. The capacity C was calculated by Eq. 4.8.

Sample LLZ:Ta-air LLZ:Ta LLZ:Ta-air LLZ:Ta

Sintering 750 750 675
675

temperature (°C)
Thickness (mm) 3.42 3.65 3.25 6.8
R1(Q) 704 693 902 2667
CPEL: Qo (Q's") 8.46-10°10 6.54-1071° 4.54-10°10 4.47-10°10
CPEl:n 0.88 0.89 0.91 1
Ci (F) 1.20-10°10 1.08-10-10 1.06-10°10 4.47-10°10
R2 (Q) 878 724 1225 3066
CPE2: Qo (' sm) 1.44-10°% 1.17-10°% 1.47-10°% 1.77-10°1°
CPE2: n2 0.83 0.85 0.82 0.96
G (F) 1.43-10° 1.49-10° 2.21-10°® 4.25-101
CPE3: Qo (Q" sM) 1.20-107° 4.85-107 1.92:10¢ 9.16:107
CPE3: n3 0.81 0.84 0.74 0.66

Due to the low temperature EIS measurements (-50 °C), the fitted capacities are obtained
with the expected values (Fig. 4.16 and Tab. 4.4). The high frequency range semicircle at low
temperature has a capacity of 1.13-10"'? F. The mid frequency range semicircle has a capacity
of 1.00-10° F. Hence, the high frequency semicircle can be assigned to the grain and the mid

frequency semicircle to the grain boundary.

Rl rR2 cPEs
1500 o= T L5z
-~ 1Hz
< 1000 4 i
= -l
N /
123 H "
500 o & YT
z -
GHz, e hl'
[
J
0 € T T T
0 500 1000 1500
Z' (kQ)

Fig. 4.16. Nyquist-plot for LLZ:Ta-annealed pellets at low temperature (-50 °C). The LLZ-Ta
pellet was sintered by FAST/SPS at 675°C with 10 min dwell in Ar and under a pressure of
440 MPa. Fitting (red line) was performed with the shown equivalent circuit. R represents an
ohmic resistance and CPE a constant phase element. The capacity can be calculated by Eq. 4.8
and shown in Tab. 4.4.

71



4. Results and Discussion

Tab. 4.4. Fit results of the EIS measurements for LLZ:Ta layer at -50 °C. The capacity C was
calculated by Eq. 4.8.

Sample LLZ:Ta
Sintering temperature (°C) 675
Thickness (mm) 1.54
R1 (Y) 2.907-10°
CPEIL: Qo (Q1s") 3.02:1071°
CPEl:n 0.75
Cl1 (F) 1.13-10°2
R2 () 1.01-10°
CPE2: Qo (Q1 s") 1.05-10®
CPE2: n2 0.67
C3 (F) 1.00-10°°

The LLZ:Ta-air and LLZ:Ta separators sintered at 750°C have comparable bulk impedance
with 3002 Q cm™ and 2642 Q c¢cm’!, respectively. Thus, the pretreatment does not alter the bulk
conductivity significantly. The grain boundary resistance for the LLZ:Ta-air sample is
2407 Q cm’ and is similar to that for LLZ:Ta with 2529 Q cm™. The resulting total
conductivity is around 2-10“ S cm™! for both types of LLZ:Ta. The rather similar grain
boundary resistance of both types of LLZ:Ta proves the removal of LiOH and Li>COs3 layers
during FAST/SPS sintering at 750°C. In contrast, the LLZ:Ta-air and LLZ:Ta pellets sintered
at 675 °C show a completely different behavior (Fig. 4.15¢c and d). While, the LLZ:Ta pellet
shows a similar total ionic conductivity of around 1-10* S cm™ (6.9 kQ c¢m), the LLZ:Ta-air
pellet exhibits only 3-10 S cm™ (39 kQ cm). For LLZ:Ta-air sintered at 675 °C, it is not
possible to separate the bulk from the grain boundary contribution (Fig. 4.15c). However, as
the bulk impedance is similar for LLZ:Ta-air and LLZ:Ta sintered at 750 °C, the reduction in
total ionic conductivity must be caused by the remaining LiOH and Li>COs layer on the
LLZ:Ta-air grains. Although, the removal of LiOH and Li>COj3 during sintering at 750°C leads
to similar total ionic conductivities as for pretreated samples, the observed formation of pores
can result in structural weak points (Fig. 4.14). These might cause mechanical fracturing, and
lead to capacity fading due to the volume change of LCO during de-/lithiation.

The grain boundary impedance for LLZ:Ta is comparable with its bulk impedance. For the
presented FAST/SPS sintering process, the LLZ:Ta grain size has no significant impact on the
total ionic conductivity. In the case the FAST/SPS process is changed i.e. lower applied
pressure, the LLZ:Ta grain size might be a relevant parameter to improve the sintering process

or increase the total ionic conductivity [41, 169, 170].
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The ionic conductivity depends on the sintering temperature. This is shown for LLZ:Ta
pellets sintered by FAST/SPS at 675 °C with 440 MPa and 1050 °C with 50 MPa (Fig. 4.17).
The resulting grain size is for both pellets 10 um and the density is 90 % (with a 2 % error bar).
For higher sintering temperatures the total ionic conductivity is increased due to lower grain
boundary impedance.

LLZ:Ta sintered by FAST/SPS at 1050 °C in Ar has a total ionic conductivity of
0.8 mS cm™! at RT, while the LLZ:Ta sintered by FAST/SPS at 675 °C has a total ionic
conductivity of 0.2 mS cm™ at RT (Fig. 4.17b). The grain boundary impedance for LLZ:Ta
sintered by FAST/SPS ar 1050 °C is smaller than for low temperature sintered one. As a result,
the activation energy decreases from 0.61 eV to 0.45 eV (Fig. 4.17b).
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Fig. 4.17. a) EIS spectra of LLZ:Ta sintered for 10 min in and Ar) at 675 °C and 440 MPa and
at 1050 °C and 50 MPa at -50 °C. b) Arrhenius plot presenting the temperature dependence of
Li* conductivity of LLZ:Ta sintered by FAST/SPS.

4.1.8. Electrochemical behavior of the FAST/SPS sintered composite cathode

The LLZ:Ta (annealed in Ar atmosphere for 2 h at 750 °C) was chosen for electrochemical
characterization based on the results in section 4.1.7.1. To analyze the prepared composite
cathode capacity, a half-cell, consisting of a composite cathode and an LLZ:Ta layer, was
mechanically attached with an In-foil on the LLZ:Ta side. The assembled ASSLBs were
charged to 3.4 V vs In-Li-alloy with a constant current of 50 pA at 100 °C and afterward held
at constant voltage until the current dropped to 10 pA (Fig. 4.18a). The off-set voltage was
chosen to avoid a major volume change of LCO that could damage the LCO/LLZ:Ta interface
[62, 179].
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Typically, ASSLBs are electrochemically characterized at temperatures between 50 °C and
80 °C [18, 27, 117]. However, due to the relatively low ionic conductivity observed for the
LLZ:Ta layer (section 4.1.7.2), a higher measuring temperature of 100 °C was chosen.

The first charge agrees well with the expected charge curve for LCO (Fig. 4.18a) [180-182].
A small bump in the charge curve is due to the wiring cable movement during the charge
process. The initial areal capacity was 0.94 mA h cm?, representing the successful charge of
nearly 72 % of the total LCO loading (106 mA h g). This value is comparable with a similar
composite cathode reported by Tsai et al. [18], and higher than for many other reported
composite cathodes [23, 27]. In comparison with a pure LCO cathode, while having higher
CAM loading than the composite cathode (pure: 22 mg, composite: 8 mg), the areal capacity
is significantly increased (Fig. 4.18b) [25]. This indicates the successful utilization of more
LCO per area due to Li-ion conductivity introduced by LLZ:Ta into the cathode. Hence, the
composite cathode allows for higher thickness than the pure one, leading to higher areal
capacity and energy density.

The first discharge voltage started at 3.3 V, and the discharge curve shows a steep slope,
resulting in a low discharge capacity of 0.05 mA h/cm?. This suggests only a small portion of

the LCO is discharged.
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Fig. 4.18. Charge-discharge characteristics of an ASSLB with a) composite cathode (CAM
loading 8 mg) and b) pure LCO cathode (CAM loading 22 mg, 5 cycles). The composite
cathode was fabricated by FAST/SPS (750 °C, 440 MPa, Ar, and 10 min dwell time).

The small capacity should be caused by an increase in the total impedance of the ASSLB.
The Nyquist plot in Fig. 4.20a shows the impedance spectra of the ASSLB before and after
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charging. Before charging, the EIS spectrum shows an intercept with the x-axis at high
frequencies, one semicircle, and one diffusion tail.?

After charging, the EIS spectrum is changed. While the high frequency impedance is the
same, at medium frequency ranges, the semicircle is more obvious to detect and has
significantly increased. The total impedance of the ASSLB has nearly tripled during the first
charge. The increased impedance can lead to a drop in the cell potential. The cut-off voltage
would be reached without discharging the cell. An increase in impedance can be caused by loss
of contact area between LCO and LLZ:Ta, or In-Li and LLZ:Ta, or by electrochemical
degradation leading to Li-ion or electron blocking layers.

The ASSLB was disassembled and characterized by SEM (Fig. 4.20).
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Fig. 4.19. EIS spectra of the ASSLB consisting of a half-cell (LCO/LLZ:Ta [LLZ:Ta) and a
metallic In-foil as an anode at 100 °C. The black scatters present the impedance before charge
and the red ones after charging.

The SEM shows major cracks within the cycled composite cathode (Fig. 4.20). As no cracks
are observed in the composite cathode after FAST/SPS (Fig. 4.14), the cycling, and more
precise the charging, must be responsible for the crack formation. The cracks have a length of
several micrometers and seem to be preferential at the interface between LCO and LLZ:Ta.
Cracks hinder charge transfer, and it can be assumed that most of the cathode regions are not
accessible and no longer provide capacity to the ASSLB. As crack formation also alters the
electrochemical properties, a homogenous current distribution can no longer be assumed. Due
to localized higher currents, an increased degradation should occur in such areas and further

increase the crack propagation.

3 A detailed study on the EIS spectra is conducted in section 4.2.1.2.
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Fig. 4.20. Fracture surface SEM of a cycled composite cathode. The dark areas are LCO and
the light ones LLZ:Ta. Around the LCO areas cracks are clearly visible.

The cracks can be formed by the declining volume of LCO during charge which is ascribed
to be up to 4 % [62, 179]. However, a previously reported composite cathode was able to be
cycled many times [18]. The difference to the here presented composite cathode is the sintering
temperature at 1050 °C during conventional sintering. The higher sintering temperature can
lead to stronger sinter necks, providing higher mechanical stability to the composite cathode.
Additionally, the high applied mechanical pressure during FAST/SPS sintering could cause
internal stress in the sample, which is prone for crack formation.

The high mechanical pressure was applied to support the sintering at low temperature 675 °C
or 750 °C, Fig. 3.3b) and to prepare composite cathodes with high density and dense, high
conductive LLZ:Ta layers. However, it is possible that by applying the high mechanical
pressure the particles were pressed together tightly rather than appropriately sintered. An
indication for that can be seen in Fig. 4.15. The grain boundary impedance of LLZ:Ta at RT is
relatively high and suggests incomplete sintering for LLZ:Ta grains. Furthermore, a composite
system has to be co-sintered. Here the LCO forms a rigid sintered network prior to the sintering
of the LLZ:Ta (4.1.3) and can hinder the sintering of the LLZ:Ta.

In the case of constant volume during cycling as in the LLZ:Ta layer, no effect can be seen.
For components with volume change as the composite cathode in which the LCO shrinks
during charge, sinter necks between LCO and LLZ:Ta can be broken. Lower charge voltages
or the charge with applied mechanical load can help to confirm this hypothesis. It is also
possible to switch the CAM to such as NMC, NCA, or LMO as they might show an improved

sintering behavior with LLZ:Ta even at lower sinter temperatures.
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Otherwise, so-called zero-strain cathodes by a combination of multiple CAMs could be
promising [183-185].° Another approach would be to add a small portion of liquid or polymer
electrolyte into the composite cathode to fill the formed cracks and maintain the contact to
ensure charge transfer [96, 125, 186]. Such a battery type is a “hybrid” or polymer-ceramic
ASSLB. One type of a polymer-ceramic ASSLB system will be introduced in section 4.4.1.

4.1.9. Investigation of the annealed LCO/LLZ:Ta interface
4.1.9.1.  Structural characterization of the annealed LCO/LLZ:Ta
interface
As the FAST/SPS sintered composite cathode shows low mechanical stability during
electrochemical cycling (Fig. 4.18a, and Fig. 4.20), the composite cathode was annealed at
1050 °C for 30 min in air. A detailed study of the FAST/SPS and annealed LCO/LLZ:Ta
interface by TEM investigation of a composite cathode was performed. The resulting images
are shown in Fig.4.21. The TEM image of the FAST/SPS sintered composite cathode
(Fig. 4.21a) shows the crystalline grains of LCO and LLZ:Ta. This is in good agreement with
the XRD results (Fig. 4.7). However, between the LCO and LLZ:Ta grains, an amorphous

layer with a thickness of roughly 5 nm was formed.

Fig. 4.21. TEM images of the interface between LCO (bright area) and LLZ:Ta (dark area): a)
FAST/SPS sintered composite cathode; b) annealed composite cathode. The interface between
LCO and LLZ:Ta in the composite cathode after FAST/SPS appears amorphous (marked by
red lines). Post-annealing resulted in the crystallization of the amorphous interface.

® A minimum of two CAMs is used. The CAMs and their mixture is chosen in a way, that the volume changes
during cycling cancel themselves out.

77



4. Results and Discussion

Amorphous interfaces are known to be detrimental for conduction processes [187, 188]. In
cold sintering of solid electrolytes, amorphous interfaces are normally observed and are
considered to be a reason for low total ionic conductivity. Especially, Leng et al. observed a
low total ionic conductivity for cold sintered Na3Zr,Si>PO1> [188]. The application of a
subsequent annealing step increased the total ionic conductivity by an order of magnitude due
to the crystallization of the amorphous grain boundary layer [188]. In order to verify this
hypothesis, an annealing step at 1050°C for 30 min in air was introduced for the composite
cathodes and LLZ:Ta layers. This additional heat treatment crystallized the LCO/LLZ:Ta
interface (Fig. 4.21b) without causing significant grain growth or side reaction. (Fig. 4.22).

a) b)

annealed composite cathode

Intensity (a. u.)

HITa

LLZ:Ta (ICSD: 182312)
| w, I

LCO (ICSD: 182312)
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

TN

I um

Fig. 4.22. a) Cross-sectional SEM images of an annealed LCO/LLZ:Ta composite cathode
obtained with a backscattering electron detector. The sample was sintered by FAST/SPS at
750 °C and 440 MPa in Ar with 10 min dwell time and after annealing at 1050 °C in air for
30 min. The areas in bright are LLZ:Ta. The dark areas are LCO. The LCO and LLZ-annealed
phases are clearly distinguishable. b) XRD pattern of the composite cathode (LCO/LLZ:Ta).

However, fingerprint methods are required to characterize the phases, such as TEM/EDX.
During the annealing process elemental inter-diffusion can occur [27]. Co from LCO is known
to diffuse into LLZ and Al, La, or Zr from LLZ:Ta into LCO. As a result, impurity phases such
as LaxCoO4 and others are formed [1, 3, 10, 27]. These layers show only low Li-ion
conductivity and have to be avoided. Short annealing times are beneficial to avoid significant
elemental cross-diffusion [17, 18].

TEM/EDX allows a detailed elemental analysis of the LCO/LLZ:Ta interface (Fig. 4.23).
The measurements were performed on a bilayer of LCO and LLZ:Ta sintered by FAST/SPS
and after annealing. The EDX mapping reveals that the Co is located in the LCO part. A clear
edge is seen. Within the LCO area, the Co distribution is homogenous. The same is observed

for La within LLZ:Ta area. The accumulation of La within the LCO area should not relate to
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diffusion. In the preparation process, the LLZ:Ta powder was hand-pressed, and then the LCO
powder was added. During this preparation step, the powders can mix partially.

An elemental diffusion causes a gradient in elemental concentration. As no gradient is seen
in the whole mapping area, the mixing of LLZ:Ta and LCO powder is the only valid
explanation.

Other elements such as Zr, Ta, and Al appear to be homogenously distributed. However, the
signal for Zr and Ta is low. In fact, the signal is difficult to separate from the background. The
same applies for Al due to its low amount within LLZ:Ta. Owing to these elements low signal,
it is not obvious to examine the extent of any possible thermal-induced diffusion during the

FAST/SPS and annealing processes.

La Lal Co Kal

Zr Lal Ta Mal Al Kal
500 nm - . .

Fig. 4.23. TEM image of the interface between LCO (bright area) and LLZ:Ta (dark area) of
the post-annealed composite cathode. The EDX mappings for a) La, b) Co, ¢) Zr, d) Ta, and e)
Al are shown.

Furthermore, the sintering of LCO in Ar with LLZ:Ta and graphite foil can lead to the loss
of oxygen atoms in the LCO structure [165, 189]. As a result, the LCO structure can rearrange
and form so-called Low Temperature (LT)-LCO on its surface. In LT-LCO, the Co and Li
atoms partially switch their position [126]. Hence, the conduction of electrons and Li-ions is
hindered. Raman spectroscopic results after FAST/SPS and annealing, suggest the formation
of a secondary LCO phase (Fig.4.24 and Fig. 4.25). In a pure LCO pellet prepared by
FAST/SPS, two distinct Raman spectra are visible (Fig. 4.24). Both spectra show a peak at
487 cm™ and 596 cm™!, representing the stretching (Eg) and rotational vibration (Aig) of LCO.
However, the intensity ratio is different. For one of the spectrum, the ratio matches with pristine
rhombohedral HT-LCO (R3m). The other one has the same intensities for both peaks.
According to Porthault et al., this might suggest formation of a cubic oxygen-deficient LT-
LCO (Fd3m) phase [86, 189, 190]. As other peaks are absent, it can be assumed that the LT-
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LCO phase is less than 10 % of the LCO phase [190]. Of course, the composition of the second
phase could also be different, but the possible phases would show more than the two visible
peaks [143, 189-191].

The formation of LT-LCO at the LCO/LLZ:Ta interface can result in low ionic conductivity
at the interface and high interfacial impedance. The observed amorphous layer might not be

the only reason for the high impedance of the FAST/SPS prepared ASSLB (Fig. 4.20a).
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Fig. 4.24. a) Light microscope image of the LCO after FAST/SPS and the intensity mapping
for two distinct LCO phases. In b) exemplarily, an associated Raman spectrum is shown in
green and red. The pristine LCO spectrum is shown in black. The red Raman spectrum matches
well with the pristine LCO spectra, while the green Raman spectrum has a different peak ratio.

The LT-LCO can be transformed back into LCO by annealing in atmospheres containing
oxygen [189]. The hypothesized reaction pathway is that parts of the Li in the LCO structure
react with Oz to form Li>O. At a temperature above 300 °C, LiO can be reinserted into the LT-
LCO structure to transform into the HT-LCO [189].

The annealing process can lead, to a more crystalline interface and to a transformation of
LT-LCO into HT-LCO. However, the Raman spectra of the annealed LCO pellet still show the
identical two spectra of LCO as after the FAST/SPS process (Fig. 4.25). The quantification of
the two phases, however, is difficult. Above 90 % HT-LCO, the additional Raman peaks of the
LT-LCO are absent, and the intensity ratio can only indicate a second phase. However, the

intensity mapping of the HT-LCO phase has increased compared to the FAST/SPS sintered
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one (Fig. 4.25 and Fig. 4.24). This suggests that the annealing is beneficial for retrieving the
desired HT-LCO phase.
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Fig. 4.25. a) Light microscope image of the LCO after annealing and the intensity mapping for
two distinct phases. In b) exemplarily, an associated Raman spectrum is shown in green and
red. The pristine LCO spectrum is shown in black. The red Raman spectrum matches well with
the pristine LCO spectrum, while the green Raman spectra has a different peak ratio.

4.1.9.2. Electrochemical properties after annealing
To evaluate the effect of the post-annealing on total cell resistance, two half-cells were
prepared with LLZ:Ta powder. One of them was post-annealed at 1050°C before assembling
them into an ASSLB. Both ASSLBs (FAST/SPS sintered, and FAST/SPS and post-annealed)
were charged to 3.4V vs In-Li (4 V vs Li/Li*), and EIS measurements were performed

(Fig. 4.26).
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Fig. 4.26. EIS spectra of ASSLBs consisting of LCO/LLZ:Ta|LLZ:Ta|In-Li at 80 °C. The
ASSLBs were charged to 3.4 V vs In-Li at 50 uA ¢cm™ beforehand. The composite cathode was
used after FAST/SPS sintering (red line) and with post-annealing at 1050 °C for 30 min in the
air (black line), respectively.

For the FAST/SPS sintered ASSLB, two depressed semicircles are observed. In the post-
annealed ASSLB, two smaller semicircles are observed. While for the FAST/SPS sintered
sample, the high frequency semicircle is smaller, this is switched after post-annealing. This can
be a result of the different overlap of grain, grain boundary, and interfaces between
cathode/LLZ-air and anode/LLZ:Ta (discussed in detail in section 4.2.1.2).

The total impedance of the ASSLB is estimated from the end of the second semicircle at low
frequencies. The FAST/SPS sintered ASSLB has an areal resistance of 520 Q cm? and the post-
annealed ASSLB only 216 Q cm?. Thus, the total cell resistance of ASSLB can be reduced by
a post-annealing step. The microstructure and phase of the composite cathode were unaltered
after post-annealing (Fig. 4.22a). Therefore, the reduction of total cell resistance is apparently

a result of the higher crystallinity of boundary between LCO and LLZ:Ta grains.

4.1.9.3. Effect of LLZ:Ta pretreatment on electrochemical performance

The impact of LLZ surface impurities on the electrochemical performance of ASSLBs was
verified by electrochemical cycling (see also section 4.1.7). Two cells were manufactured using
LLZ:Ta-air or LLZ:Ta powder. Both ASSLBs were post-annealed to ensure a low
LCO/LLZ:Ta interface impedance.

The charge/discharge curves of the ASSLBs are shown in Fig. 4.27. The ASSLB was
charged only to 3.4 V (4.0 V vs Li/Li*) to minimize the volume change of LCO during cycling
to limit the risk of mechanical degradation, as described in Fig. 4.20b and the literature [62,
192]. The first charge for both ASSLBs is similar and shows the typical behavior of LCO. The
LCO utilization of the first charge is for the ASSLB with LLZ:Ta-air is 81 mAh g or
1.3 mAh cm? and LLZ:Ta is 94 mAh g or 1.5 mAh cm™. The high areal capacities for the
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composite cathodes, compared to pure LCO cathodes (see also Fig. 4.18), is a result of the
higher LCO utilization [25].

The discharge significantly varies between LLZ:Ta-air and LLZ:Ta. For the ASSLB
prepared with LLZ:Ta-air, the first discharge is untypical for LCO and has only a capacity of
0.2 mAh cm? as compared to the LLZ:Ta ASSLB of 1.2 mAh cm™. This is also seen by the
LCO utilization of 14 mAh g for the LLZ:Ta-air ASSLB and 75 mAh g! for the LLZ:Ta
ASSLB. The low coulombic efficiency indicates a significant degradation of the composite
cathode already after the first charge.

The low coulombic efficiency can result from the high polarization and total impedance of
the composite cathode. The high impedance can originate from: i) unfavourable chemical
composition of the interfaces due to the presence of surface impurities; ii) incomplete sintering
of the LCO and LLZ:Ta powders e.g. due to presence of surface impurities; iii) presence of
micro-pores and micro-cracks between the LCO and LLZ:Ta phases caused by the
decomposition of surface impurities. Micro-pores and micro-cracks can lower the mechanical
stability of composite cathodes and cause the loss of LCO/LLZ:Ta interface area during the
charging due to the volume change of LCO. Hence the ASSLB can provide high charge
capacity but as the LCO/LLZ:Ta interface is damaged, most of the LCO should no longer be
utilizable in discharge.

In the ASSLB with LLZ:Ta, the charge and discharge profile maintain the typical LCO
behavior over the first cycles. However, the hysteresis between the potential plateaus for charge
and discharge gradually increases in each subsequent cycle and continuously reduces the
capacity.

As the LLZ:Ta pretreatment is different, while the ASSLBs are otherwise same, it is
reasonable to expect that the surface impurities have to be responsible for the very low capacity
in the ASSLB with LLZ:Ta-air for the first discharge. The surface impurities can lead to the
formation of pores around LLZ:Ta grains due to the removal of the LiOH and Li>COs3 layer
(Fig. 4.14). The formed pores can cause mechanical weak spots that are prone to crack
propagation during de-/lithiation of LCO, due to a volume change by approximately 4 % [62,
179]. Therefore, capacity fading caused by mechanical fracturing, as already discussed in
section 4.1.8 or by Tsai et al. for a similar ASSLB, is most probable [18]. For the ASSLB
fabricated with LLZ:Ta the crack formation should be reduced as the number of micro-pores
is lower as the LiOH and Li>CO; layer were removed prior to sintering (Fig. 4.14). In

conclusion, this shows the importance of controlling the surface purity of initial LLZ:Ta
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powders, as it significantly affects the electrochemical performance and electrochemical
cycling stability of ASSLBs.

The drop in first discharge voltage in the LLZ:Ta containing composite cathode could also
be related to the incomplete charge of the LCO that leads to concentration polarization and a
drop in the first discharge voltage. In a fully charged ASSLB, this behavior is not observed
(Fig. 4.29).
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Fig. 4.27. Charge-discharge characteristics of ASSLB (LCO/LLZ:Ta|LLZ:Tal|In-Li) at 80 °C
after post-treatment at 1050 °C and with a charge and discharge current density of
50 uA cm™. a) LLZ:Ta powder stored in air (LLZ:Ta-air), containing surface impurities was
used. b) The impurities were removed by annealing in Ar (LLZ:Ta).

4.1.10. Conclusion of the manufacturing part

The developed FAST/SPS process can be used to prepare fully inorganic ASSLB featuring
a composite LCO/LLZ:Ta cathode and LLZ:Ta separator layer. Sintering aids are unnecessary.
The composite cathodes can provide a high areal discharge capacity of up to 1.2 mAh cm™ but
the electrochemical cycling stability is optimizable (Fig. 4.27).

With the high-pressure assisted FAST/SPS process, the sintering temperature and time can
be significantly reduced to 750°C or even to 675 °C for 10 min (Fig. 4.7) in comparison to
conventional sintering that requires more than 1050 °C for hours [14, 29]. Thereby, the relative
density is at least 90 % (Tab. 4.2), and the ionic conductivity at RT (0.4 mS cm™!, Fig. 4.15) is
acceptable.

However, it was shown that the sintering temperature has to be higher than the decomposition
temperature of Li>CO; (Fig. 4.15). As the removal during the process can lead to pore
formation and low cycle stability (Fig. 4.14), it is advisable to remove the Li,COs3 prior to the
sintering.

The FAST/SPS sintered LCO/LLZ:Ta interface is amorphous and shows high impedance
(Fig. 4.21). The LCO/LLZ:Ta interface can be crystallized by applying a subsequent annealing
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process to achieve low impedance (Fig. 4.20). No significant elemental inter-diffusion was
observed after FAST/SPS and annealing (Fig. 4.22).

This shows the challenge for processing is to find parameters that lead to high density and
interfaces with low impedances.

The low sintering temperatures of the FAST/SPS process open the opportunity of co-
sintering of CAM with low thermal stability such as MNO or NMC but the subsequent
annealing step to reduce the CAM/LLZ:Ta interface impedance would destroy any other CAM
(see Fig. 4.4). However, FAST/SPS can be used to prepare such CAM/LLZ interfaces and the
analysis of the interface impedance could show if for the used CAM an annealing step is

required.
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4.2. Characterization of the degradation process

4.2.1. Characterization of the cycled composite cathodes
4.2.1.1.  Various types of cathodes for all-solid-state Lithium batteries

The developed FAST/SPS process allows the fabrication of dense components for ASSLB
such as, a dense LLZ:Ta separator layer, a dense dual phase LCO/LLZ:Ta composite cathode,
and an integrated cathode half-cell consisting of a cathode layer, as well as an LLZ separator
layer at temperatures as low as 675 °C. Two types of integrated cathode based half-cells were
manufactured to study, in detail, the degradation mechanisms of ASSLB. The reference cell is
a plain bilayer system of pure LCO as cathode and LLZ:Ta as separator (further referenced as
“LCO/LLZ:Ta plain”, Fig. 4.28a). The composite half-cells (further assigned as “LCO/LLZ:Ta
composite””) were prepared using a mixture of LCO and LLZ:Ta to form a dense dual
LCO/LLZ:Ta composite cathode layer (Fig. 4.28b). The thickness and LCO loading were
controlled by sand polishing the composite cathode after the preparation. An In foil was
attached to the half-cells to act as an anode (schematically depicted in Fig. 4.28).

T

LLZO:Ta

LCO/LLZO:Ta

Fig. 4.28. Cross sectional SEM images and below their schematic overview of different
integrated solid electrolyte/cathode configurations prepared in this work: the plain bilayer
LCO/LLZ:Ta electrodes (a) and the LCO/LLZ:Ta composite cathode layers (b). In the SEM
images dark colored areas are LCO and light ones LLZ:Ta.

4.2.1.2.  Electrochemical characterization of composite cathodes

The ASSLB full cells with pure and composite cathodes (In-Li|LLZ:Ta|LCO/LLZ:Ta) were
electrochemically characterized by CC-CV charge and CC discharge between 2.8 —3.6 V vs
In-Li (4.2 V vs Li/Li*) at 80 °C (Fig. 4.29 and Fig. 4.30). The composite cathode with a
thickness of 35 um provides an initial areal capacity of 1.15mAhcm? or 115 mAh g
(Fig. 4.29a). For the first discharge, 0.9 mAh cm? (corresponding to 90 mAh g specific
capacity) is obtained. It is typical for LIBs and garnet-based ASSLB to have a roughly
10 — 20 % higher first charge capacity than in the first discharge. Hence, only a low initial

coulombic efficiency of 78 % is obtained, that increases rapidly to around 97 % within
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15 cycles. After around 45 cycles the capacity stabilizes around 0.3 mAh ¢m. The more stable
first discharge voltage in comparison to Fig. 4.27 can be a result of the LLZ:Ta layer. Here
also, the LLZ:Ta powder for the LLZ:Ta separator was annealed in Ar.

For garnet-based composite cathodes, this capacity appears to be kind of a threshold value,
as the same observation was made for an ink-based approach (Fig. 4.30a) and by Tsai et al
[18]. For a plain LCO-cathode the areal capacity is around 0.03 mAh cm (Fig. 4.30b) and

confirms the need for composite cathodes to obtain high areal capacity [25, 113].
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Fig. 4.29. (a,c) Charge/discharge curves and (b,d) respective charge/discharge capacity values
and the coulombic efficiencies for ASSLB with (a,b) a thin composite cathode (35 pm) and
(c,d) a thick composite cathode (170 um). The first charge is marked by red (a,c). The
degradation is calculated based on the first charge capacity.
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Fig. 4.30. Electrochemical cycling of an ASSLB with a) an ink-based composite cathode and
b) a plain LCO-cathode. The ink-based cathode was measured vs a Li anode.

In composite cathodes exceeding a thickness of 50 um, an Li concentration gradient can be
formed due to slow charge propagation caused by relatively low ionic and electronic
conductivity [25]. Therefore, and based on the report by Otoyama et al. that shows an
inhomogeneous SoC in a solid-state LCO/Li»S—P>Ss composite cathode [132], it is most likely
that the SoC of the composite cathodes differ through the layer thickness for the
electrochemically charged/discharged composite cathode.

By increasing the thickness of the composite cathode, the areal capacity of the cell is
increased. Fig. 4.29b shows the cycling of the thicker composite cathode (170 um) with similar
morphology. The first charge capacity is 6 mAh cm™, corresponding to the LCO utilization of
116 mAh g!. A small part of this capacity, around 0.12 mAh cm?, corresponding to about 2 %
of'total charge capacity is from a process taking place at potentials between 3.15 V and 3.25 V
observed as a plateau in the first charging step. During following charges, the plateau is not
observed which suggests an irreversible electrochemical reaction. In thin composite cathodes,
this irreversible reaction is easy to overlook as it is indicated only by a small shoulder
(Fig. 4.29¢).

In the first discharge itself, the cell shows a large capacity loss of nearly 2 mAh cm?
(Fig. 4.29¢). The discharge capacity is 4 mAh cm?, corresponding to the specific capacity of
78 mAh g! (Fig. 4.29d). The initial coulombic efficiency of thick composite cathodes is lower
than that of the thin ones, as here, only 66 % is achieved. Within the first four cycles, the
coulombic efficiency increases to 85 %. The fifth cycle, however, shows a slightly lower

coulombic efficiency of 75 %.

88



4. Results and Discussion

The EIS plots for both plain and composite cathodes show a semicircle in the high frequency
range, attributed to the total resistance (sum of bulk (Rp) and grain boundary (Rgb) resistances)
of the solid electrolyte, and a stretched semicircle in the mid- to low frequency range
(Fig. 4.31a and b). The latter semicircle in ASSLBs is typically interpreted as a superposition
of individual impedances of the anode and cathode. The low frequencies contribution to the
LLZ:Ta/In-Li impedance [29]. The equivalent circuit used for the fitting of the EIS spectra is

shown in Fig. 4.31c.
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Fig. 4.31. Nyquist plot of ASSLB after the first and fifth charge of the thick composite cathode
(170 pm, Fig. 4.29a) at 80 °C. The ASSLBs consists of: a) an LCO-LLZ layered structure and
b) a composite cathode. The equivalent circuit for the fitting is provided in c¢) with L as
inductance, R as ohmic resistance, and CPE as constant phase element. The high frequency
inductance is caused by the wiring.

In order to assign the semicircles, first a pure LLZ:Ta layer was measured by EIS (Fig. 4.32).
It has an inductance and an intercept with the x-axis at 22 Q cm?, one semicircle in the high to
medium frequency range (3 MHz — 5 kHz), and a diffusion tail at low frequency range. The
inductance is caused by the wiring and the intercept with the x-axis is in general accepted to
represent the bulk conductivity. Therefore, the semicircle has to represent the grain boundary
contribution. The tail can be explained with Li-ion diffusion in the sputter coated Au layer on

both sides of the LLZ:Ta acting as current collectors. The value for the grain boundary

89



4. Results and Discussion

resistance of 67 Q cm? was fitted with the equivalent circuit in Fig. 4.32. Both, the bulk
(22 Q ¢cm?) and grain boundary resistance (67 Q cm?) are low and, therefore, a high ionic
conductivity of 1.5 mS cm! at 80 °C is obtained.

For “LCO/LLZ:Ta plain” cells (Fig.4.31a), the impedance of the solid electrolyte is
observed in the high frequency range above 5 kHz. A bulk resistance of 33 © cm?, and grain
boundary resistance of 44 Q cm? is determined after the first charge. These values are similar
to the impedance of individual LLZ:Ta separator layers showing a bulk resistance of 40 Q cm?

and a grain boundary resistance of 60 Q cm? (Fig. 4.32).
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Fig. 4.32. EIS spectra of LLZ:Ta separator at 80 °C. The equivalent circuit used for the fitting
is shown (L: inductance, R: ohmic resistance, and CPE: constant phase element).

After the fifth charge the LLZ:Ta impedance in the “LCO/LLZ:Ta plain” cell is slightly
increased. While the nearly constant bulk impedance implies the stability of the LLZ:Ta grains,
the grain boundary contribution is slightly increased to 47 Q cm? after the fifth cycle. A
possible explanation of this effect is provided in section 4.2.1.5.

Since the “LCO/LLZ:Ta plain” cell has geometrically well-defined interfaces, the impedance
of the cathode and anode can be approximated with a good accuracy by the interfacial
impedance of the respective electrodes. Fitting of the stretched semicircle in the frequency
range from 5 kHz to 100 mHz results in 195 Q cm? for the LCO/LLZ:Ta impedance after the
first charge, which increases to 260 Q cm? after the fifth charge. Compared to the LCO/LLZ:Ta
interface, the impedance of the LLZ:Ta/In-Li interface is much lower with only 25 Q c¢m? after
the first charge. This anode impedance decreases even further after the cycling, reaching
15 Q cm? after the fifth charge, which means that the contact between LLZ:Ta and In improves

with cycling. The obtained initial values are in agreement with the interfacial impedance of
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LLZ:Ta/LCO (around 170 Q cm? at RT) and LLZ:Ta/In-Li (25 — 28 Q ¢m? at RT) reported in
literature [29]. As a consequence, based on the result of the “LCO/LLZ:Ta plain” cell, the
increase in cell impedance observed after electrochemical cycling is attributed to the
LCO/LLZ:Ta interface.

The Nyquist plots of the “LCO/LLZ:Ta composite” cell is qualitatively similar in
comparison to the “LCO/LLZ:Ta plain” cell, but has a higher total impedance (Fig. 4.31b).
The absolute values for the bulk and grain boundary resistance are 35 Q cm? and 79 Q cm?,
respectively. While the values are slightly higher than for the “LCO/LLZ:Ta plain” cell, they
are still within the expected range. However, even more relevant is the fact that the bulk
LLZ:Ta impedance remains constant with cycling, while the grain boundary impedances
increase from 79 Q cm? to 112 Q cm? after the fifth cycle. Similar to the “LCO/LLZ:Ta plain”
cell the majority of the total impedance increase is due to the impedance of the cathode and
anode, which increases by over 70% from initial 1081 Q cm? to 1854 Q cm? within five cycles.
As the principal configuration of both cells, “LCO/LLZ:Ta plain” and “LCO/LLZ:Ta
composite”, is same, the respective interfacial impedance value for the anode has been used to
fit the anode impedance in the cell with the composite cathode as well.

As for the “LCO/LLZ:Ta plain” cell, the increase in total impedance of the “LCO/LLZ:Ta”
composite” cell is caused predominantly by the increased impedance of the LCO/LLZ:Ta
interface. This can be considered as the first validation of the proposed interfacial degradation
mechanism based on the increasing LCO/LLZ:Ta interface impedance.

As shown in Fig. 429 by electrochemical measurements, the cell capacities fade
continuously with electrochemical cycling. With regard to the EIS measurements, the
increasing LCO/LLZ:Ta interface impedance was observed to be responsible. The increasing
LCO/LLZ:Ta impedance can be either due to mechanical failure or from electrochemical
degradation as schematically depicted in Fig. 2.15 (discussed in detail in section 2.4.4).

The processing-induced degradation with formation of the high impedance secondary phases
is one of the most common explanations of the generally high impedance of all-solid-state
ceramic cathodes (Fig. 2.15a). The literature demonstrates that the thermodynamic stability of
individual materials at high temperature significantly decreases when they are brought in
contact [15, 16, 193]. In the first charge, an irreversible process at 3.15-3.25 V, which
corresponds to about 2 % of total charge capacity (Fig. 4.29a) indicates the possible formation
of secondary phases during the manufacturing of the composite cathodes. Rietveld refinement
confirmed the formation ca. 2 wt-% of CoO and LasLi;xCoxO4 of a processing-induced

secondary phase (Tab. 4.1) [53]. The oxidation potential of these phases, reported by Park et
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al., match well with the potential of the first irreversible discharge process observed for the

composite cathodes (Fig. 4.29) [27].

4.2.1.3.  Microstructural characterization of composite cathodes

Microstructural analysis by SEM (Fig. 4.14) and TEM (Fig. 4.21) of the “as prepared”
composite cathode (FAST/SPS sintered and annealed at 1050 °C for 30 min in air) demonstrate
that most of the LCO/LLZ:Ta interface is chemically clean without any formation of reaction
zones after the processing.

Based on the combined information of different experimental methods, it can be concluded
that the reaction products might form a few separated domains, but not continuous interfacial
layers (Fig. 4.33a). Hence, even in case some small amounts of processing-induced secondary
phases are present in the composite cathode, their impact on the electrochemical properties
should be insignificant. Although, the secondary phases contribute a small fraction of the total
capacity in the first charge, the following continuous fading of electrochemical performance
by lower capacities and higher impedances, require an additional explanation.

One of the most popular explanations of capacity fading in rigid composite cathodes, that is
accepted in the literature [3, 153, 194], is the mechanical degradation due to volume changes
of the CAM during charge/discharge. For a similar composite cathode but with a high degree
of porosity, the formation of cracks has been observed [18, 195]. Thus, the formation of a few
micrometer large cracks between the LCO and LLZ grains as well as intra-granular fracturing
of LCO grains after cycling of LCO/LLZ:Ta co-sintered composite cathodes with about 20 %
porosity, was visualized [18].

The dense composite cathode has the same morphological state after electrochemical cycling
(Fig. 4.33). The cross-sectional SEM image of the “as prepared” composite cathode is very
dense and only a few dark spots indicating pores are observed (Fig. 4.33a). Based on the image
analysis, the cathode density can be assumed to be around 92 %, which is supported by the
relative density measurement (Tab. 4.2). The image confirms that LCO and LLZ:Ta grains are
distributed homogenously throughout the composite cathode. Furthermore, the interface
between the grains is sharp and appears well-sintered, without any visible formation of reaction

zones or micro-cracks.
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Fig. 4.33. Cross-section SEM images of the LCO/LLZ composite cathode before (a) and after
cycling (b). The bright areas correspond to LLZ, the dark ones to LCO; the pores are black.
The higher resolution image (c) of the cycled electrode indicates the formation of bright rims
on LLZ grains in contact with LCO after cycling, while another high resolution image (d) of
the same cathode demonstrates that the LCO/LLZ interface remains mechanically intact after
the cycling.

Reports about LCO/LLZ:Ta composite cathodes of this density and purity without the use of
sintering aids were not found. The morphology found in the electrochemical cycled composite
cathode is same as in the “as prepared” one and appears mechanically intact (Fig. 4.33). In
contrast to the porous composite cathodes [18], no macro- or micro-cracks are observed for the
electrochemically cycled dense composite cathodes. The high density and homogenous
microstructure via FAST/SPS fabrication appears to be beneficial for the mechanical stability
of ceramic composite cathodes during electrochemical cycling. In addition, the formation of
nano-sized cracks (below the resolution limit of SEM) is excluded, as the TEM image of the
electrochemical cycled composite cathode is free of any cracks at the interface (Fig. 4.34).
Furthermore, it is unlikely that a TEM lamella can be prepared from a mechanically damaged
composite cathode. In conclusion, the mechanical failure of the LCO/LLZ:Ta interface is
unlikely to be responsible for the loss of more than 60 % of the initial capacity, as this would
mean that a similar amount of interface would be cracked, which is not observed by SEM

(Fig. 4.33b to d and Fig. 4.34).
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Fig. 4.34. TEM lamellas of the a) uncycled and b) electrochemical cycled LCO/LLZ:Ta
interface. The markings are the areas of SAED (blue: LCO, green: LLZ:Ta interface, and red:
LLZ:Ta) shown in (Fig. 4.38).

A possible explanation for the increased mechanical stability in the dense composite cathode,
in comparison to the free sintered porous cathodes, can be the different stress distribution
caused by the volume expansion of LCO (up to 0.3 A expansion along the c-axes for x < 0.5)
[59]. In porous composite cathode structures, the induced stress is inhomogeneous and can
result in stress peaks around pores, causing locally high stress levels up to 2 GPa depending on
the orientation of the LCO that lead to fracturing [196]. During delithiation the stresses in LCO
are compressive and during lithiation tensile. For the LLZ:Ta the vice versa is observed.
According to Miicke et al. the stresses depend on the orientation of the LCO grains within a
LCO/LLZ composite cathode as the LCO has anisotropic volume changes which is highest in
z-direction [196]. For future composite cathode it might be advisable to check the impact of
the LCO grain orientation in more detail. In addition, Miicke et al. suggest that the stress levels
in a composite cathode are highest in close proximity to pores. Hence, a porous LCO/LLZ
composite cathode is prone to interface fracturing [196]. In contrast, in dense structures the
stress distribution is more homogeneous, and the structure withstands the stresses caused by
anisotropic LCO expansion/contraction. This demonstrates that dense composite cathodes with
rigid interfaces are mechanically stable during electrochemical cycling. Since reports of other
dense LCO/LLZ:Ta composite cathodes have not been found, this can be considered as the
first demonstration of an all-solid-state cathode with rigid interfaces that is mechanically stable
during electrochemical cycling. The high density of the composite cathode obtained by the
FAST/SPS processing is most likely responsible for the mechanical stability, and clearly
highlights the relevance of controlling the microstructure and density of the all-solid-state

cathode. However, this observation makes it clear that the observed degradation of
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electrochemical performance has to be linked with another process besides the fracturing of
the LCO/LLZ:Ta interface in the case of sufficient mechanical stability.

Although, mechanical degradation is not observed in the cycled composite cathode, SEM
(Fig. 4.33), TEM (Fig. 4.37), and XRD (Fig. 4.40) analysis clearly point to a change in the
phase composition of the composite cathodes after electrochemical cycling.

As the electrochemical processes start in the composite close to the separator [25], these
regions of the composite cathode show more evident changes. SEM images of the composite
cathode reveal that the contrast of the LLZ grains changes after electrochemical cycling and
that LLZ grains, which have a uniform bright contrast after fabrication, show bright rims of
around 0.5 pm thickness at the interface with LCO after electrochemical cycling (Fig. 4.33b
and c).

EDX analysis of these rims reveals the presence of Co, which is found only after
electrochemical cycling; no Co was found in the bulk of the LLZ:Ta grains (Fig. 4.35). It
should be mentioned that no traces of Co were detected in LLZ:Ta (also in the areas close to
the LCO) in the “as prepared” composite cathode (Fig. 4.35).

Correspondingly, some Al is detected within the LCO after electrochemical cycling, while
the LCO in the “as prepared” composite cathode is Al-free (Fig. 4.36). Thus, an Al<Co
exchange between LCO (LiCoO;) and LLZ:Ta (Lis4sAlgosLasZri6Tao4012) phases during
electrochemical cycling is likely and the increased average atomic number of Co-substituted
LLZ:Ta in the vicinity of the LCO/LLZ:Ta interface leads to a brighter contrast in SEM
(Fig. 4.33b and c).
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Fig. 4.35. EDX measurements in LLZ:Ta after cycling. The EDX clearly shows that Co is only
present in parts of the LLZ:Ta. Therefore, the Co diffusion into the LLZ:Ta can be assumed to
be a result of the electrochemical cycling. As the samples were coated with a thin Pt layer

before analysis, all show a signal for Pt.
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Fig. 4.36. EDX measurements in LCO before (a) and after cycling (b). The EDX clearly shows
that Al can only be found after cycling within the LCO. As the samples were coated with a thin
Pt layer before analysis, all show a signal for Pt.

This observation is supported by high resolution TEM analysis of the LCO/LLZ:Ta interface

(Fig. 4.37). Before cycling both phases, LCO and LLZ:Ta, are crystalline in the vicinity of the

interface, and the interface between them is very sharp at the atomic level (Fig. 4.37a).
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Fig. 4.37. High resolution TEM images of the a) “as prepared” and d) cycled LCO/LLZ:Ta
interface.

The crystallinity of LCO and LLZ:Ta is also shown by Selected Area Electron Diffraction
(SAED, Fig. 4.38). The SAED pattern of LLZ:Ta shows only the reflections corresponding to
the polycrystalline cubic LLZ:Ta phase with a lattice parameter a of around 12.9 A (12.95 A—
12.97 A are reported in the literature [29]) close to the interface. The same is valid for the LCO
domains, which appear to be single crystalline in 100 direction. The SAED pattern are indexed
as the rhombohedral crystal structure (R3m) with the lattice parameters a: 2.80 A and c:
13.99 A, which matches well with the thombohedral crystal structure of LCO (a: 2.81 A and
c: 14.05 A [126]). An elemental inter-diffusion can be excluded based on the results from
Fig. 4.37a and by TEM/EDX line scans that show for the two most mobile species, Co and Al
[27], a sharp border at the LCO/LLZ:Ta interface (Fig. 4.39a).

While the LCO and LLZ:Ta grains in the “as prepared” composite cathode are crystalline
with atomically defined interfaces free of secondary phases, the TEM image of the cycled
composite cathodes has a distinctly different appearance (Fig. 4.37b). It looks like a third layer
between LCO and LLZ:Ta had formed. This layer is shown by SAED to relate with LLZ:Ta
which, however, is no longer crystalline but more amorphous or disordered (Fig. 4.38a). The
thickness of the disordered LLZ:Ta layer is approximately 0.1 um after only five
electrochemical cycles and agrees well with the SEM observations (Fig. 4.33b). Disordered
LLZ is known to have low ionic conductivity, and explains the increasing grain boundary

impedance observed in Fig. 4.31 [3, 29].
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LLZ:Ta bulk

Fig. 4.38. SAED patterns of the LCO and LLZ:Ta are shown in a) for the “as prepared”
composite cathode and in b) for the electrochemical cycled one (The exact location can be
found in Fig. 4.34).

In addition, a change in the LCO grains is observed after electrochemical cycling. LCO
remains crystalline but two phases were detected after electrochemical cycling by SAED
analysis (Fig. 4.38b). While one of the phases is the rhombohedral LCO, some satellite peaks
suggest that LCO was partially substituted, for example with Al, as LiCog9Alo.10> is also
rhombohedral but has slightly increased lattice parameters in c-direction when compared with
LCO: a: 2.81 A, c: 14.05 A [126]; LiCo0.9Alo102: a: 2.81 A, c: 14.08 A [197]).

A possible exchange of Al<Co in the electrochemical cycled composite cathode can be
suggested by the TEM/EDX line scan (Fig. 4.39). While for the uncycled LCO/LLZ:Ta
interface a sharp drop in the Co signal is observed at the LCO/LLZ:Ta interface, the
electrochemical cycled composite cathode shows a different behavior. The Co signal decreases
continuously and reaches into the LLZ:Ta area. Additionally, the Al signal has its peak within
the LCO area and suggests an accumulation of Al within LCO. This is very important, as for
the uncycled composite cathode the Al signal was not distinguishable from the background and
after cycling a clear Al signal is detected within LCO. This suggests that after the cycling in
the LCO interface area more Al is accumulated as compared to the LLZ:Ta before cycling.
Therefore, it is plausible to assume that this exchange of Al-Co is related to the fading
electrochemical performance. The Al<~Co exchange will be discussed based on

thermodynamic calculations in section 4.2.1.5.
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Fig. 4.39. TEM EDX line scan for Al and Co across the interface of the a) as prepared and b)
cycled LCO/LLZ:Ta interface.

Co diffusion into LLZ is known to occur during high temperature processing of LCO and
LLZ, and is commonly considered to lead to low ionic conductive secondary phases [1, 3]. For
the presented composite cathode, however, the Co diffusion into LLZ:Ta is only observed after
electrochemical cycling and implies that the Co diffusion can also be electrochemical induced.

The composite cathode was additionally analyzed by XRD (Fig. 4.40).

4.2.1.4. Phase characterization of the composite cathode

To get further insight into the phase composition, XRD patterns at different focal planes of
the composite cathodes were taken before and after electrochemical cycling (Fig. 4.40). The
“as prepared” composite cathodes show sharp reflections corresponding to a mixture of
crystalline LCO and LLZ:Ta phases, in a good agreement with the results in Fig. 4.22b [53].
A similar pattern is obtained from the back side of the composite cathode far from the LLZ:Ta
separator layer (red label), suggesting that the LCO/LLZ:Ta composite cathode was unchanged
or too thick (170 um) for a full LCO utilization throughout the complete electrode (Fig. 4.40a).
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To access the area close to the separator, where the majority of the electrochemical processes
takes place, large parts of the composite cathode were removed using sandpaper (inset in
Fig. 4.40a). For this part of the electrode, no reflections corresponding to the decomposition
products of LCO or LLZ:Ta are identified.

For LCO, the Rietveld analysis suggests that the crystal structure is unchanged throughout
the electrode (back: a: 2.815 A, c: 14.06 A and interface: a: 2.817 A, ¢: 14.06 A). The values
match well with the ones reported for LCO (a: 2.81 A, c: 14.05 A [126]). The possible Al
substitution, as suggested by TEM/EDX (Fig. 4.39) is unlikely to be detected due to similar
lattice parameter (LiCoooAlo102: a: 2.81 A, ¢: 14.08 A [197]) and the relatively large
penetration depth of XRD.

In LLZ:Ta a significant decrease in crystalline domain size from 90 nm to 20 nm was
determined for the back and at the interface by Rietveld analysis, respectively. This also
supports the TEM/SAED (Fig. 4.38b) analysis of amorphous or disordered state of LLZ:Ta
after electrochemical cycling. The XRD patterns of the uncycled composite cathode do not
show any changes in crystalline domain size throughout the whole thickness, ruling out the
preparation process as a cause for the disordered interface. Based on the XRD results, the
LCO/LLZ:Ta interface is crystalline throughout the whole composite cathode after the
preparation process, hence, the decrease in crystalline domain size of LLZ:Ta is attributed to
an electrochemically induced phenomenon, such as the formation of a third LLZ:Ta-based

phase between the LCO and LLZ:Ta areas or by lower crystallinity (see section 4.2.1.3).
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Fig. 4.40. XRD measurements of the electrochemically a) “as prepared” and b) the cycled
LCO/LLZ:Ta composite cathode (schematically shown as inset). The colored circles indicate
the areas from which XRD patterns (labeled with the same color code) were taken. The “back”
measurements (red line) was performed from the back of the cycled composite cathode that
was polished afterwards.
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4.2.1.5. Thermodynamic calculations of possible secondary phases

The observed ion migration and exchange at the LCO/LLZ:Ta interface by TEM/EDX
(Fig. 4.39) was calculated with the help of formation energies by ab initio Density-Functional
Theory (DFT) calculations for Li-ion migration from/into LCO/LLZ:Ta interface and the
exchange of Al-Co between LCO and LLZ:Ta, as well as for both processes simultaneously.”
The spin-polarized DFT calculations were performed using the Projector Augmented-Wave
(PAW) pseudopotential method implemented in the Vienna Ab Initio Simulation Package
(VASP) code [198, 199]. The Perdew-Burke-Ernzerhof (PBE) functional was employed to
approximate the exchange-correlation (XC) energy for all DFT calculations. Total Coulomb-
energy (Ec) calculations were carried out using the supercell code and then calculated in
formation energy (Ec) per formula unit [200, 201].

The AP*&Co?", APTCo%, and AI**&Co*" was modelled considering one extra or vacant
Li* in Li sites of LLZ:Ta for the first and third case, respectively (Tab. 4.5).

Tab. 4.5. Calculated formation energies (per formula unit) of Li-ion migration and cation
exchange processes between LiCoO> and Lig.2sLazAlo.125Zr1.625Ta0.375012

Process AE¢

[eV]
4.5LiCo0; + I 4.5Li0.972C002 + Lies7sLasAlo.125Zr1.625Ta0.375012 0.36
LiasLazAl.125Zr1.625Ta0375012 I 4.5Li0.972C00972Al0.2702  +  Lig37sLasCoo.125Zr1.625Tao375012 - 0.14
— I 4.5LiC00972Al0.02702 + Lic2sLasCoo.125Zr1.625Ta0375012 0.21
v 4.5LiCo02 +  Lie.i2sLasAlo.125Zr1.625Ta0375012 0.13

4.5Lip972C00; +

Lis.asLazAlo.125Zr1.625T20.375012

4.5LiC00972Al0.02702 + Lie.12sLa3Coo.125Zr1.625Tao 375012 0.18

—

The AP*eCo?>*+ Li* (reaction II: 0.14 eV, Tab. 4.5) was found to have the lowest formation
energy. The migration process of only Li-ion from LCO to LLZ:Ta is energetically unfavorable
(reaction I: 0.363 eV, Tab. 4.5) due to the localization of electrons in LLZ:Ta with the wide
bandgap of 5.8 eV (for Al-LLZ) [202] and requires a lot of energy. A combination of Li-ion
migration and AIP*&Co®" is energetically more favorable than for the single reactions.
Consequently, the calculations support the possibility of an interaction between the transferred

Li and Co-ions in LLZ:Ta.

7 The thermodynamic calculations have been performed by Liang-Yin Kuo and Dr. Payam Kaghazchi in a
cooperation work. Manuscript is submitted.
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To gain further insight in this interaction, the calculated magnetic moments of ions in all the
reactions listed in Tab. 4.5 are shown in Tab. 4.6 as well as the spin density plot for the

reaction II (Fig. 4.41).
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Fig. 4.41. Calculated formation energy of reaction II (Tab. 1) as well as Spin Density
Distributions (SDDs) of reactants and products. An SDD isosurface of 0.04 eV A~ was used
for all structures. The isosurface of the zoomed-in image is 0.006 eV A3,

Tab. 4.6. Calculated average magnetic moments (in pug) of ions in LLZ with extra Li or/and
added Co. The average value of magnetic moments of 3 out of 24 La cations in
Lis.375LasAlo.125Zr1.625Tao.375012 that accommodate electrons is listed separately.

Structure Li La Al Zr Ta Co (o}

Lig.375La3Alo 125211625 Ta0.375012 0.00 0.00,0.14 0.00 0.00 0.00 - 0.00
Lis.25La3C00.125Zr1.625T@0.375012 0.00 0.00 - 0.00 0.00 2.1 0.01
Lis.375La3C00.125Zr1.625TA0.375012 0.00 0.00 - 0.00 0.00 2.48 0.00

The calculations indicate that the electron of one added Li atom is localized on La (Tab. 4.6).
In the case of Co substituted LLZ:Ta, the electron is favored on Co rather than on La cations.
The additional electron can lead to the reduction of the Co. Therefore, the required energy for
a simultaneous exchange of AlI**&Co*" combined with an accumulation of Li in LLZ:Ta is
more favorable than the single reactions (reaction I and III, Tab. 4.5).

The calculations show that the Al<Co exchange can lead to an accumulation of Li at the
surface and interface of LLZ:Ta resulting in a slowed Li migration and thus capacity fading.
The Li accumulation in LLZ:Ta can also lead to a volume expansion and cause disorder. This
effect will also lead to lower ionic conductivity.

The results imply that the reaction II (Tab. 4.5) is thermodynamically the most feasible one.
The positive Gibbs energy of the reaction I suggests that the reaction is not spontaneous when
LCO and LLZ:Ta are brought in contact. This conclusion is backed by the results of the
structural characterization of the composite cathode (section 4.2.1.3), that show for the “as

prepared” LCO and LLZ:Ta phase no changes in the XRD pattern (Fig. 4.40a).
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The hypothesis for the observed processes is that they are enabled by the following kinetic-
thermodynamic reasons: i) the kinetics of Li-ion migration should be faster than that of the
AleCo exchange. Hence, Li accumulation or depletion in LLZ:Ta is the first step in the
process. The formed Li rich or Li poor LLZ:Ta compound can be considered intermediate
states. ii) The exchange of AI** with Co?* or Co*" follows the Li migration step. Considering
the energies required for Co?* (reaction I, Tab. 4.5) or Co*' (reaction IV, Tab. 4.5) migration,
the energy required for Co**or reaction IV is less. Hence, the AI**<Co*" should take place
before A*eCo?". Co*' formation during the charging of LCO can trigger the Al~Co
exchange.

It has to be mentioned that no mechanical degradation of dense composite cathodes is
observed to be the major reason for the capacity fading in rigid composite cathodes. This
indicates that an optimized microstructure of the composite cathode can lead to reversible
cycling of ceramic cells. However, the results of electrochemical characterization as well as
the material characterization of the electrodes unambiguously point out that the degradation of
the LCO/LLZ:Ta cathodes is electrochemically driven, and that the continuous increase in the
impedance of LCO/LLZ:Ta interface in each cycle is related to the irreversible phase
transformation and composition change of both LLZ:Ta and LCO materials due to the Li, Co
and Al-ion exchange during electrochemical polarization.

The fascinating aspect is the participation of A" substituent ions from LLZ:Ta in the
electrochemically triggered phase transformation processes, which was not found reported so
far. The calculations suggest that Al**, although not being redox-active, has a crucial part in
the observed phase transformations of both materials by enabling the migration of Co-ions in
the Al substituted LLZ:Ta. The ion diffusion can also be assumed to take place in the grain
boundaries of sintered LLZ:Ta (discussed in detail in section 4.3.2.3) and provides an
explanation for the increase in grain boundary impedance after electrochemical cycling
Fig. 4.31. The electrochemically driven ion exchange can be assumed to be the generic reason
of the cathode degradation on the naked LCO/LLZ:Ta interface. Al-free LLZ could prevent
this degradation but also shows lower Li-ion conductivity in comparison to Al substituted LLZ
[14, 29] or the use of CAM that suppress Al uptake such as NMC [203, 204]. Although, the
structure of NMC and LCO are similar, the Mn substitution in the layered oxides increases the
energy barrier of Al diffusion [203]. This would only limit the AlCo exchange, as it can be

expected that Al ions diffuse into the CAM in the same way as Li-ions. Other crystal structures
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in the CAM, however, could completely suppress the Al interdiffusion. Also, Co-free CAMs
might be interesting to analyze if they also incorporate Al.

Intermediate layers could be necessary for improving the cycling stability. Considering the
results found, the guidelines for the design of interfacial coatings should include not only the
consideration of potential profiles across the interface, but the suppression of AI** diffusion
through the interphase [205]. In this respect, LiNbO3, which is already commonly accepted as
a protective coating for the sulfide electrolytes [206, 207], could be a promising coating for
garnet-based solid batteries as well due to the higher charge of Nb°* as compared to AlI** and
Co’" ions, and thus the less favorable ion exchange. In general, the calculations of the
electrochemical stability of different cathode-garnet interfaces should take into account the

possible participation of other ions besides transition metal ions and lithium [122, 208].

4.2.1.6. Simulation of the Co substituted LLZ:Ta secondary phases

The XRD pattern of the Co substituted and pristine LLZ:Ta phases calculated in Tab. 4.5
have been simulated by the software VESTA (Tab. 4.7 and Fig. 4.42). From the simulated
XRD pattern it is seen that all alterations lead to slightly different lattice parameters and XRD
patterns compared with the pristine LLZ:Ta. The crystal structure of the Co substituted LLZ:Ta
has to be slightly different from pristine LLZ:Ta. The sole Co substitution and Co substitution
with Li removal has only a minor effect. The biggest change can be seen for the Co substituted
and Li rich LLZ:Ta. This can easily be explained by the volume of Co?" (74.5 pm) and Li*
(76 pm) in comparison with AI3* (53.5 pm), which is much larger and will lead to an expansion
of the crystal structure. The stress formed due to the expansion caused by Co substituted Li
rich LLZ:Ta causes disorder within LLZ:Ta and can explain the decrease in the long-range
orientation or domain size in LLZ:Ta after electrochemical cycling (see section 4.2.1.4).

Tab. 4.7. Simulated LLZ:Ta species and corresponding lattice parameter.

Structure Lattice parameter (A)

Lis2sLazAlo.125Zr1.625Tao 375012 a. 12.94588; b: 13.06591; c:12.97844
Lis2sLa3zCoo.125Zr1.625Ta0375012  a: 12.90228; b: 12.99967; ¢: 13.10645
Lis.125La3Coo.125Zr1.625Ta0375012  a: 12.96567; b: 13.02972; ¢: 13.00250
Lis375La3Coo.125Zr1.625Tao 375012 a: 12.89459; b: 13.07753; ¢: 13.02920

Besides, the slightly increased peak width, a splitting of the peaks is also observed. The peak
split can be a result of the simulation. The unit cell is thermodynamically optimized, and the

elements fixed at specific positions. In case not all positions can be occupied, vacancies remain.
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In experimental XRD, multiple unit cells were measured. Throughout many unit cells, the
vacancies will distribute uniformly and lead for each unit cell to peak at a slightly shifted

degree. As a result, the peak splitting disappears.
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Fig. 4.42. Simulated XRD patterns of pristine LLZ:Ta and modifications as described in
Tab. 4.5 with Co substitution only (green line), as well as Co substitution combined with Li
excess (red line) or Li deficiency (blue line).

4.2.2. Optimization of the electrochemical stability of the composite cathode

A battery can be optimized on high energy density or cycle life [22].

4.2.2.1. Increasing the energy density

To obtain high energy density in a composite cathode, the amount of CAM has to be
maximized, and the amount of solid electrolyte reduced to the threshold level to form a Li-ion
conducting percolation network. In general, for a composite material system with equally sized
and shaped materials around a third of the volume is required to form a percolation network
[40, 41].

For the LCO/LLZ:Ta system used in this work, the Li-on percolation can be reached for
LLZ:Ta representing around a third of the total volume. However, to ensure Li-ion percolation,
the amount of LLZ:Ta was chosen to be 41 vol-% or 40 wt-%. Correspondingly, the amount
of LCO was increased to 59 vol-% or 60 wt-%.

The higher amount of CAM in the composite cathode can result in a faster degradation.
Han et al. reported less stable electrochemical properties for their LCO coated with Li2CO3 and
Li3BO; and LLZ composite cathode with increased CAM loading [22]. Their explanation was

the increased interfacial stress during de-/lithiation and the resulting loss of contact area.
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The here prepared composite cathode has higher density, and for equal ratio of LLZ:Ta and
LCO, no fracturing was found after cycling (Fig. 4.33). Indeed, an electrochemically driven
chemical change within the material was the reason for the fading capacity (section 4.2.1).
Higher CAM loading might, therefore, also lead to optimized electrochemical stability and
performance.

The charge and discharge of the composite cathode (thickness: 90 pm) with increased LCO
content (60 wt-%) and 30 mg loading is shown in Fig. 4.43a. The first charge has a high areal
capacity of 3.5 mAh cm? or an LCO utilization of 83 %. However, the charge profile is
atypical for LCO. This could indicate the formation of secondary LCO phases at the
LCO/LLZ:Ta interface due to the higher LCO amount. LT-LCO (as is indicated by Raman
spectroscopy, Fig. 4.25) or different polymorphs of LCO (section 2.4.2) can lead to the
observed charge profile of LCO [83, 209]. The first discharge already shows very low capacity
of 0.2 mA hcm?.

The low capacity is a result of the high total impedance. In the EIS spectra shown in
Fig. 4.43b, two distinct semicircles are found. The EIS fitting was performed as described in
section 4.2.1.2. The bulk impedance of LLZ:Ta (40 Q cm?) is quite constant during the
electrochemical cycling and fits with the values reported in section 4.2.1.2. However, the grain
boundary impedance of LLZ:Ta is large, around 1599 Q c¢cm? even after the first charge. This
value rises to 2135 Q ¢cm? after the fifth and to 2836 Q cm? after the tenth charge. Also, the
cathode and anode impedance, which cannot be separated increases from 1514 Q cm? after the
first charge to 3460 Q cm? after the fifth and to 4587 Q cm? after the tenth. The high total
impedance after the first charge and the rapid increase (faster than in comparison to the same
LCO/LLZ:Ta ratio, Fig. 4.29) can explain the rapid capacity fading by a large drop in cell

potential.
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Fig. 4.43. Charge and discharge curves of an ASSLB with a composite cathode containing
60 wt-% LCO and 40 wt-%LLZ:Ta (a). The EIS spectra (3 MHz to 0.1 Hz) obtained after the
first, fith, and tenth charge are shown in (b) with an offset in the —Z”’-direction. The fitting was
performed with the equivalent circuit in (c) with L: inductance, R: ohmic resistance, and CPE:
constant phase element.

4.2.2.2. Increasing the cycle stability

In order to obtain a high cycle life in ASSLBs the amount of CAM is decreased [22]. This
results in a lower energy density but also in reduced interfacial stress during de-/lithiation
processes and lead to less interfacial fracturing. However, as discussed in section 4.2.1
fracturing of the LCO/LLZ:Ta interface is not observed. In this composite cathode an Al<Co
exchange was related to the fading electrochemical properties and reducing capacity. As the
limiting factor in the composite cathode could be the low Li-ion conductivity in LLZ:Ta, which
is lower than the electronic conductivity of LCO, the Co substitution in LLZ:Ta could
determine the electrochemical properties of the composite cathode [196]. In the case of a higher
LLZ:Ta amount the Co is diluted and should have a smaller effect on the electrochemical

performance of the composite cathode.
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An ASSLB with a composite cathode having a mixing ratio of 39:61 by vol-% or 40:60 by
wt-% LCO/LLZ:Ta was prepared (212 pm thick, 53 mg LCO). The electrochemical cycling is
shown in Fig. 4.44a. The first cycles are comparable to the ones observed in Fig. 4.29 and
provide an initial charge of 6.7 mA h cm™ or an LCO utilization of 90 %. The initial high areal
discharge capacity of more than 5 mAh cm™ decreases during electrochemical cycling. The
decrease is slower than for the composite cathode with increased LCO amount (Fig. 4.44a).
However, the discharge profile is different. A sharp potential drop is observed in the first
discharge period and afterwards, the discharge profile resembles LCO behavior. The cause for
the rapid potential drop is unclear, although a possible explanation could be the formation of
monoclinic and/or LT-LCO (Fd3m). Both LCO types can show a similar potential drop [83,
209].

After an initial capacity fading, the capacity stabilizes after around eight cycles at
approximately 3.3 mA h cm™. For the 20" cycle, a capacity of around 2 mA h cm™? and after
the 40™ cycle, a capacity of around 1.4 mA h cm™ is observed.

The ASSLB is further characterized by EIS measurements. The impedance spectra of the
ASSLB show two distinct semicircles. The EIS fitting was performed according to

section 4.2.1.2. The EIS spectra cross the x-axis around 40 Q cm?

. According to
section 4.2.1.2, this represents the bulk impedance of LLZ:Ta. The semicircle at higher
frequencies represents the grain boundary impedance of LLZ:Ta and the one at lower
frequencies the electrodes (anode and cathode). The EIS spectra have been collected during
the electrochemical cycling in the charged state (Fig. 4.44b). Within the first 40 cycles the bulk
impedance of LLZ:Ta is constant at around 40 Q cm?.

The major increase is seen in the semicircle at lower frequencies. An increase of around
290 Q cm? from 190 Q cm? to 480 Q c¢m? is observed within the first 40 cycles. This semicircle
represents the composite cathode and anode impedance. Based on section 4.2.1.2, the anode
impedance is constant during electrochemical cycling and the increasing impedance was
caused by the composite cathode. For the fitting of the EIS spectra the real anode resistance
has been fixed at 25 Q cm?. Hence, the impedance increase is caused by the composite cathode.
In comparison to the composite cathode with the 50:50 LCO/LLZ:Ta mixture ratio the increase
is slower. After the first five cycles the cathode impedance is increased by 50 % (80 Q cm?),

while for the 50:50 ratio an increase of nearly 80 % is observed (section 4.2.1.2)-
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Fig. 4.44 Charge and discharge curves of an ASSLB with a composite cathode containing
40 wt-% LCO and 60 wt-%LLZ:Ta (a). The EIS spectra (3 MHz to 0.1 Hz) obtained after the
charging are shown in (b) with an offset in the —Z’’-direction. The fitting was performed with
the equivalent circuit in (c) with L: inductance, R: ohmic resistance, and CPE: constant phase
element. The high frequencies semicircle terminates for all measurements around 300 Hz. The
spikes in a) are related to the flares in the wiring.

4.2.2.3. Discussion of the mixing ratio in composite cathodes
Three mixing ratios for the LCO/LLZ:Ta composite cathode (40:60; 50:50; 60:40 by weight)
have been electrochemically analyzed. Comparing the electrochemical cycling performance, a
higher amount of LLZ:Ta leads to more stable capacities and impedances. Commonly, the

faster degradation with higher CAM loading is explained with the higher stress due to volume
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changes within the CAM and the resulting loss of interface [18, 153, 210]. For the presented
composite cathodes, however, fracturing is not responsible for the fading capacity (Fig. 4.33).
As suggested in section 4.2.1, the degradation of the cell capacity should be caused by an
AleCo exchange reaction and the accumulation of Li in the LCO/LLZ:Ta interface on the
LLZ:Ta side.

Low LCO loading and high LLZ:Ta loading will lead to the accumulation of Al in LCO and
a dilution of Co within LLZ:Ta. The opposite is observed for high LLZ:Ta loading and low
LCO loading. Potentially, the degradation occurring in the LCO is increased for low CAM
loading. However, incorporation of Al into the LCO structure will still allow the de-/lithiation
of Li-ions, as LiCo1xAlxO2is a CAM [211]. A certain alteration of the LCO is supported by
the discharge profiles (Fig. 4.44a). A full elemental and structural characterization of the LCO
at the LCO/LLZ:Ta interface is required to fully determine composition and structure of
potentially new formed phases.

The AleCo exchange should be limited to a thin layer at the LCO/LLZ:Ta interface as the
LCO discharge profile can be observed for most of the discharge. Most likely, the low Al
substitution within the LLZ:Ta (Lis4sAloosLasZrisTaosO12) does not allow for a deep
penetration of the LCO and blocks or hinders itself. Another alternative is that Al is depleted
within the LLZ:Ta interface layer and no more Al~Co exchange can occur. Al is known to be
essential to achieve high grain boundary Li-ion conduction in LLZ [21, 164]. A depletion of
Al at the LLZ:Ta side of the LCO/LLZ:Ta interface would support the observed increase in
LLZ:Ta grain boundary impedance in Fig. 4.43 and possible structural chanfes such as
disordering.

The higher LLZ:Ta loading appears to have a beneficial effect on the stability of the
electrochemical properties (Fig. 4.45). For low LLZ:Ta loading the ASSLB is basically “dead”
within the first cycle. For higher LLZ:Ta loading i.e. 50 wt-% and 60 wt-%, a higher stability
is observed but the same degradation trend in both is observed (Fig. 4.45).
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Fig. 4.45. Degradation of the LCO/LLZ:Ta composite cathodes with various mixing ratios
(wt-%). The data is taken from Fig. 4.29, Fig. 4.43a, and Fig. 4.44a.

The capacity and the impedance are much more stable for a LLZ:Ta loading of 50 wt-% and
60 wt-% than for the composite cathodes with only 40 wt-% LLZ:Ta loading (Fig. 4.45)
Indeed, the increase in the total impedance within the first cycles is only marginal in
comparison to lower (40 wt-%) LLZ:Ta loading in the composite cathode. The initial
decreasing capacity observed (Fig. 4.44b) is due to Al<Co exchange (section 4.2.1.5) and
possibly some irreversible lithiation of the anode [76, 77]. After the seventh cycle, the
mentioned Al<Co exchange can slow down. A possible saturation of Al in LCO would cause
Co-ions to have longer diffusion pathways and the degradation per cycle is slower.

It appears the capacity fading is driven by the Al<>Co exchange in LLZ:Ta. With less LCO
in the composite cathode and more LLZ:Ta, the Co concentration in LLZ:Ta will be diluted
and have less effect and result in more stable electrochemical properties.

The Co within LLZ:Ta is reported to be detrimental for the ionic conductivity, which is
already the limiting factor for the performance as it is much lower than the electronic
conductivity of LCO [110, 111, 121]. This is caused by structural changes and the blocking of
Li-ion pathways, resulting in high impedances. Furthermore, the Co can also cause the phase
changes within LLZ:Ta and form Co-containing phases. For example, LasLi;.xCoxO4 can be
formed (Tab. 4.1), a phase without Li-ion conductivity [53, 110]. Already small amounts,
undetectable with the presented analysis techniques, might have a major impact on the Li-ion
conduction of the main cubic LLZ:Ta phase, especially in the case of lower electrolyte loading.
Thereby, the LCO/LLZ:Ta interface can mechanically be intact but due to the loss of Li-ion
conduction, show the same effect as a fractured interface.

Another important aspect is the Li-ion conductivity within the composite cathode. The Li-
ion conduction in LCO is low and normally only a few micrometers can be discharged [112,

212, 213]. For a working bulk composite cathode, the Li-ion conduction has to be provided by
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the LLZ:Ta. As soon as these Li-ion conduction pathways are blocked the composite cathode
behind it can no longer be utilized. In composite cathodes above 50 um thickness, the Li-ion
conduction was shown to be a limiting factor [25]. Therefore, thicker composite cathodes tend
to degrade faster, simply due to the loss of Li-ion conduction towards regions close to the
current collector. A careful refinement of the conduction pathways created by LLZ:Ta could
help overcome this obstacle but is not applicable for a purely powder based preparation

process.
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4.3. Recovery of the composite cathode

Electrochemical induced changes within the LLZ:Ta and LCO that lead to a disordered or
amorphous interface region are considered responsible for the fading electrochemical
performance of the presented ASSLB (section4.2.1). According to thermodynamic
calculations and literature [203], these phases are a little less favorable than the initial LLZ:Ta
and LCO phases (Tab. 4.5), and the initial phases might be recoverable and the disordered area
recrystallized.

The electrochemically cycled ASSLBs have been dismounted and the anode and sputter
coated Au layers were polished off by sandpaper. The remaining half-cell (composite cathode
and LLZ:Ta separator) was annealed (30 min at 1050 °C in air). Afterwards, the half-cell was
reassembled into an ASSLB and electrochemically characterized again. Additionally, the
composite cathode was structurally characterized by TEM coupled with SAED and EDX,
Raman spectroscopy, and ToF-SIMS analysis.

4.3.1. Electrochemical characterization of the recovered composite cathodes

An ASSLB with a composite cathode has been prepared and electrochemically cycled
(Fig. 4.46a). The charge and discharge profiles are similar to those discussed in section 4.2.1.2.
After the eighth discharge only one fourth of the initial capacity of remains and the ASSLB
was dismounted. The anode and the Au layers were removed by sandpaper polishing and then
the composite cathode was recovered. The recovery of the half-cell is the same process as after
the FAST/SPS sintering (annealing at 1050 °C for 30 min in air, section 3.2.2).

The ASSLB shows after the recovery process much higher initial capacity than after the last
discharge before recovery (Fig.4.46). The first discharge after the recovery reaches
3.1 mA h em™. This means that around 80 % of the initial capacity of the composite cathode
can be recovered (Fig. 4.46b). Afterwards, the same capacity fading is observed as for the “as
prepared” composite cathode during electrochemical cycling. It has to be mentioned that the
voltage dropped from 2.9 V directly to 2.8 V and hence the initial capacity might be even
higher. The potential drop could be a result of concentration polarization that increases
continuously during discharge or by wiring cable problems. As such a behavior is only
observed for the recovered composite cathode, this indicates that the recovery process might
not lead to the exact same state as observed in the “as prepared” composite cathode. Such a

potential drop can also be seen in other discharge cycles.
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The slightly lower capacity after the recovery can be a result of incomplete Al and Co back-
migration i.e. not all atoms go back to their initial position and LCO removal by polishing. In
order to remove the Au layer and polish the composite cathode after the annealing process, a
few micrometers of the composite cathode are removed. Additionally, the recovering process
requires optimization of the temperature, the dwell time, and the heating and cooling rate.
Therefore, the recovery process might not be completed after just 30 min at 1050 °C in air.

The capacity fades rapidly, and only 1.6 mA h cm™ after the seventh cycle is observed. The
reason for the capacity fading should be related to an Al<Co exchange as described in detail

in section 4.2.1.5.
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Fig. 4.46. Charge and discharge of an ASSLB with a composite cathode. The composite
cathode shown in (a) was disassembled after the eight cycle, polished, annealed again (1050 °C
for 30 min in air) and then reassembled into an ASSLB (b). The charge and discharge of this
recovered composite cathode is shown in (b). The reason for the potential drop in b) could be
material or wiring cable related.

EIS measurements of the recovered ASSLB have been performed after the first and fifth
charge (similar to section 4.2.1.2). The EIS spectra show an offset on the x-scale, indicate two
semicircles, and a diffusion tail (Fig. 4.47a). After the fifth charge the semicircle in the medium
frequency range is increased. The fitting of the EIS data was done with the equivalent circuit
shown in Fig. 4.47b, which is the same as used for the “as prepared” ASSLB (Fig. 4.31).
Hence, the battery components were assigned accordingly. The high frequency intersection
with the x-axis represents the bulk resistance of LLZ:Ta. The semicircle at high frequency
range is the grain boundary resistance of LLZ:Ta. In the medium frequency range, a semicircle
for the cathode and anode should be seen. As described in section 4.2.1.2, the cathode and
anode impedance can overlap and their respective semicircles merge into one semicircle. The

diffusion tail cannot be mistaken as a large semicircle. The fitting revealed that the real
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impedance of the tail of both EIS spectra is in the range of 10%° Q ¢cm? (which is the maximum
value given by the ZView software package) and by that too large for another semicircle.

The bulk impedance of LLZ:Ta is nearly constant within the measuring and fitting
inaccuracies. After the first charge it is 32 Q cm? and after the fifth 42 Q cm? which is similar
as for the “as prepared” ASSLB (Fig. 4.31). The grain boundary impedance of LLZ:Ta is in
comparison with the “as prepared” ASSLB increased. While for the “as prepared” ASSLB a
grain boundary impedance of 47 Q cm? (section 4.2.1.2) was calculated after the first charge,
the grain boundary impedance was 74 Q cm? for the recovered ASSLB. After the fifth charge
it is 102 Q cm?. The increase in the grain boundary impedance of LLZ:Ta can again be
attributed to the Al&Co exchange and the formation of lower or nonconductive phases
(section 4.2). The initially increased LLZ:Ta grain boundary impedance suggests that the
recovery process is incomplete. This is supported by TEM characterization (section 4.3.2.1).

The electrodes impedance increases from 570 Q cm? to 787 Q cm?. A separation between
anode and cathode is not possible by the used fitting method. Based on section 4.2.1.2,
however, the anode impedance can be assumed small and even slightly decreasing during
electrochemical cycling from initial 25 Q cm?to 10 Q cm? after the fifth charge. As the anode
for the “as prepared” and recovered ASSLB are same, it can be assumed that the anode
impedance is also the same.

The impedance increase is linked to the Al<Co exchange and the formation of less ordered
phases (section 4.2). The impedance increase is smaller than observed for the “as prepared”
composite cathode, while the capacity fading is in the same range (Fig. 4.31 and Fig. 4.47). A
possible explanation could be that the LLZ:Ta is not fully recovered, as the Al<>Co exchange
is not fully reversed (see TEM results in section 4.3.2.1). This can alter the current pathways
through the composite cathode and lead to a different impedance behavior. Besides, the
LCO/LLZ:Ta interface could change due to the repeated annealing step.

In addition, multiple parameters of the ASSLB assembly can also affect the cell performance.
This includes the surface preparation, the attaching of the anode, and the atmosphere during
electrochemical cycling. The surface is polished manually and can have roughness. This can
lead to locally higher charge currents and faster degradation. The manually attached anode can
lead to the same effect. Also the glovebox conditions such as the atmosphere, or possible
leakage of oxygen into the Swagelok cell can lead to faster degradation. Other effects due the
current collector, the wiring, the measuring temperature, or the applied currents can be

neglected.
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Fig. 4.47. EIS spectra of the ASSLB with recovered composite cathode after the first and fifth
charge (a). The fitting was performed with the equivalent circuit shown in (b).

4.3.2. Structural characterization of the recovered composite cathodes

Structural characterization of the composite cathode is important to understand the changes
in the electrochemical properties. In section 4.1 the composite cathode was characterized after
FAST/SPS sintering and annealing. The structural changes due to electrochemical cycling have
been discussed in section 4.2. Here, the focus will first be on the TEM characterization of the
recovered composite cathode.

Based on the electrochemical data presented in Fig. 4.46, the thermal treatment impacts the
electrochemical properties. Raman spectroscopy and ToF-SIMS analysis were used to analyze
the composite cathodes at different stages (FAST/SPS sintered, “as prepared”, cycled, and

recovered) to get a full understanding of the thermal and electrochemical effects.

4.3.2.1. Interface characterization by TEM

High resolution TEM was used to analyze the LCO/LLZ:Ta interface in detail for the
FAST/SPS sintered, “as prepared”, and cycled stage (Fig. 4.21, Fig. 4.23, and Fig. 4.37).
Analogous investigations have been conducted after the recovery of the LCO/LLZ:Ta interface
(Fig. 4.48). After the electrochemical cycling satellite peaks have been found within the LCO
and the LLZ:Ta was amorphous at the LCO/LLZ:Ta interface (Fig. 4.38Db).

First, the successful preparation of the TEM lamella and the high resolution TEM indicate
the mechanical integrity of the recovered composite cathode (Fig. 4.48a and b). The high
resolution TEM after the recovery shows a clear separation of LCO and LLZ:Ta (Fig. 4.48b)
as can be expected based on the TEM after FAST/SPS and annealing, and electrochemical
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cycling (Fig. 4.21 and Fig. 4.37). Furthermore, the high resolution TEM of LCO and the
LLZ:Ta appear crystalline and layered in most areas (Fig. 4.48b).

However, in the vicinity of the LCO/LLZ:Ta interface the ordering of LLZ:Ta appears a little
less than in the bulk LLZ:Ta, but similar to the state in the “as prepared” LCO/LLZ:Ta interface
(Fig. 4.48b, and Fig. 4.21b and Fig. 4.37a) The edge between LCO and LLZ:Ta is mostly sharp
(Fig. 4.48b). The high resolution TEM resembles those of the “as prepared” LCO/LLZ:Ta
interface (Fig. 4.21b). The amorphous areas indicate that the recrystallization induced by the

thermal recovery is incomplete and help to understand the initially higher grain boundary

impedance in comparison to the uncycled composite cathode (sections 4.2.1.2 and 4.3.1).

Fig. 4.48. TEM images of the LCO/LLZ:Ta interface in a) high resolution TEM is shown in
b). SAED diffraction patterns of ¢) LCO, d) LLZ:Ta, and e) the LCO/LLZ:Ta interface.

The crystallinity of the LCO and LLZ:Ta is confirmed by SAED (Fig. 4.48c and d). The
SAED of LCO shows defined peaks, typical for LCO (Fig. 4.48c). The lattice parameters are
a:2.80 A and ¢: 13.99 A, which match well with the rhombohedral crystal structure of LCO
(a: 2.81 A and ¢: 14.05 A [126]).

Also, the LLZ:Ta pattern has only defined peaks (Fig. 4.48d), corresponding to the
polycrystalline cubic LLZ:Ta phase with a lattice parameter a of around 12.9 A
(12.95 A —12.97 A reported in literature [29]) in the bulk. At the interface, the SAED pattern
is not fully clear and indicates some amorphous parts, similar to the high resolution TEM
(Fig. 4.48b). Nevertheless, the SAED pattern is in comparison to the one after electrochemical
cycling much more defined. This shows that the recovery process can lead to a recrystallization

of the LLZ:Ta and the recovered LCO/LLZ:Ta interface appears more similar with the “as
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prepared” LCO/LLZ:Ta interface (Fig. 4.21b). As the recovery process is not optimized, some
amorphous areas remain. The crystallinity of the LCO/LLZ:Ta interface is crucial to achieve a
low interfacial impedance. In Fig. 4.20 was shown that crystalline LCO/LLZ:Ta interfaces are
lower impeded in comparison to amorphous ones [53]. The crystallinity of the LCO/LLZ:Ta
interface can help to understand the lower impedance after recovery in comparison with the
cycled state (Fig. 4.31 and Fig. 4.47).

The amorphous layer on the side of the LLZ:Ta is expected to be a result of Al<Co exchange
(section 4.2). By TEM/EDX the element distribution was qualitatively analyzed by TEM/EDX
line scans (Fig. 4.49). For La and Zr a sharp edge is found and proofs that no diffusion of these
elements take place during the electrochemical cycling and annealing. For Ta also a clear edge
is found but also a constant signal within the LCO area. As Ta is the largest cation in the
LLZ:Ta, it is unlikely to diffuse. The constant Ta signal can be considered as a background
signal. The Co signal is constant within the LCO area. Around 0.5 um from the interface the
signal drops. This can be related with the contrast change seen in the TEM image which has a
higher contrast in this area (Fig.4.49a). The TEM sample can have an inhomogeneous
thickness. The preparation of the TEM lamella with composite materials can face the challenge
that the sputtering rate of the materials is different. LLZ:Ta, as the composition with a higher
atomic mass, should be thinned at a lower rate than LCO. Hence, the contrast difference seen
in the TEM image can be a result of an incline from the thinner LCO area to the thicker LLZ:Ta
area. The electron beam would hit the surface at a different angle and the scattering can be
altered or weakened. For oxygen, the same observations are made, which also shows a lower

intensity in this region.
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Fig. 4.49. TEM dark field image of the LCO/LLZ:Ta interface (a) including the TEM/EDX
line scan. The dark area is LCO and the light area is LLZ:Ta. In b) the single line scans for the
single elements are shown. The color code is given in b).

The Co signal does not directly disappear at the LCO/LLZ:Ta interface but reaches a few
nanometers into LLZ:Ta (Fig. 4.49b). The low Co signal within the LLZ:Ta is constant and
can be considered as background. For Al the highest intensity is measured within the LCO
area. In fact, the Al signal nearly is double in intensity within the LCO in comparison with the
LLZ:Ta. In the LLZ:Ta, the Al signal is rather constant and difficult so separate from
background noise.

Small area scans have been prepared to verify the line scan results (Fig. 4.50a). The small
area scans were taken within the LCO, the darker interface, the LCO/LLZ:Ta interface, and the
LLZ:Ta area. In the LCO area signals for Co and Al are found (Fig. 4.50b and c). These signals
proof that an electrochemical driven Al<Co exchange occurs. In the “as prepared”
LCO/LLZ:Ta interface (stage before cycling) with the same annealing step, no Al is found
within the LCO (Fig. 4.23 and Fig. 4.39). Besides, the peaks related to La, Zr, and Ta are found
in the recovered sample (Fig. 4.47b). The peaks are of low intensity in comparison with the
peaks in the LLZ:Ta area and the main peaks are absent and can therefore be neglected.

In the darker area, the spectra appear same and it supports the idea that the higher contrast is
indeed a result of uneven thickness. Right at the LCO/LLZ:Ta interface the peaks of all
elements can be observed. In the LLZ:Ta area the peaks of La, Zr, and Ta are the major peaks.

Also, the peaks related to Co and Al are found with low intensity. The Al<Co exchange can,

119



4. Results and Discussion

therefore, also be shown within the recovered LLZ:Ta (Fig. 4.50b and c). As no Co is found in
LLZ:Ta before electrochemical cycling (Fig. 4.23), the Co within the LLZ:Ta should be due to
the electrochemical cycling which is not removed during recovery.

The intensity of the peaks of the relevant elements at the measured areas is shown in
Fig. 4.50c. As the sample was exposed to air during the preparation process, the oxygen signal
has to be neglected and the obtained atomic-% can be just analyzed as a trend. The Co signal
within the LCO areas is high, however, in the inclining area it is slightly elevated. Due to the
different electron beam angles a detailed discussion is not possible. Right at the LCO/LLZ:Ta
interface the Co signal reduces due to overlap of LCO and LLZ:Ta within the measuring area.
Within the LLZ:Ta area the Co signal is still measurable with a low intensity. The Al signal in
the LCO area has the same trend within LCO as Co. The Al signal within the LCO area is
higher in comparison with the LLZ:Ta area. It can be suggested that Al accumulates at the
LCO/LLZ:Ta interface on the LCO side as the signal at the interface is elevated when
compared with the Al signal in the LLZ:Ta area. A similar observation is made by ToF-SIMS
(Fig. 4.53 to Fig. 4.56).
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Fig. 4.50. a) Small area TEM EDX scans with the corresponding spectra in (b) and the
calculated atomic-% in (c). The dark area is LCO and the light area is LLZ:Ta. As the sample
was exposed to air during the preparation process, the oxygen signal has to be neglected and
the obtained atomic-% can be just analyzed as a trend.

4.3.2.2.

spectroscopy

Characterization of the composite cathodes by Raman

Raman spectroscopy is a fingerprint method to characterize the structure of LCO and LLZ:Ta

[19, 190, 191, 214-216]. To compare the changes within the LCO and LLZ:Ta, the FAST/SPS,
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“as prepared”, cycled, and recovered state of the composite cathode were analyzed (Fig. 4.51
and Fig. 4.52). The focus will be first on LCO and then on LLZ:Ta.

The LCO shows in the FAST/SPS state two peaks at 497 cm™ (E,) and 595 cm™ (Aig,
Fig. 4.51a). These are the characteristic peaks of rhombohedral HT-LCO. In contrast to the
pure LCO sintered by FAST/SPS, the intensity ratio of the peaks nearly match with the pristine
LCO spectra [143, 144, 189, 191].

The sintering of LCO in Ar (Fig. 4.24) can lead to a loss of oxygen and alter the LCO
structure, by a reduction of Co** to Co?*, as seen in Fig. 4.24. In case LCO and LLZ:Ta are co-
sintered this effect is less observable and could suggest that oxygen is more easily removed
from LLZ:Ta than LCO.

After annealing, the peaks are sharper in comparison to the FAST/SPS sintered LCO and
could indicate that the crystallinity and the long-range orientation are increased. The full width
at half maximum decreases from 11 cm™-13 cm” in the FAST/SPS sintered LCO to
9 c¢cm! - 12 cm™! after annealing.

In the cycled state the Raman spectra are changed (Fig. 4.51c). Still the characteristic peaks
can be observed, however, the peak width and intensity ratio are changed. Starting from the
bulk LCO towards the LCO/LLZ:Ta interface, the peaks broaden. In the bulk, the typical LCO
Raman spectra are seen. For the measurements closer to the LCO/LLZ:Ta interface, the peaks
broaden, and the peak intensity is decreased. These changes within the Raman spectra can be
a result of disorder [189, 190]. Several research groups have reported a similar observation for
physical vapor deposition or other deposition methods for LCO [189, 190, 217]. After
crystallization by a subsequent annealing process at high temperature in air the LCO peaks get
more defined.

The LCO peak position is further defined by the Li concentration within Lij.xCoO2 [132,
144, 189]. For the charged LCO state (Lio.sC00>), the peaks are broadened and shifted slightly
to lower wavenumbers. Although, the LCO should be discharged, the SoC was only determined
by the cut-off voltage and not by a structural characterization and hence the LCO could still be
at least partially charged. Overpotentials within the ASSLB can lower the cell potential and the
cut-off voltage is reached while LCO is still partially charged [132]. This could be a reason for
the widened Raman peaks.

Another explanation can be the observed Al<Co exchange. The substitution of Al into LCO
will lead to a peak broadening [218]. The Al~Co exchange is predominantly at the

LCO/LLZ:Ta interface and can explain the more significant peak broadening at the interface.
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This, however, can only be an assumption as the focus area of the Raman laser is in the
micrometer-range while the Al substituted LCO has only a thickness of around 0.1 pm.

The full substitution of Co and the formation of LiAlO; is unlikely, as the characteristic
LiAlO; peaks at 485 cm™ and 596 cm! are absent in the Raman spectra [219, 220].

After the recovery, the LCO peaks are again sharp (Fig. 4.51d). Furthermore, the intensity
ratio of the two peaks resembles more those of the rhombohedral HT-LCO in comparison to
the “as prepared” state (Fig. 4.51b and d). A possible explanation can be the repeated annealing
step in oxygen containing atmosphere. It is known that LCO can lose oxygen at high
temperature in oxygen-free atmospheres such as Ar (as present in the FAST/SPS process) and
faces structural changes that can lead to the formation of LT-LCO (explained in detail in
section 4.1.9.1) [189].

As the Raman spectra of the recovered LCO resemble the ones after preparation, it is
assumed that the re-annealing after the electrochemical cycling can reverse the chemical
changes occurring during the electrochemical cycling and homogenize the SoC in the LCO due
to uptake of Li-ions from LLZ:Ta. The possibly formed LiCoi1xAlxO2 during the
electrochemical cycling was not detected (Tab. 4.5). Repeated high temperature treatment of
LCO and LLZ:Ta can also lead to elemental inter-diffusion, however, due to the high Raman

intensity of LCO, small amounts of any secondary phase is most likely not detectable.
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Fig. 4.51. Light microscope images of the composite cathode after different handling steps: a)
FAST/SPS, b) “as prepared”, ¢) cycled, and d) recovered. The locations of the collected Raman
spectra within the LCO regions (lighter) are color coded and the spectra are shown below. The
lighter regions are LLZ:Ta.

The Raman spectra of LLZ:Ta after the FAST/SPS sintering show the typical peaks for cubic
Ta substituted LLZ, however, the intensity is low (Fig. 4.52a) [9, 18, 19, 175]. Additionally,
the two peaks of HT-LCO are seen. This is caused by the mixture of LCO and LLZ:Ta. Both

materials have a grain size in the micrometer range and the focus area of the Raman laser might
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always focus some LCO areas. Due to the penetration depth of the Raman laser also underlying
LCO areas are detected. The Raman intensity of LCO is higher than that of LLZ:Ta and already
small amounts can be detected clearly, even when the focus area is within the LLZ:Ta area.
Ren et al. made a comparable observation for a similar LCO/LLZ system [195].

The annealing process increases the peak intensities for the LLZ:Ta. This means the
crystallinity is increased in the “as prepared” in comparison the one after FAST/SPS prepared
one (Fig. 4.51a and b).

After electrochemical cycling, the Raman spectra of LLZ:Ta have changed (Fig. 4.52¢). A

! and a large and intense peak at around 700 cm 'with a

very broad peak around 300 cm
shoulder around 850 cm™! is observed. The reason for the peaks at 300 cm™ and 850 cm™ is
unclear but might be related to LasLi;.xCoxO4 formation, as it was already found by Rietveld
analysis as a small impurity phase after FAST/SPS (Tab. 4.1). However, no Raman spectrum
nor the synthesis route for the LaLi1.xCoxO4 was found in the literature.

The peak at around 700 cm™' can be a result of the AlCo exchange. Tsai et al. prepared
Lis3Coo.1LasZr1.6Tao4O12 and the Raman spectrum shows a very intense peak at 693 cm™,
which is also the most intense peak [18]. As the Co substitution is low, the LLZ:Ta spectra is
also observed. The peak was analyzed with multiple laser wavelengths of 457 nm, 532 nm, and
785 nm by Tsai et al. and showed changing intensity, and was assigned to be a
photoluminescence peak due to the Co substituted in the LLZ:Ta [18]. In the electrochemical
cycled composite cathode, the LLZ:Ta spectra is undetected and suggests that the Co
substitution is higher.

Furthermore, the LCO could have formed some Co304 during the electrochemical cycling as
result of local overcharge. Co3Os has in the Raman spectrum one intense peak at 695 cm™! and
three less intense peaks in the range from 400 cm™ to 600 cm™! [143]. The low intensity peaks
might be overlooked due to the high intensity of the 695 cm™! peak.

After the recovery process, the LLZ:Ta spectra can be observed again (Fig.4.52d).
Depending on the position, the spectra appear different. In some positions in the LLZ:Ta, the
peak at around 700 cm™! is still the major peak but also the peaks of cubic structured LLZ:Ta
are observed. In other LLZ:Ta areas, especially in the proximity to the LCO/LLZ:Ta interface,
the spectra of cubic structured LLZ:Ta are even more pronounced. This suggests that the
recovery process starts to crystallize the LLZ:Ta from the LCO/LLZ:Ta interface and that the

phases prior to the electrochemical cycling are recovered.
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Fig. 4.52. Light microscope images of the composite cathode after different handling steps: a)
FAST/SPS, b) “as prepared”, ¢) cycled, and d) recovered. The locations of the collected Raman
spectra within the LLZ:Ta regions (darker) are color coded and the spectra are shown below.
The darker reqgions are LCO. The LLZ:Ta modi are labeled according to Tietz et al. [221]. In
the FAST/SPS, “as prepared”, and recovered composite cathode the peaks of LCO (E¢ and Ajg)
can be found.

The thermal recovery process might not be completed after the 30 min annealing in air at
1050 °C, as the observed Raman spectra are different than in the “as prepared” state. The
thermodynamically more favorable LCO and LLZ:Ta phases, in comparison to
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LiCo1xAlxO2 and Lis.asAlo.0sxCoxLasZr1.6Tao4O12, should have partially reformed (Tab. 4.5).
The incomplete recovery suggests that the process still has optimization potential (dwell time,
temperature, and heating and cooling rate). Potentially, a longer annealing time could
completely recover the phase pure cubic crystalline LLZ:Ta phase. However, a longer
annealing time could lead to the known secondary phase formation at LCO/LLZ:Ta interfaces
[27, 113]. The LLZ:Ta in proximity of the LCO/LLZ:Ta interface meanwhile is recovered and
provides a low impeded interface and enable good ionic conductivity that lead to the recovery

of the capacity (Fig. 4.47).

4.3.2.3. Characterization of the composite cathode by ToF-SIMS

ToF-SIMS analysis can characterize the qualitative elemental composition of the composite
cathode and half-cell. The detection limit of ToF-SIMS analysis is in the ppm or even ppb and
it can detect Li [ 146-148]. In combination with TEM (section 4.3.2.1) and Raman spectroscopy
(section 4.3.2.2), ToF-SIMS analysis enables a more detailed understanding of the changes
occurring within the half-cells (composite cathode and LLZ:Ta separator) at different stages
(FAST/SPS sintered, “as prepared”, cycled, and recovered). At all stages, elemental mappings
by ToF-SIMS have been performed (Fig. 4.53 to Fig. 4.56).

In all characterized half-cells (composite cathode and LLZ:Ta separator), La, Zr, and Ta
show nearly double intensity in the LLZ:Ta separator. As the composite cathode is a nearly
50:50 vol-% mixture of LLZ:Ta and LCO. However, ToF-SIMS cannot quantify the ions and
only the elemental distribution should be evaluated. Nevertheless, the trends within similar

samples can be discussed.
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Fig. 4.53. ToF-SIMS mapping of La, Zr, and Ta for the half-cells after a) FAST/SPS, b) “as
prepared”, c) cycled, and d) recovered. The LCO/LLZ:Ta composite cathode is at the top and
the LLZ:Ta separator at the bottom. ToF-SIMS cannot quantify the ions and only the elemental
distribution should be evaluated.

The homogeneous intensities show an equal distribution of La, Zr, and Ta. It can be assumed,
that in the case secondary phases have formed that an inhomogeneous distribution would be
seen. By that ToF-SIMS supports the observations made with other methods (SEM: Fig. 4.28
and Fig. 4.33, and TEM: Fig. 4.21, Fig. 4.34, and Fig. 4.48) that suggest a clean LLZ:Ta phase.

The Co signal is only found within the composite cathode area. In the FAST/SPS sintered
sample the Co signal in proximity of the LLZ:Ta separator is increased (Fig. 4.53a). The other
samples show a more homogenous Co distribution. To rule out any likelihood of Co diffusion
across the interface, a bilayer of LLZ:Ta and LCO was co-pressed, sintered by FAST/SPS, and
measured by ToF-SIMS (Fig. 4.54). In this sample the Co signal is homogeneous within the
LCO. Diffusion cannot explain the slightly lower Co signal.
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Fig. 4.54. ToF-SIMS mapping of Co of a bilayer of LLZ:Ta (top) and LCO (bottom) sintered
by FAST/SPS.

As the FAST/SPS sintered stage is not used for the electrochemical analysis this observation
will not be discussed in detail (section 4.1.8).

The “as prepared” sample shows a homogeneous Co distribution within the composite
cathode. However, the Co signal at the border to the LLZ:Ta separator is a little less intense.
The electrochemical cycled and recovered samples show the same Co distribution as the “as
prepared” one.

The Li signal in the composite cathode is higher in all samples than in the LLZ:Ta separator
(Fig. 4.55), as expected. In LCO, the Li is roughly 7 wt-% compared to 5 % in the LLZ:Ta.
Hence, the highest Li concentrations are detected in the same spots as the highest Co
(Fig. 4.55). The FAST/SPS sintered composite cathode shows a lower Li signal on average
than the other samples. As reported by Le Van-Jodin et al., high temperature treatment of LCO
in Ar can lead to Li loss and a potential decomposition [189]. This process is reversible by high
temperature treatment in air and a present Li source. As shown by Raman spectroscopy
(Fig. 4.24), the LCO peaks hints towards the formation of LT-LCO secondary phase after the
FAST/SPS process. The Li concentration is in LT-LCO lower than in HT-LCO [222]. ToF-
SIMS can validate this hypothesis and help explain the improved electrochemical performance
after the annealing process (Fig. 4.26). The lower crystallinity after the FAST/SPS process, as
observed by TEM (Fig. 4.23) could just be one of the reasons for the high impeded
LCO/LLZ:Ta interface (Fig. 4.26). The Li distribution in the cycled and recovered sample are
same as the Co distribution (Fig. 4.55b to d).
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Fig. 4.55. ToF-SIMS mapping of Co, Li, and Al for the half-cells after a) FAST/SPS, b) “as
prepared”, c) cycled, and d) recovered. The LCO/LLZ:Ta composite cathode is at the top and
the LLZ:Ta separator at the bottom. For the Al signal some intensity peaks are observed. This
could be an artefact of the synthesis process which uses rather coarse Al,O3 powder (up to
1 mm). ToF-SIMS cannot quantify the ions and only the elemental distribution should be
evaluated.

Aluminum is another crucial dopant in the LLZ-Ta that is known for its mobility during the
heat treatment process [175]. As Al is substituted only in the LLZ:Ta, and LCO can only have
traces, it can be expected that the Al signal is higher in the LLZ:Ta areas than in the LCO areas
(Fig. 4.55). However, in the FAST/SPS sample, the Al signal within the composite cathode is
slightly increased compared to the LLZ:Ta separator. This effect is enhanced after the
annealing process. From Li et al., it is known that Al preferentially diffuses and segregates at
the LLZ grain boundaries [164]. Tsai et al. reported the importance of Al in the LLZ grain
boundaries [133]. They found that high Al concentrations in the LLZ grain boundaries lead to
high Li-ion conductivity. Here, apparently Al prefers to migrate towards the interphase
boundaries of LCO and LLZ:Ta phases of the composite cathode (Fig. 4.55). By ToF-SIMS
line scans an increase in Al signal is observed from the FAST/SPS, “as prepared”, cycled, and
the recovered sample (Fig. 4.56). In the cycled composite cathode, the Al follows the Co signal

and might suggest their correlation (Fig. 4.56¢ and d). These line scan can also be used to
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validate the TEM/EDX scans (Fig. 4.49) and the hypothesis of an Al<Co exchange
(section 4.2).
In the recovered composite cathode, the highest Al signal is found (Fig. 4.53h). However,

the Al-Co correlation is not as correlated as observed in the cycled sample (Fig. 4.56c¢ to e).
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Fig. 4.56. ToF-SIMS line scans for La, Co, and Al across the composite cathode/LLZ:Ta
separator interface in the: a,b) FAST/SPS, c,d) as prepared, e,f) cycled, g,h) recovered state.
The images in a, e, and g show the La signal to separate the composite cathode and separator.
In b, d, and h the focus is on the same area but with a focus on the distribution of Co and Al.

4.3.3. Discussion of the recovery process
The capacity of the electrochemical cycled composite cathodes is recoverable by an

annealing process (Fig. 4.46).

131



4. Results and Discussion

After the annealing of the electrochemical cycled composite cathode, the interfacial
impedance is reduced (Fig. 4.47), and the electrochemical performance significantly improved.
This is based on two effects. First, the amorphous phase in the LLZ:Ta, observed after
electrochemical cycling is crystallized as shown with TEM (Fig. 4.48 and Fig. 4.37) and
Raman spectroscopy (Fig. 4.52). Second, the electrochemical driven Al<Co exchange
(described in section 4.2), leading to slightly thermodynamic unfavorable phases, is reversed.
The more crystalline LLZ:Ta and the lower substituent concentration of Al in LCO and Co in
LLZ:Ta lead to lower impeded LCO/LLZ:Ta interfaces and a better electrochemical
performance. ToF-SIMS results suggest that after the recovery process the Al concentration
within the composite cathode is highest (Fig. 4.55). While TEM/EDX indicates that Al is still
within the LCO areas, the Al concentration has decreased in comparison to the cycled state
(Fig. 4.49 and Fig. 4.39b). The increased Al concentration in the composite cathode can, as
reported by several research groups, lead to increased grain boundary conduction between
LLZ:Ta and potentially also between LCO and LLZ:Ta [21, 164, 169, 223].

Therefore, the recovery process could be considered as a process that partially reverses the
electrochemical driven Al~Co exchange and additionally leads to an accumulation of Al
within the LLZ:Ta in the composite cathode and by that to increased grain boundary conduction
between LLZ:Ta and potentially also between LCO and LLZ:Ta. The recovery process might

not retrieve the initial state but lead to a state with similar electrochemical performance.
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4.4. Polymer-ceramic composite cathode with enhanced storage capacity

4.4.1. Concept of polymer-ceramic all-solid-state Lithium battery

The electrochemical stability of ASSLBs is improved by the concept of polymer-ceramic
ASSLBs [115, 224]. A polymer-ceramic ASSLB combines the high electrochemical stability
of a polymer-based Li battery with the high safety level of an ASSLB.

A possible battery design for an LLZ:Ta based polymer-ceramic Li battery is a dense LLZ:Ta
framework on one side and a porous one on the other side (see Fig. 3.6) [115]. By this a similar
cathode design as presented in sections 4.1 to 4.3 is realized. This design is beneficial for
enhanced storage capacity (Fig. 4.29) and would still separate the polymer electrolyte from the
anode, guaranteeing the high safety level of solid-state Li batteries.

Commonly the polymer-ceramic ASSLBs are constructed based on a LLZ separator with a
dense and porous side that are manufactured by tape-casting [115, 224]. The tape-casting
process is not straight forward as it requires the preparation of a slurry with organic solvents.
Furthermore, the grain morphology has a major impact on the final LLZ microstructure [109,
169]. Afterwards, the tape-casted LLZ separator is conventionally sintered and grain growth
and loss of volatile elements, such as Li, occurs. The sintered LLZ separator is then infiltrated
by CAM solution [224]. After drying the CAM solution the polymer electrolyte is added.

In a powder-based process, co-sintering the CAM and LLZ simplifies the manufacturing.
Another advantage is that the porous LLZ framework is stabilized by the CAM which allows
to reduce the LLZ amount in the porous framework in order to achieve higher CAM loadings
[25]. However, the high sintering temperature and long dwell time for the sintering of garnet-
based LLZ electrolyte lead to reactions with CAMs and hamper the manufacturing of
composite cathodes [3].

A reduction in sintering temperature and dwell time can be achieved by advanced sintering
techniques, such as FAST/SPS (section 4.1.4). This shortens the required processing times due
to faster heating and an increased sintering rate and reduces the sintering temperatures. Due to
that less grain growth is observed (section 4.1.7.1), and the loss of volatile elements is reduced.
The porosity is tunable by the applied mechanical pressure during FAST/SPS (Fig. 4.9).
However, for low applied mechanical pressure during FAST/SPS the LLZ:Ta separator would
be porous and could lead to Li dendrite formation. In this case, either the composite cathode
has to be sintered on a dense LLZ:Ta separator or attached by polymer electrolyte on a dense
sintered LLZ:Ta separator. Here, the latter option was chosen and the polymer-ceramic ASSLB

is prepared by attaching the porous composite cathode with the help of the MEEP (poly[bis(2-
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(2-MethoxyEthoxy)Ethoxy)Phosphazene]) polymer onto a dense LLZ:Ta separator (Fig. 3.6).
The fully inorganic ASSLB is prepared as a half-cell with a porous LLZ:Ta separator, which

detrimental for cycling but allows to measure the total impedance.

4.4.1.1. Characterization of the polymer-ceramic ASSLB

EIS measurements have been performed for the polymer-ceramic ASSLB with a
LCO/LLZ:Ta composite cathode infiltrated by MEEP polymer and the impedance spectrum
was compared to the impedance spectrum of an all ceramic ASSLB with a porous LCO/LLZ:Ta
composite cathode (Fig. 4.57a). The density of the composite cathode was, in both cases,
approximately 80 %. Both EIS spectra have a high frequency intersection with the x-axis and
indicate one semicircle at the high frequencies and one at medium frequencies, and the low
frequencies Li-ion diffusion either in the anode and/or the Au layer (see section 4.2.1.2). The
EIS spectra were fitted with the equivalent circuit shown in Fig. 4.57b. However, it was not
possible to separate the LCO or LLZ:Ta interfaces with MEEP from the LLZ:Ta grain
boundary impedance, and the LCO/LLZ:Ta interface by the fitted capacities (Tab. 4.8).
Therefore, only the total impedance of the ceramic and polymer-ceramic ASSLB can be
compared.

The porosity in the LCO/LLZ:Ta composite cathode leads to a high total impedance
(Fig. 4.57), as for a similar dense composite cathode (shown in sections 4.1.9.2 and 4.2.1.2) a
significantly lower total impedance was observed. The same observation is achieved by
infiltration of MEEP polymer into the porous composite cathode, the total impedance of the
ASSLB was reduced from 1061 Q cm? to 344 Q cm?. This shows that the MEEP polymer was
successfully infiltrated into the pores of the composite cathode, and that the infiltrated MEEP

polymer can increase the total ionic conductivity in the composite cathode.
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Fig. 4.57. a) EIS spectra of the ASSLB with the porous composite cathode and with the MEEP
polymer infiltrated composite cathode after the first and fifth charge at 80 °C. b) The equivalent
circuit for fitting (L: inductor, R: ohmic resistor, and CPE: constant phase element).

Tab. 4.8. Fitting parameter for the fully inorganic and the polymer-ceramic ASSLB after the
first and fifth charge at 80 °C. The equivalent circuit is shown in Fig. 4.57b.

Sample fully inorganic polymer-ceramic  polymer-ceramic
ASSLB, 1% charge ASSLB, 1% charge ASSLB, 5" charge

Area (cm?) 1.13 1.13 1.13

L1 (H) 2.07E-06 7.49E-07 5.64E-07

R1 () 22.59 22.27 3243

CPE1L: Qo (Q!sm 1.34E-09 3.75E-11 1.21E-06

CPEl:n 1.00 0.91 0.47

C1 9.01E-10 4.70E-12 8.75E-12

R2 (Q) 114.1 30.60 51.17

CPE2: Qo (! sm) 1.23E-05 3.18E-06 3.91E-06

CPE2: n2 0.68 0.88 0.41

C2 4.90E-07 8.86E-07 1.12E-11

R3(Q) 925.20 292.30 979.6

CPE3: Qo (' s") 1.09E-4 4.44E-05 4.40E-07

CPE3: n3 0.61 0.63 0.0041

C3 2.06E-05 2.89E-06 3.79E-12

CPE4: Qo (' sM 1.07E-3 3.33E-03 4.15E-05

CPE4: n4 0.38 0.32 0.0068

The increased total ionic conductivity allows the electrochemical cycling of the polymer-
ceramic ASSLB (Fig. 4.58a), which was not possible for the porous fully inorganic one as the
potential immediately jumped to 3.4 V. This should be related to the thickness of the composite
cathode as Tsai et al. reported the functionality of a thin (30 um) porous (around 20 %)
LCO/LLZ:Ta composite cathode [18].

The MEEP polymer infiltrated porous composite cathode is able to provide a high initial
charge capacity of 3.4 mAh cm™ or 64 % LCO utilization, although the ASSLB was not fully

charged. The cut-off voltage was chosen as for porous LCO/LLZ:Ta composite cathodes
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fracturing of LCO/LLZ:Ta interface due to volume changes within the LCO (Fig. 4.58a) was
reported [62]. The first discharge shows a high capacity, which however, is much lower than
the initial charge capacity. Nevertheless, the achieved areal capacity is comparable to the dense
LCO/LLZ:Ta composite cathodes presented in sections 4.1.9.2 and 4.2.1.2 and higher than for
composite cathodes with similar configuration reported in the literature [18, 57].

The charge and discharge capacity decreases continuously, which is attributed to an increase
in total impedance and thereby the rapid potential increase during charge. Although, it is not
possible to separate all impedances (bulk and grain boundary of LLZ:Ta, and the LCO/LLZ:Ta,
LCO/MEEP polymer, and LLZ:Ta/MEEP polymer interfaces, Tab. 4.8), it can be estimated
that the majority of the impedance increase is due to the interfaces, as was reported in
sections 4.1.9.2 and 4.2.1.2. The bulk impedance of LLZ:Ta is stable within the measuring
inaccuracies and the grain boundary impedance is only slightly increased. A degradation of the
MEEP polymer can be excluded as it is reported to be stable vs LCO or LLZ:Ta at the used
potential window and temperature [225-229].

To get a more detailed understanding of the reason for the interfacial impedance increase,
the polymer-ceramic ASSLB was dismounted and characterized by SEM (Fig. 4.58b). The
SEM cross section shows homogeneously mixed LLZ:Ta and LCO grains coated with MEEP
polymer. However, the MEEP polymer only forms a thin layer around the LCO and LLZ:Ta
grains. Most of the pores remain open.

During the electrochemical cycling, cracks are formed and are clearly visible between LCO
and LLZ:Ta and also LCO grains. Within these cracks no MEEP polymer is detected. The
cracks must, therefore, have formed during the electrochemical cycling due to the volume
changes of LCO. As this leads to a loss of interface, the impedance increases, and the cell

capacity fades.
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Fig. 4.58. Charge and discharge of a hybrid ASSLB with a porous composite cathode
infiltrated with MEEP polymer in a). The cross-sectional SEM after electrochemical cycling
in b) shows the infiltration of the polymer into the pores but also lost contact between LCO
and LLZ:Ta areas.

Fig. 4.58b shows, the MEEP polymer infiltrated into the porous composite cathode is low.
The infiltrated amount of MEEP polymer is unknown. Hence, one possible solution to avoid
the cell degradation could be a higher infiltration of the composite cathode with MEEP
polymer. This would result in thicker polymer layer around the grains and ensure better Li-ion
conductivity. The higher polymer loading would also be able to “heal” the formed cracks. After
polymerization, the MEEP polymer is not fully solidified yet but hardens during
electrochemical cycling [134, 135]. During the first cycles, a high charge and discharge current
could be applied during the first cycle to break the weak LCO/LLZ:Ta, LCO/LCO, and
LLZ:Ta/LLZ:Ta grain boundaries intentionally. The viscous polymer might be able to diffuse
into these cracks and ensure an ionic conductivity, after which capacity fading might stop

For the optimization of the infiltration process it is relevant to find the most suitable porosity.
For example the composite cathode with only 5 % porosity did not show any infiltrated MEEP
polymer (Fig.4.59), as at such density levels usually only closed porosity is observed.
Therefore, the composite cathode would be a fully inorganic one and show the behavior as
described in section 4.2.1.

Furthermore, the viscosity of the polymer electrolyte solution is essential. Lower viscosity
might benefit the infiltration of the polymer into the pores. Additionally, applying vacuum

during the infiltration process could also be advisable.
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Fig. 4.59. A dense LCO/LLZ:Ta composite cathode with 5 % porosity does not show any
infiltrated MEEP polymer due to closed porosity. The LCO is in the darker areas and the LLZ:
Ta in lighter ones.

4.4.1.2.  Conclusion of the polymer-ceramic ASSLB concept

Porous LCO/LLZ:Ta composite cathodes can be manufactured by FAST/SPS (Fig. 4.9). The
developed FAST/SPS process offers the tailoring of the porosity up to 20 % of the composite
cathodes (Fig. 4.10) which can help the infiltration process with polymer to lower the total
impedance (Fig. 4.57) and offer the chance of high energy density in polymer-ceramic
ASSLBs. The polymer electrolyte loading could play a crucial role in maintaining the
electrochemical properties. The shown electrochemical data proves that garnet-based polymer-
ceramic ASSLBs can be successfully prepared with low total impedance (Fig. 4.57) and high
capacity (Fig. 4.58).

To further improve the electrochemical performance, the preparation process requires further
optimization. First, the pores have to be filled up completely with polymer electrolyte. Second,
the pores and the pore network have to be optimized. This is possible via a higher porosity or
by designed pore structures. Third, the polymer is known to be viscous within the first cycles
and can potentially heal a fractured LCO/LLZ:Ta interface. The fracturing of weak interfaces
should be initiated by higher currents in the first cycles. The rather viscous polymer infiltrates

into the cracks and “heal” them by forming new electrochemically conductive contacts.
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5.Summary and Conclusion

Until now, the development of garnet LLZ-based ASSLBs was hampered by integration
problems in electrochemical cells. Preliminary material characterization revealed that LCO and
LLZ:Ta are the most suitable CAM/solid electrolyte combination. Based on a high-pressure
assisted FAST/SPS process, a dense composite cathode with clean interfaces and without
sintering aids was prepared. After a subsequent annealing process, the interface was
crystallized and had low impedance.

ASSLBs based on such a composite cathode showed a very high areal capacity of more than
4 mA h cm? and a high LCO utilization in the first discharge which proves that a true working
bulk composite cathode was prepared. However, the stability of the electrochemical
performance still needs to be optimized. An increase in LCO/LLZ:Ta interfacial impedance
within a few cycles leads to a rapid capacity fading. A thorough structural characterization of
the cycled composite cathode exposed that the interface contact is unbroken, and cracking can
be excluded as cause of the degradation. However, the interface appeared to have formed a
third phase between LCO and LLZ:Ta after cycling. This was linked to an elemental exchange
of Al- and Co-ions. The Al-ion diffusion from LLZ:Ta into LCO is most likely negligible for
the electrochemical performance. But the Co-ions replacing the Al-ions in LLZ:Ta can lead to
the formation of less conductive LLZ:Ta phases. The electrochemically active Co-ions can be
reduced and the accumulation of Li-ions to keep the charge balance, can lead to stresses within
the LLZ:Ta and cause a disordered lattice. Disordered LLZ:Ta has a significantly reduced Li-
ion conductivity and in combination with Co substituted LLZ:Ta provides an excellent
explanation for the rapid increase in interfacial impedance and drop in cycle capacity. The

whole process is visualized in Fig. 5.1.
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LLZ

Interface area

Fig. 5.1. Visualization of the Al-Co exchange during electrochemical cycling.

Thermodynamic simulation exposed the newly formed Co substituted and potentially Li rich
LLZ:Ta phase to be less thermodynamically favorable than the pure phased LLZ:Ta. After
cycling the composite cathode was extracted from the cell and heat treated to recover the initial
phases. The electrochemical performance of the recovered composite cathode is comparable
with the as prepared composite cathode. Based on the thermodynamic simulation it is clear that
the degradation process is reversible and that potentially an electrochemically induced Al<Co
exchange, causing disordering of the LLZ:Ta leads to the fading electrochemical performance.

In order to overcome the presented limitations, initial experiments on an alternative polymer-

ceramic (solid and polymer electrolyte) ASSLB have been started.
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6. Outlook

Future work should focus on finding more suitable CAM and solid electrolyte combinations
to increase and obtain more reliable battery performance. As the degradation process is linked
to the Al<Co exchange, a suitable CAM might be Co-free. Co-free CAM are already in the
focus of researchers [87, 88], and if the thermal stability is high enough, such Co-free CAMs
could replace LCO and thus eliminate the degradation based on Al<Co exchange. Also,
operando analysis during electrochemical characterization could provide a more detailed
insight into the degradation process and if it occurs during charge or discharge and at which
potential the degradation is initiated.

The new developed Ultra-fast High-temperature Sintering (UHS) method is a promising
alternative to the presented FAST/SPS processing [230, 231]. UHS allows the high
densification and sintering within seconds and can enable CAM/solid electrolyte combinations
which were unsuitable so far and pave the way for a completely new generation of composite
cathodes.

Potentially, it can also be of relevance to focus on different solid electrolytes for the cathode
side. LLZ, while being one of the most relevant ceramic based solid electrolytes, could be
replaced to simplify the processing. LiisAlo.sTii.5(PO4); (LATP) has similar properties than
LLZ and could be a suitable candidate if the side reactions of LATP and CAMs are
circumvented [232, 233].

Furthermore, the new battery concept described in section 4.4 could open new opportunities
for garnet LLZ-based ASSLBs. Optimization of the solid/polymer interface for the polymer-
ceramic ASSLB might help overcome the Al-Co exchange-based degradation mechanism by
providing alternative stress absorption pathways, and utilize the beneficial electrochemical
properties of the polymer electrolyte for high performance polymer-ceramic ASSLBs. Also,
an optimization of the infiltration process and the mixing ratio, as well as the porosity in the
composite cathode can enhance the electrochemical cycling stability and the increase the full

cell capacity.
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