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Abstract

All-Solid-State Batteries (ASSB) are considered to be one of the most promising future battery
technologies due to the prospect of increased safety and energy density. ASSB can be categorized into
three main classes: Polymers, Sulfides and Oxides, which are the focus of this work. Ceramic oxides,
among others, are suitable to replace current liquid electrolytes of Lithium-ion batteries (LIBs), with the
advantage of being the only solid electrolyte (Li;La3;Zr,012, LLZO) that is stable to Li metal. Li metal
as an anode material provides a higher energy density in the battery and can overcome the foreseeable
limits of liquid electrolytes. In addition, ceramic oxide solid electrolytes increase safety due to the high
thermal stability of ceramic materials. Disadvantages of LLZO are the high processing cost and energy
requirements, leading to high embodied energy due to the multiple long calcination times at high
temperatures. Also, LLZO production requires raw materials beyond Li, Co, Ni and Mn, which are well-
known from the cathode materials in LIBs. Notably, Ta, and Ga are listed as critical raw materials. This
is one of the main reasons why recycling is important for both current LIBs and future ASSB batteries.
The current EU directive requires a recycling rate of 70% of complete batteries in 2030, while individual
materials such as Co, Ni, should have recycling rates of up to 90%. In the present work, a cost- and
energy-efficient direct recycling route for LLZO components is developed via re-lithiation of LLZO
waste materials by adding a Li source during heat treatment. Abnormal grain growth as a possible result
of sintering LLZO tapes under Li excess is analyzed, and the responsible mechanism is investigated and
explained. It is demonstrated successfully that sintering with LioCO; is able to re-lithiate degraded
LLZO: Similar behavior to freshly synthesized LLZO separator material is observed, while the critical
current density (CCD) is even increased to 0.75 mA cm 2, exceeding the recently reported values for
tapes made from freshly synthesized LLZO powder in a comparable process. This re-lithiation route
therefore represents the first successful approach to a direct recycling of LLZO components, able to save
time and cost as well as to preserve the embodied energy in the LLZO.

The second part of the thesis addresses the high process cost and energy consumption of LLZO
synthesis. Here, a new process route is developed, where tape casting of precursors powder of LLZO
leads to the formation of LLZO in-situ during the sintering step. The application of this process onto
both the separator and the composite cathode, a special designed cathode for example for oxide-solid-
state batteries, is then evaluated. The composite cathode with LCO-LLZO shows highly promising
behavior as the Co-ion diffusion, a disadvantage of co-sintering of already pre-synthesized LLZO
powder mixtures, that is very hard to avoid, is suppressed in this new process. Although Al-ion diffusion
still occurs, the general properties of the composite cathodes, such as density and flatness are very
promising. For the LLZO separator, Ta doping and Ga doping with the new process route were
investigated. Both result in a low-density tape, however, density can be tuned by adding pre-synthesized

LLZO particles to the slurry. These findings can hence be used as well to create a porous-dense-porous
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LLZO layer with the new process, as the porous LLZO framework represents an interesting approach
for zero-strain electrode layers. Finally, a recycled precursor material is used in the new process, which
shows first good results for an LLZO separator tape. This suggests that the new process is applicable
also for recycled raw material, although further process fine-tuning is required. As a result, the overall
process time is reduced by 65%, while individual steps are reduced by more than 98%. This translates
into a reduction of the overall throughput time from 40 hours oven time at the highest temperature (with
sintering 45 hours (LLZO) or 42 hours (LCO-LLZO)) to only 5 hours (LLZO) or 2 hours (LCO-LLZO)
at the highest temperature, a significant advantage for industrial upscaling. Also, energy input is
considerably reduced as the majority of the energy-intensive heat treatment steps are saved (80%). This

reduction in time and energy demand ultimately reduces the production cost of LLZO.



Kurzfassung

Festkorperbatterien gehdren zu den vielversprechendsten zukiinftigen Batterietechnologien, da sie im
Vergleich zu anderen Technologien eine hohere Sicherheit und Energiedichte aufweisen.
Festkorperbatterien konnen in drei Kategorien unterteilt werden: Polymere, Sulfide und Oxide, wobei
die vorliegende Arbeit auf letztere fokussiert. Keramische Oxide eignen sich insbesondere, um den
Flissigelektrolyten aus Lithium-lonen-Sekundérbatterien (LIBs) zu ersetzen. Ein Vorteil davon ist, dass
LisLas3Zr;012 (LLZO) als einziger Festelektrolyt gegeniiber Lithium-Metall stabil ist. Ein Einsatz von
Li-Metall mit einer hoheren Energiedichte als Anode erméglicht eine Substitution Li-Ionen-
Sekundaérbatterien, die absehbar an ihre Grenzen kommen werden. Zudem weisen keramische, oxidische
Festelektrolyte eine hohe thermische Stabilitdt auf, wodurch die Sicherheit der Batterie erhoht wird.
Allerdings sind LLZO mit hohen Prozesskosten und einem hohen Energieverbrauch durch mehrere,
lange Kalzinierschritte bei hohen Temperaturen verbunden. Des Weiteren erfordert die Produktion von
LLZO die Verwendung zuséitzlicher Rohmaterialien iiber die Materialien Li, Co, Ni und Mn hinaus, die
bereits durch ihren Einsatz in Kathoden in LIBs bekannt sind. Zusétzlich werden Ta und Ga als kritische
Rohmaterialien eingestuft. Dies ist einer der Hauptgriinde, sich mit Recycling zu beschiftigen, sowohl
fiir LIBs als auch fiir Festkorperbatterien. Die aktuellen Richtlinien der EU besagen, dass Batterien bis
zum Jahr 2030 zu mindestens 70 % recycelt werden sollen, wihrend einzelne Materialien wie Co und
Ni Recyclingraten von 90 % aufweisen miissen. Im Rahmen dieser Arbeit wurde deshalb eine kosten-
und energieeffiziente direkte Recyclingroute fiir LLZO-Batteriekomponenten entwickelt. Hierbei wurde
LLZO-Prozessabfall durch einen Lithiierungsschritt, der wihrend des Sinterns zusammen mit einer Li-
Quelle erfolgt, recycelt. Anormales Kornwachstum kann wéhrend des Sinterns von LLZO-Folien durch
die zusdtzliche Li-Quelle auftreten. Der zugrundeliegende Mechanismus wurde in diesem
Zusammenhang analysiert und beschrieben. Des Weiteren konnte erfolgreich demonstriert werden, dass
die Zugabe von Li,CO;3 wihrend des Sinterns ein Re-lithiieren von LLZO ermdglicht. Die LLZO-
Separator-Folien aus recyceltem Material wiesen ein dhnliches Verhalten auf wie die Folien aus frisch
synthetisiertem LLZO, wobei eine kritische Stromdichte (engl. critical current density CCD) von
0,75 mA cm? festgestellt wurde, die sogar hoher ist als die verdffentlichten Werte aus frisch
synthetisiertem LLZO-Pulver und einem &hnlichen Prozess. Der Re-Lithierungsprozess stellt eine
erfolgreiche Methode dar fiir das direkte Recycling von LLZO-Batteriekomponenten, wodurch Zeit und
Kosten eingespart werden konnen. Zudem geht die gespeicherte Energie in LLZO nicht verloren.

Der zweite Teil der Arbeit befasst sich mit den hohen Prozesskosten und dem hohen Energieverbrauch
der LLZO-Synthese. Ein neuer Prozess wurde entwickelt, in dem Edukte in Pulverform im Folienguss
genutzt werden, um danach wéhrend des Sinterns in-situ LLZO herzustellen. Der Prozess wird sowohl
in Separatoren als auch in Kompositkathoden getestet, eine spezielle Art Kathode fiir Oxid-
Festkorperbatterien. Im Rahmen des Prozesses wird die Co-lonen-Diffusion in LCO-LLZO
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Kompositkathoden erfolgreich unterdriickt, welche sonst einen groflen Nachteil fiir zusammen
gesinterte Kompositkathoden aus fertig synthetisiertem LLZO-Pulver darstellt. Dennoch lésst sich eine
Al-Ionen-Diffusion beobachten, andere Eigenschaften der Kompositkathode wie Dichte und Flachheit
der Folie iiberzeugen jedoch. Im Rahmen des neuen Prozesses wurden Untersuchungen zu Ta- und Ga-
Dotierungen bei LLZO-Separatoren durchgefiihrt. Beide Dotierungen resultieren in Folien mit geringer
Dichte, wobei eine Beeinflussung der Dichte durch vor-synthetisierte LLZO-Partikel méglich ist. Die
Resultate legen nahe, dass auch pords-dicht-pordse LLZO-Folien mit dem neuen Prozess hergestellt
werden kdnnen, wobei das pordse LLZO-Geriist ein vielversprechendes Ergebnis zur Vermeidung von
internen Spannungen in Elektrodenschichten sein konnte. Schlielich werden auch recycelte Edukte im
neuen Prozess eingesetzt, die erste vielversprechende Ergebnisse fiir LLZO-Folien zeigen. Der neue
Prozess ist demnach auch fiir recyceltes Material anwendbar, wobei jedoch noch eine Optimierung
erforderlich ist. Ein Ergebnis aus dem neuen Prozess ist eine eingesparte Prozesszeit von 65 %, wahrend
einzelne Schritte sogar 98 % Zeit einsparen. Dies impliziert eine Reduktion der Ofenzeit bei
Hochtemperatur-Prozesschritte (inklusive Sintern) von 45 Stunden (LLZO) bzw. 42 Stunden (LCO-
LLZO) auf 5 Stunden (LLZO) bzw. 2 Stunden (LCO-LLZO) und stellt einen signifikanten Vorteil fiir
Industrien dar. Infolgedessen wird auch der Energieverbrauch erheblich reduziert, da der GrofSiteil (80%)
der energieintensiven Hochtemperaturschritte eingespart wird. Letztendlich fithrt diese Reduktion von
Zeit und Energieaufwand zu einer Reduktion der Herstellungskosten von LLZO.
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1 Introduction

With the Paris Agreement in 2015!, where nations declared to substantially reduce global greenhouse
gas emissions, the public awareness for the transition to a more sustainable energy system increased and
it became a field of action for governments around the world. For the first time, this agreement outlined
clear and tangible goals and parameters for a global energy transition. First effects of this push to a more
sustainable energy system, among others, are for example the increasing numbers of electric vehicle car
sales.> Along with the increasing demand for electric vehicles comes an increasing demand for battery
production. The International Energy Agency (IEA) stated in their “World Energy Outlook Special
Report 20247, that the level of battery manufacturing capacity tripled in the past four years (until 2023),
and with already 70% of them having reached final investment decision, they would be able to produce
8 TWh of battery capacity per year by 2030.> Whilst conventional Li-lon batteries (LIBs) are still
improved in terms of performance and production costs, they are projected to reach their energy density
limits within the foreseeable future.* Additionally, safety aspects must be addressed, as the few large
fire incidents related to Li-ion batteries are drawing large media coverage and public attention. To
improve both aspects, All-Solid-State Batteries (ASSBs) are a promising new concept, especially when
the use of solid electrolytes enable Li-metal as anode to improve energy density. Whilst Li-metal in
conventional Li-ion batteries has severe safety risks, especially oxide-ceramic electrolytes have the
potential to significantly increase the safety of Li-metal based cells. Particularly the garnet type
LisLasZr;012 (LLZO) is intrinsically safe as it is the only solid electrolyte material chemically stable
towards Li metal. However, one of the major challenges of future oxide battery systems is the high
processing cost and energy demand of oxide ceramics. It is therefore necessary to develop new
processing routes with minimized energy input and processing time to foster broad industrial

implementation.

This increasing demand for batteries in turn increases the demand for battery raw materials. The list of
critical raw materials displays several chemical elements which are essential for the use of commercial
Li-Ion batteries but also in future battery technologies, such as cobalt, gallium, tantalum, and lithium.®
In reaction to the criticality of the raw materials, the EU specified requirements for their recycling in the
EU recycling Directive from 2023%: Recycling efficiencies for lithium-based batteries are required to
reach 65% by 2025 (70% by 2030) and material recovery targets are at 90% for cobalt, copper, lead and
nickel and 35% for lithium by end of 2025. Furthermore, the use of recycled materials in new batteries
is now enforced with a minimum percentage of 16% for cobalt, 85% for lead, 6% for lithium and 6%
for nickel from 2031 on.® Both points make clear that a successful recycling strategy needs to be
evaluated also for new technologies to reach the clear goals set for 2030. Already established industrial
recycling at Umicore or ACCUREC uses different recycling approaches for LIBs, such as mechanical,
pyrometallurgical or hydrometallurgical routes.” During battery recycling, additional risks are
associated with the application of high energy density batteries and especially Li-metal anodes, such as
thermal runaway during cell disassembly. Even though thermal runaway risks are reduced for ASSBs,
recycling processes are not yet established due to the large amounts of cell concepts and materials.
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LLZO for example has a lot of valuable materials such as La, Zr, Ta, and Ga to recycle®, but processing
is cost-and energy-intensive. In particular, the embodied energy of sintered oxide ceramics is high and
research needs to find recycling strategies towards a direct recycling that allows to refurbish the waste
material to minimize re-synthesis and re-processing cost of various battery components.®!?

The work presented here addresses strategies for both, reducing the high energy demand and production
costs as well as recycling of oxide-ceramic based ASSBs. An investigation of a direct recycling of solid
electrolyte LLZO process waste material is performed and furthermore an alternative to the energy- and
time-intensive LLZO synthesis is suggested: a simple, fast and energy-efficient one-step in-situ LLZO

formation process.
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The Global report by IEA has highlighted the growing demand for LIBs in the automotive sector.? In
2023, the demand increased to 750 GWh, a rise by 40% compared to 2022. The main factor for this
increase is the growth of electric passenger car sales.> With these numbers in mind, it is important to
look at advanced battery development to meet the needs of the market and develop more sustainable
and safe high-energy batteries. With the increase in battery production, different battery materials are

further expected to become a bottleneck and may even become or are already critical resources.

The present chapter will therefore provide background information about the current and future state of
battery technology and its recycling. In the following three subchapters, first Li-ion batteries and their
working principle will be summarized; then ASSBs as a promising alternative to LIBs will be introduced

and last current recycling strategies will be presented.

2.1 Current status of Li-Ion Batteries

LIBs are the commercially available secondary batteries that are most commonly used in today’s
portable electronic devices and electric and hybrid electric vehicles.!> In response to increasingly
competitive demand, car manufacturers, battery manufacturers and investors are exploring new

opportunities in mining of critical raw materials, but also in new developments in battery technology.'4
2.1.1 Operation principle of a battery

A battery is an energy storage device and should provide high energy storage density, low environmental
impact and high safety. Although there are different types of batteries, such as irreversible redox
batteries (primary batteries) like commercial Zn or Li-lon batteries, only rechargeable batteries
(secondary batteries) will be considered in this work.!> In secondary batteries, such as LIBs, the redox
reaction is reversible and a cell can be charged and discharged several times. Once the battery reaches

its end of life it should then either be recycled or used for a second life application. LIBs which shall be
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discussed in the following as the most important current battery type, belong to the secondary batteries.
Their working principle and the reversible redox reduction behind it will be summarized below.

Within the scope of this work, a battery is defined at cell level design to eliminate the influence of
different packaging, cell-housings and multi-stacks that play a role in most market-ready battery
applications. At cell level, a battery consists of current collectors, two electrodes, one positive and one
negative, a separator and an electrolyte. An electrochemical redox reaction resembles the basic principle
of batteries, where the mobile ion (in this case Li") is oxidized at the anode (negative electrode) and
reduced at the cathode (positive electrode) of lower electrochemical potential. During discharge,
oxidation occurs at the negative electrode (anode) and reduction occurs at the positive electrode
(cathode). The electrons e move from the negative electrode to the positive electrode, resulting in an
electrical current /. Ion movement is opposed to electron movement. During charging, the
electrochemistry is reversed, which can be achieved by applying an external voltage. During charging
and discharging, the charge carriers, in this case Li ions, are transported in the liquid electrolyte. The
principle of a Li ion battery is shown in Figure 2.1.1.16
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Figure 2.1.1: Working principle of a commercial Li-lon Battery during charge and discharge. Reprinted (adapted)
with permission from 7. Copyright 2024 American Chemical Society.

The first commercial LIB was developed by Sony in 1991 and the idea is still used in commercial LIBs
to date.'® The following cell structure is used up to date: Graphite is used as anode material, a system
of polyvinylidene fluoride (PVDF) with lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) or
lithiumhexafluorophosphate (LiPFe) in ethylene carbonate (EC) and dimethyl carbonate (DMC)! as
liquid electrolyte and LiCoO, (LCO) as cathode material. The anode and cathode redox reactions during

discharge are shown below on the graphite and LCO materials'®:

x LiCg = Li;_,Cs +x Lit +xe” Eq. 2.1

Li;_C00, + x Li* + x e~ = LiCo0, Eq. 2.2



2.1.2 Challenges in Li-lon Batteries

Although LIBs reach energy densities of up to 770 W h L™ and 260 W h kg™, they might soon reach
their potential limit.? To further expand these limits, battery research has to explore new anode and
cathode materials or completely new battery concepts to match the demand for increased energy
densities. One option to increase energy density in a LIB is a change in the anode and cathode concept,
for example using Si or Li as anode and LiFePO4 (LFP) or Li[Nii xyCoxMny]O2 (NCM) as the cathode
material.?! Nanostructured silicon has a theoretical-specific capacity of 4200 mAh g™!' 2. Dahn et al.
explored composites of C/Si to improve performance.” Deng et al. studied nanostructures based on iron
and copper, which have a higher capacity as graphite.?*?> On the cathode site, LCO and LFP are
commonly used due to their high cycle life (>500 cycles), although LFP has a poor electronic and ionic
conductivity compared to LCO, besides its cheap materials.?® A feature that all commercially available
LIBs have in common is the use of a liquid organic electrolyte. Its low flash point around 150 °C sparked
widespread criticism about its flammability, especially against the news coverage of large fires related
to LIBs.*

2.2 Current development of All-Solid-State Batteries

In the present sub chapter, the evolution from LIBs to a new battery concept, called All-Solid-State
Batteries will be introduced in more detail, including the structure of ASSBs and the material candidates
that may be used for the respective components. Starting with the advantages of ASSBs over LIBs and
the material requirements for ASSBs, the following will then address the solid electrolyte and LLZO as
a promising option with its synthesis and challenges next, before moving on to the cathode material with

a focus on LCO and composite cathodes.

2.2.1 From Li-Ion batteries to All-Solid-State Batteries

Previous research has suggested Li metal as an anode, as it is one of the most promising materials due
to its very high capacity (3,860 mA h g'!) and very low standard negative electrochemical potential
(=3.040 V).?’ Changing the anode to a higher capacity material, especially in the case of Li metal, will
require higher safety requirements to be met though. The main problem with Li metal anodes in the past
was the instability of the electrolyte, leading to a decomposition and the growth of Li dendrites causing
a short circuit, ultimately leading to temperature spikes inducing a thermal runaway and therefore
increasing the safety hazards.'® With this safety aspect in mind, anode material had been changed to the
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much safer graphite material in LIBs. Today, researchers have come up with a different concept to make
use of the significant advantages of Li metal anodes: The main idea is to replace the liquid electrolyte
by a solid electrolyte. These so-called All-Solid-State Batteries (ASSBs) are predicted by the automotive
industry to be already in use in cars by 2025.% The solid electrolyte is supposed to be less inflammable,
decreasing the safety risk, even when using a Li metal anode. The use of Li metal as anode material and
the solid electrolyte material itself increase the volumetric and gravimetric energy density by up to 50%
(80%) compared to liquid LIBs*7!, promising huge advantages of ASSB over current battery
technologies. There are various approaches using solid electrolytes, with two main groups: Inorganic
solids (crystalline, glass or glass-ceramic) and organic solid polymers, which will be presented in sub
chapter 2.2.3. In addition, the dispersion of nanoparticles (solid) in liquids is referred to as a semi-solid
electrolyte.*

2.2.2 Design of All-Solid-State Batteries

Building upon the idea of a solid electrolyte developed in the above section, a possible structure of a
solid-state oxide-based battery is shown in Figure 2.2.1. Cu and Al layers as current collectors are fixed
onto the anode and cathode outsides respectively. The anode consists of pure metallic Li, and is
electrically separated from the cathode by LisLa;Zr,O12 (LLZO), a highly researched solid electrolyte,
which can work as separator for solid-state batteries. The separator thickness is only 10 um in this case
to increase the gravimetric density of the cell, as its only function is to separate the electrodes. As
cathode material, a combination of the active material e.g. LCO and a solid electrolyte are shown as an
example here, called mixed cathode or composite cathode. The interfaces between the respective layers
are of particular importance in ASSBs: On the one hand, geometric contact of 2 rigid bodies represents

a technical challenge by itself, on the other hand also the chemical stability must be ensured.

Cu-current collector 10 um

Li-anode 5um
LLZO-seperator 10 ym
mixed cathode 150 pm
Al-current collector 10 um

Figure 2.2.1: Possible structure of an All-Solid-State battery from top to bottom with a metallic Li anode, a solid
electrolyte and a cathode material adapted from 32 is licensed under CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/).

The solid electrolytes that replace the previously used liquid electrolytes are expected to suppress
dendrite growth (a high safety risk in LIBs*®) and low coulombic efficiency on the Li anode side.?343

On the other hand, low separator thickness is preferable as thicker separator layers decrease the



gravimetric density. To prevent Li penetrating through the separator whilst minimizing layer thickness,
high homogeneity, and mechanical rigidity of the solid electrolyte material is required. Lastly, the layer
thickness and mechanical stability also has impact on the processability of the materials which is a
precondition for industrial application. The requirements of a solid electrolyte in contrast to LIBs are
(1) chemical stability to electrodes, (2) low interfacial resistance of the solid electrolyte-electrode
interface (3) easy processability and (4) low thickness in an application as separator.

2.2.3 The solid electrolyte

As introduced in section 2.2.2, solid electrolytes in an ASSB need to fulfill a range of requirements
which can be achieved with different types of materials. The first sub section will therefore present the
available solid electrolyte material choices before moving on to LLZO as the material of interest in the
present work. Its structure, dopants and synthesis will be explained in detail before outlining the

challenges related to the use of LLZO as a separator in ASSBs.
Material options for solid electrolytes

The change from liquid electrolytes to solid electrolytes gives room for new materials of two different
classes: inorganic solids, such as sulfides and oxides, while solid organic materials are usually polymers.
Each class has its own advantages and disadvantages.’® A wide variety exists also among the inorganic
solid electrolytes, for example various oxide solid electrolytes such as garnet’’ %, NASICON*,
perovskite*!, and anti-perovskite*> have been intensively investigated.’® Research is also focusing on
hybrid solutions either by adding a liquid electrolyte (most commonly only a few drops) to the cell or
by combining two solid electrolytes (most commonly a polymer with one of the two others).*® The spider
diagram in Figure 2.2.2 summarizes the advantages and disadvantages of each group and will be
discussed in more detail below. The hybrid concept, which combines a polymer and an inorganic
fraction, shows an overall good performance in each category. In the following section, a short overview
of polymers, oxides and sulfides will be introduced, as the building blocks of an ASSB cell.
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Figure 2.2.2: a) Spider diagram of oxides, sulfide and polymers and their corresponding advantages and
disadvantages, adapted from reference *, used with permission of Royal Society of Chemistry, from 3¢, 2024;
permission conveyed through Copyright Clearance Center, Inc. and b) different electrolyte materials with its ionic
conductivity, adapted from reference * reproduced with permission of SNCSC.

The key property for a solid electrolyte is its ionic conductivity: The higher the ionic conductivity in the
solid electrolyte, the better. At room temperature, the ionic conductivity continuously increases from
polymers (especially without ionic salt additive) over oxides to sulfides, leading to a high ionic
conductivity of 12 mS cm™ for some materials.**~* The ionic conductivity as a function of temperature
is given in Figure 2.2.2 for various solid electrolyte materials.* Another important factor for a battery
component is chemical stability. In this respect, sulfides are the worst performers, wherereas the
chemical stability of polymers and oxides is higher.* For example, LLZO as an oxide material is stable

against Li metal *

a major advantage over the other materials due to the previously mentioned excellent
performance of Li metal in terms of capacity and electrochemical potential. On the contrary, sulfides
show a chemical reaction with water in the air, forming the toxic H,S gas.**” The processing costs of
oxides are quite high though, due to the high energy required during the processes, whereas sulfides and
even more so polymers have a better processability.’® Thermal stability, however, is high for oxides:
synthesis temperatures above 1000 °C mean that the material is also stable at such temperatures. Sulfides
have a slightly lower thermal stability, whilst most polymers already degrade at temperatures above
300 °C.’¢ Finally, the interfacial contact is high for polymers, medium for sulfides and low for oxides,
due to the solid structure of oxides or ceramics, while polymers are more soft.*** Summarizing all
parameters per each material class, one can state that sulfides have a high ionic conductivity but low
chemical stability, examples are Li;0GeP2S2 or Li;P3S;1. Polymers have low ionic conductivity at room
temperature but high processability and interfacial contact, e.g. poly-ehtylene-oxide P(EO);,-LiTFSI,
where LiTFSI enhances the ionic conductivity, and oxides have high chemical and thermal stability but
high processing costs, e.g. LLZO or Liz 5Zno.25GeO4. This thesis will focus on oxide materials for a more
detailed analysis. Polymers and sulfides will not be discussed in detail except for some recycling
approaches focusing on each technology.

One of the main reasons for the use of solid electrolytes, apart from safety, is to increase the energy
density. Some of the solid electrolytes have the advantage of enabling a high voltage cathode, increasing
the operating voltage to 5 V increasing the energy density. In addition, an even higher energy density

can be achieved using Li metal as an anode material. Another central performance feature of a future



battery is how quickly it can release its stored energy, the so-called power density. Rapid charging and
discharging in a battery requires high currents, which could lead to thermal hotspots, a risk in LIBs but
not in future solid-state batteries due to their higher thermal stability.* A reasonably high ionic
conductivity in the solid electrolyte is still required to meet the requirements of thick cathodes.*® The
bottleneck of a high-power density cell is the solid electrolyte/electrode interface, which will be
discussed later in section 2.2.4. LLZO is one of the promising materials, which fulfil all requirements
mentioned above. It has a sufficient high ionic conductivity, especially for a ceramic material, and a
high thermal stability. In addition, it is chemically stable against Li metal, although current challenges
of Li dendrite growth, high processing costs and high energy requirements are still to overcome. Due to

these promising properties, LLZO will be the focus of all following analyses.
Structure of LLZO

The garnet-type structure LisLasZrO12 (LLZO) as selected solid electrolyte in this work was first
synthesized in 2007 by Murugan et al., and was then very quickly implemented in battery systems.*’
There are two different crystal structures in LLZO, a tetragonal structure which is stable at room
temperature and changes to a cubic structure at 645 °C.>° LLZO is found in a garnet-like structure
consisting of 8-fold coordinated LaOg dodecahedra (24c), 6-fold coordinated ZrOs octahedra (16a) and
Liions. These Li ions partially occupy tetrahedral sites LiO4 (24d) and octahedral sites LiOg (48g or off-
centered 96h).>">? Placing both in a loop creates a three-dimensional network of lithium diffusion
paths.3? It has been found that the octahedrally coordinated Li ions are mobile, while Li ions on
tetrahedral sites appear to be immobile.** With increasing number of Li ions depending on the amount
of Li in the LLZO, the Li-Li repulsive interaction destabilizes the octahedral sites and increases the
mobility of the Li ions.>* This can be seen in the ionic conductivity of the two structures, which differ
by two orders of magnitude, with an ionic conductivity of 10® S cm™ for the tetragonal structure and
10 S cm! for the cubic structure at room temperature without any dopants. This value is promising,
although other solid electrolytes may have even higher conductivities.>¢ A garnet-type structure of
LLZO is depicted in Figure 2.2.3.

.P' P

°
Li(3)0s

Figure 2.2.3: LLZO crystal structure in a garnet-like structure reprinted from 57 with permission from Elsevier.
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Modifying the ionic conductivity with dopants in LLZO

LLZO in its cubic structure has a promising ionic conductivity already in its pristine form, but can be
further modified by various dopants which shall be discussed in the following section.

Even the first LLZO synthesis had an unintentional and therefore unknown doping with Al ions, due to
sintering in commonly used alumina crucibles, which stabilizes the cubic structure at room
temperature.®*° There are three different sites, where dopants can be located, the Li site, the La site and
the Zr site. Al ions are known to occupy the Li site leading to a typical ionic conductivity of
2%10* S cm™.®* Another typical dopant for Li sites are Ga ions, which further increase the ionic
conductivty to 2x1073 S cm™, still stabilizing the cubic structure at room temperature.®' %% A third, less
commonly used dopant would be Fe ions, but this has not been extensively researched.®® A major
disadvantage of Ga doping, which leads to a high ionic conductivity compared to the other dopants, is
its instability towards metallic Li.*! Metallic Li for anodes is one of the reasons for exploring solid oxide
electrolytes, as it increases the energy density in batteries due to its high specific capacity and low
electrochemical potential compared to conventional anode materials.?”*” Besides the Li site also the Zr
site in LLZO can be doped to achieve high ionic conductivity with any of the following dopants: Ta, Sc,
Nb, Y, W, Gd, Mo, Sb, and Te.*** In this work only Ta doped LLZO is analyzed as it has a promising
high ionic conductivity of 110~ S cm™.%° The other mentioned dopants have ionic conductivities that
can be as high as the Ta dopant of 2x1073 S cm .55 Doping La sites is also possible but not evaluated in
this work. Typical dopants on the La sites are Rb, Ba, Ca, Ce and Nd. Co-doped LLZO with Ca and Nb
for example reaches an ionic conductivity of 9.5x107* S cm™.7°

Whilst multiple dopants exist for LLZO, this work will focus on the following three dopants: Al, Ga,
and Ta. Here, Al and Ta are also used as co-dopants in LLZO, which allows to stabilize the cubic

structure at room temperature and increases the ionic conductivity.
Synthesis of LLZO

After determining the dopants of the LLZO which are used in the following work, it is necessary to
evaluate how LLZO is synthesized and further processed. For high-quality LLZO separators, thin, flat

and dense layers need to be produced.

To manufacture a final battery component, a powder synthesis, a shaping and a final sintering step are
usually required. There are several approaches to synthesize LLZO, most commonly as powder.
Depending on the subsequent process to shape the battery components, synthesis varies between a solid-
state reaction or wet chemical technique.*® A solid-state reaction (SSR) involves a chemical reaction
from simple oxides to complex oxides or other materials.” It allows the preparation of large volume
batches.”! Usually, the process requires long calcination times at high temperatures of 900 °C or more,
as well as several milling steps to increase homogeneity and reduce particle size as smaller particles are
more reactive.”! These steps not only add time but also increase energy consumption of the whole
process.’>”3 Ball milling of the mixed oxide precursor materials is generally used to obtain fine particles
with homogeneous elemental distribution, required for high-quality LLZO. Another synthesis approach
besides a solid-state reaction would be a sol-gel process, which requires at least 500 °C as calcination
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time after sol-gel synthesis to produce cubic LLZO powder.”>™ In addition to sol-gel processes, LLZO
can also be synthesized by flame-spray pyrolysis.”>’® Sol-gel synthesis, spray pyrolysis, co-
precipitation, and solid-state reaction all showed successful LLZO formation, although ionic
conductivities vary.”>”"8 The precursor selection depends on the synthesis process and may vary even

between similar processes.

An understanding of the formation of LLZO is furthermore a prerequisite to follow the experimental
route that is presented in this work. Depending on the precursors, the synthesis route and the doping of
the LLZO, the formation of the intermediate phases differs. With oxide precursors, intermediates are
already formed at low temperatures, such as La,0,COs at 200 °C¥ and La,Zr,O7 above 400 °C%. At
higher temperatures, the precursors, such as La;O3, ZrO and Li,COj; coexist with the intermediates until
LLZO is formed.® The temperature at which LLZO forms varies, but is usually around 700 °C to
800 °C. When Li,CO;3 is used as a precursor, its melting point (713 °C) leads to a decrease of La,O3 and
ZrO;, and an increase of the La>,Zr,O- phase, therefore, the subsequent formation of LLZO.% Rao et al.
suggested that LLZO formation is observed above 800 °C,*? while Geng ef al. already found the LLZO
phase at 680 °C.8! Another study shows in more detail the different phase formations from 600 °C to
1000 °C.% They also report LLZO phase formation at 720 °C, again with Li>CO; the melt phase
initializing the reaction. Here, not only La;0,CO; and LayZr,O are present in addition to the precursors,
but also the Li,ZrO; phase. La>Zr,O7 has its maximum at 800 °C, however, after a dwell time of 60
minutes at constant temperature, LLZO formation had reached its maximum at the same temperature.
Chen et al. also investigated two different dopings, Al and Zn.®* Both show additional intermediate
phases: LaAlOs and LiosLa;AlsO4 were found for Al-doping and a Zn-O phase for Zn-doping. For Al-
doping, the La,Zr,O; phase maximum was shifted to 780 °C, while the La,LiosAlosO4 phase has its
maximum above 750 °C and decreases with the formation of LLZO:AL* A different approach to the
investigation of LLZO and LLZO:Al has been taken by Kosir et a/. who also investigated the difference
between a solid-state reaction and a sol-gel process.’* Again, La,Zr,05 is the main intermediate phase
next to the precursors, while Li,ZrOs is only seen for the LLZO:Al doped solid electrolyte. Similarly,
LasLiosAlpsO4 and LaAlO; are intermediate phases. Comparing solid-state reaction and sol-gel
processes the maximum of LLZO formation is shifted to lower temperatures than 1000 °C as for the
solid-state reaction. It also explains the appearance of La>Zr,O7 as one of the major secondary phases in
impure LLZO.

Processing of LLZO

Once the LLZO powder has been synthesized, a shaping process is required to produce the battery
components. The primary goal is to create a thin and dense separator layer that completely covers the
electrode and prevents the cell from shorting out. Three different groups of ceramic shaping methods
exist: Casting, plastic processing or pressing.®® This translates into equivalent approaches to the design
of separators’: 1) thin films on a substrate to minimize the thickness of the separator itself, either by

)8687 or ALD (atomic layer deposition)®, 2) free-standing thick films of

PLD (pulsed laser deposition
several tenth of micrometers® or 3) the use of bulk materials®. A new approach is also being developed
— 3D networks.* The idea behind this structure is to achieve a finely distributed ionic conducting phase,

e.g. with fibers, which can be implemented in a rigid or soft structure depending on the needs of the
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battery. Furthermore, these structures can also be used to maximize the surface area to volume ratio of
the interface of a separatorjelectrode interface.”! Based on this new development, it has even been
possible to maximize the surface area of both electrodes, with a thin separator layer in between, creating

a three-layer structure of porous, dense, and porous LLZO.”

Several approaches exist for thick films, ranging from about 10 micrometers to several hundred
micrometers.”® Spin or dip coating can be used with an additional substrate, resulting in films with a
high range of thickness, suitable for a solid electrolyte. A free-standing process would be dry-pressing
millimeter-thick pellets.” A uniaxial press is filled with powder, obtaining a green pellet, which can be
cut into smaller slices after sintering. However, even after polishing, the thickness is several hundred
micrometers, and the only purpose of these pellets is the usage in research.

Another shaping approach is screen-printing or tape-casting®®, a widely used industrial tool, which
results in large, films with a minimum thickness of 10 um after drying. The tape-casting process is the
central method for the shaping of battery components in this work. Slurry based on the ceramic powder
was used to create flat films, large in x- and y- direction with a height of <10 pm up to several mm in z-
direction.”® These large sheets are suitable not only for thin separator tapes, but also composite cathodes

can be cast with a higher thickness to increase the active material loading.

One of the first processed ceramic layers produced via tape-casting was described in 1947 by
Howatt et al. for thin capacitor sheets.”® The tape casting process can be described using the following
five steps: 1. Slurry preparation, 2. Tape-casting; 3. Drying; (4. Organic removal; 5. Sintering), resulting
in sintered sheets with only ceramic inside. Typically, a blade is used in a specific height (gab bar) over
a conveyer belt with a foil as carrier. Over the length of the table, the tape can dry, either in air or using
an additionally heating. A scheme of a tape-casted bench can be seen in Figure 2.2.4.

doctor blade

slurry
drying
44
green tape
hi

table support

velocity v

carrier

Figure 2.2.4: Example of a tape-casting bench with a doctor blade, slurry and a conveyer, adapted from °3.

The slurry consists of the ceramic powder, a binder, solvent and additives, which will be mixed and
sometimes degassed before tape-casting on the foil.” Basis of the slurry is a stable suspension,
depending on the surface of the particles used in the process. The used solvent, binder, plasticizer and
powder have interdependent influences on the resulting slurry. A good slurry prevents the tape from



13

defects: Those defects can be foaming, cracking during curing, brittleness, curling during curing, poor
surface quality of the tape, de-wetting marks and stress marks or cracking during sintering.*®

The slurry highly depends on the used materials, whereas the tape in turn is strongly influenced by the
characteristics of the slurry including viscosity. Two central parameters with an influence on the slurry
are the particle size distribution (PSD) and particle morphology. It is of high interest that the particle
size distribution is optimized to fit the organics used in the final slurry. The dispersant is used for de-
flocculation of the particles and minimizes agglomeration by stabilizing the primary particles. The
binder in the slurry is used to bind the particles in the green foil in a continuous matrix. The solvent used
needs to be chemically stable in combination with the powder and have sufficient vapor pressure. Vapor
pressure is important for a defect-free drying phase. Furthermore, the solvent influences the viscosity of
the slurry, and for safety, environmental and economic reasons, it should be a non-toxic, cheap solvent.
Additionally, additives are normally added for an optimal slurry. Plasticizers of type I are in direct
reaction with the binder and sometimes the dispersant, whereas type II plasticizers react between the
binder material and the ceramic particles. Here, the additive enhances the rheological behavior, so
particles and polymer can move during drying time and prevent cracks.”®

Sintering of LLZO

Sintering as the step after the shaping is important for ceramic powder for several reasons: It increases
the density of the tapes (shrinkage) as well as forms cohesive grains, resulting in higher ionic
conductivity of the LLZO as well as a stabilization of thin tapes. Different definitions of sintering exist
in literature but they usually have in common, that particles with a basic body shape undergo a chemical
transport mechanism by heat treatment, which leads to a shrinkage based on filling of pore volume in
the body. The main driving force of sintering is to reach a system with minimal free enthalpy. Particles
have a high surface to volume ratio and therefore high surface energy, which can be used at high
temperatures to maximize material transport. For sintering, three different driving forces existing:
pressure, chemical reactions and curvature of free surfaces. The mechanism behind the sintering is the
diffusion of atoms and vacancies, which can occur when defects are present in the lattice. There are six
different mechanisms of diffusion such as surface and lattice diffusion to transport material to the contact
areas.””%® Vapor transport and surface diffusion lead to coarsened sintering necks but not higher density.
Density can be improved by diffusion at the grain boundaries and lattice diffusion from the grain
boundary. In amorphous parts of the solid, plastic flow can also happen. A summary of the different

sintering mechanisms that can take place is given in Figure 2.2.5.%%%
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. Lattice diffusion
(from surface)
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Figure 2.2.5: Scheme of different diffusion steps during sintering adapted from %.

Sintering processes are separated into three stages: First an interparticle neck forms, each particle has a
high amount of contacts and the sintering necks reach nearly 40-50% of a particle radius, while the
ceramic is shrinking of 3-5 vol%. During this step, pores are formed which are filled in the second
stage, where the highest shrinkage of the ceramic takes place. As soon as the pores are closed, no
degassing can happen anymore, the relative density reaches ~90%.°%!%° Further densification is not
always possible. Only mobility of the pores can yield higher densification, furthermore, in
polycrystalline solids, grain boundary growth interferes with densification. Usually Oswald ripening
takes place, getting rid of small particles in favor of increasing the size of bigger particles.?$:10%:1!

Next to the conventional sintering approach explained above, there are many more sintering techniques.
Here, only one different mechanism will be highlighted as it will be part of the discussion later on. Usage
of a melting phase can also lead to high densification (liquid sintering).!> As mentioned above a molten
transcend phase can enhance the density of a body, which is called liquid phase sintering. With only 25-
30 vol% of liquid, increasing rearrangement and enhanced matter transport lead to a higher
densification.”® Usually, liquid phase sintering exhibits internal forces through capillary interactions,
making external pressured induced forces unnecessary.'? Either the second phase starts melting or
forming at higher temperatures a eutectic. Nevertheless, effects such as temperature and time amongst
other having still a high influence on the density. One major advantage of a liquid phase sintering would
be the result of faster sintering. Due to the enhanced atomic diffusion, the capillary attraction gives a
fast densification, and furthermore reduces the interparticle friction helping a fast rearrangement of the
solid. One major disadvantage is the overuse of the liquid phase resulting in shape distortion and thicker
amorphous grain boundaries. Due to the enhanced speed in sintering, it is less predictable than solid
state sintering.'” If the liquid phase is not uniformly distributed, it can create localized regions of
enhanced grain growth, leading to abnormal grain growth. For example, it can be difficult to control the
amount and distribution of the liquid phase, which can lead to uneven densification and poor
microstructure. Additionally, the liquid phase can react with the solid phase, leading to changes in
composition and properties.'%?

In all cases, sintering takes place to further densify the ceramic green battery component. High energy

inputs are required for high temperatures and long sintering times.” Next to conventional sintering, there
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are different sintering techniques. A combination of pellet pressing and sintering simultaneously is
employed by FAST/SPS (Field-Assisted-Sintering Technology / Spark-Plasma Sintering),'® where the
powder is heated under pressure, much faster than in a conventional furnace, resulting in high-density
pellets.!® On the other hand, ultra-fast high-temperature sintering (UHS) reduces the sintering time to
as little as 10 5. The table displays the short name of the synthesis route, the precursors, the calcination
temperature, and subsequent battery component forming process with the resulting thickness and ionic
conductivities of the solid electrolytes:

Table 2-1: Summary of LLZO synthesis in different approaches with precursors, calcination temperature and the
following process for battery component with resulting thickness and ionic conductivity of the solid electrolyte.

Synth. precursors Calcination  Shaping Sintering Thickness Grain lonic  cond.  Ref.
temp. [°C] process [°C, h] [um] size [mS cm™]
[um]

SSR LiOH, La,03, 850+1000 Dry 1200, 30 n.r. n.r. 0.31 (25 °C) 2
Zr0,, Al,O3 pressing

SSR Li,COs, La,0s, 1100 Dry 1100, 6 300 - 400 n.r. 0.3-0.4 106
Zr0,, Al,O3 pressing argon (25°C)

SSR LiOH,  La;0s, 850+1000 Tape- 1175, 10 50 - 240 n.r. 039(25°C) 17
Zr0,, Al,03 casting

SSR LiIOH,  Lla0s, 850+1000 Tape- 1175, 4 150 3-8() 0.15(25°C) 108
Zr0,, Al,03 casting

SSR LiOH, La,03, 900 Tape- 1050, 1 70-14-70 <10(?) [MelFo 92
Zr0,, CaCoOs, casting 35-14-35
szOs

Sol-Gel Li-, La-, Zr- 600/ 800 Dry 1100, 6-15 n.r. 5-10(7) 0.24-0.67 109
acetylacetonate pressing 1200, 2-12 (25 °C)

Sol-Gel | LiNOs, La(NOs)s, 450+ 1000 Dry 1000, n.r. n.r. 0.26 0.4 (25 °C) 110
Zr(OH7C3)  n- pressing 40 MPa
propanol hot-pressed

Solution Li;COs3, La(OH)s, 650 Dry 1000, 4 n.r. 3 0.35(25°C) 64
[Z2r0,],C0O,xH,0, pressing
GaCI3

cp La(NO3)s, 850 Dry 1150-1200,  n.r. > 10 0.2 (25 °C) 11
Li>COs3, Zr(NO3)s, pressing 20
NH;HCO3

cP La(NOs)s, 900 FAST/SPS 800-1000, n.r. n.r. 0.33 (25 °C) 112
LizCzOA, 3min,
Zr(NOs)g, 10 MPa
AI(NO3)s,

NSP La(NO3)s, 900 FAST/SPS 950, 10 min n.r. 0.5-3 0.3 (25°C) B
AI(NO3)s, 50 MPa
Zr(CsH705)a,
LiNOs,

UHS Li,CO3, Lay0s3, n.a. Dry 1500, 10 s n.r. 6.5-10.5 0.1 (25°C) 105
Zr0,, Al,03, pressing (UHS)
Ta0s5

FSP LiO,CCH,CH3, n.a. casting 1090-1100, 22-73 2.4 0.2 (25 °C) B
alumatrane, La- 1
and Zr- N>
isobutyrate

RS LayZr,07 850 °C Dry 1100, n.r. n.r. n.r. 0.4 (25 °C) 114

pressing

2= from SEM extracted, n.r. = not reported, n.a. = not applicable, SSR = Solid-state reaction, CP = co-precipitation,
NSP = nebulous spray pyrolysis, UHS = Ultra-Fast-High-Temperature Sintering, FSP = Flame-spray pyrolysis,
RS = reactive sintering
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Summarizing the above, it can be said that LLZO synthesis and processing it into a functional separator
usually requires a long process with variable steps often including high energy consumption due to
several furnace treatments during the entire process. This leads to high cost and high energy
requirements to synthesize LLZO, the processing afterwards not yet included. Sintering at high
temperatures (usually above 1000 °C) include another long high temperature sintering step. This
represents a significant challenge for industrialization as cost and energy requirements should be as low
as possible.

Challenges of LLZO

Initially there was consensus that LLZO was stable in air, but more recent studies have found that LLZO
undergoes a surface reaction with humidity and CO,, depending on the time of exposure.*® The Li,COs
that is formed affects the interfacial resistance of LLZO and minimizes the ionic conductivity due to the
low wettability of Li on the carbonate covered surface.!'>!'® The surface contamination can be explained
by a Li*/H" exchange where H,O reacts with the LLZO to form LiOH and this further reacts with the
COz in air to form Li;COs, which is mainly found on the surface and at grain boundaries.!'® Furthermore,
Wen et al. suggested that the lattice expansion is related to the Li"/H" exchange, but is reversible and

cubic LLZO can be recovered.!'” The equations of the chemical reaction are as following:

Li;LazZr,015 + xH,0 - Li;_,H,LazZr,015 + xLiOH Eq.2.3

Li;LazZry0,5 + xCO, = Li;_5,LazZr,045_y + xLiCO; Eq.2.4

To prevent the formation of Li,CO3;, LLZO could be stored and handled in an inert atmosphere.
However, since production takes place in air and sometimes prevention is not possible, it is also possible
to remove the formed Li>COs. Two main ideas are considered to remove Li;CO3 contamination on the
surface: either by mechanical polishing (dry or wet) of the surface, which is only possible for pellets
that are mechanically stable, or by thermal treatment.''* The above reaction is reversible at temperatures
above 500 °C and therefore a heating step can be performed to remove the Li>CO;. Another way would
be to use the Li»CO;3 contamination in a direct reaction with e.g. Co3O4 to form LCO surrounding the
LLZO particle.!'® Although researchers tend to minimize the surface contamination in air to Li>COs,
Grissa et al. recently showed the dependence of Li*/H" exchange on stripping and plating during CCD
measurements and thus the protonated phase of LLZO is of importance.'"®

Furthermore, the effect of different dopants on either the ionic conductivity or the processing of LLZO
needs to be considered. While dopants not only influence the ionic conductivity and support the stability
of the cubic phase at room temperature, they also have some influence on the synthesis, especially the
sintering itself, which is visible in the resulting microstructure. For example, abnormal grain growth has
been reported for Ga and Al dopants.'?*!2! Abnormal grain growth can affect mechanical properties and
grain boundary properties and is usually difficult to control, as discussed later. Yamazaki et al. reported
enhanced grain growth to several hundred microns due to a Li-Ga-O liquid phase formed by the addition
of Ga dopant from 3 mol% in LLZO:Ta. Not only is grain growth enhanced, but pores of several

micrometers are also retained in the grains, suggesting rapid grain growth. With 5 mol% Ga,Os addition
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they achieved an ionic conductivity of 1.1-107 S em™' and with 2 mol% addition a critical current
density of 0.8 mA cm™. The main advantage of LLZO:Ga is the high ionic conductivity of
2.0-107 S cm™ ¢!, while the main disadvantages are the high cost and the chemical instability towards
Li metal. Lief al. not only demonstrated the instability of LLZO:Ga towards metallic Li, but also
suggested a way to overcome this problem by adding SiO> to form a Li,SiO; glass phase.®! Chen et al.
doped LLZO with Al and Ga in different ratios and found that as soon as Ga-ions are used as dopant,
the grains start to grow larger, and again isolated closed pores are found '?°. In LLZO:Al without Ga-
doping, the grains are typically between 5 — 20 um in size and no abnormal grain growth is observed. A
liquid phase is presented as reason for the larger grains.'?? Contrary to these findings, Kim et al. found
Al segregation at grain boundaries, suggesting a preference for Al dopant at 96h sites. They also found
abnormal grains with an average size of 167 um.'?* Liu ef al. took a different approach by using Nb and
Ta co-doping in LLZO to see the influence of a dopant with a lower melting temperature than ZrO»,
although the melting temperature is still above the sintering temperature.®® They report a change in grain
shape and an increase in grain size up to 22 pm, depending on the amount of dopant used.

In summary, beyond its high production cost and energy requirements, LLZO brings not only challenges
during synthesis, with dopants influencing the processability of LLZO, especially during sintering, but
further LLZO is not stable in air. The Li"/H" exchange plays a large role in the LLZO synthesis and
further processing as it takes place in air. These topics need to be addressed in order to realize the great

potential of LLZO as a separator material.
Challenges at the interface LLZO|anode

In addition to the manufacturing of LLZO, its doping and instability toward air, the interface of the solid
electrolyte with anode remains another challenge. One of the many problems is the high interfacial
contact resistance due to solid-solid contact, resulting in low cell performance. The aforementioned
LLZO separators are also known for Li dendrite growth.'?* Initial suggestions for the cause of Li dendrite
growth were the low density of the separators, with Li growing in the pore, leading to a short circuit in
a full cell.'?® After the LLZO films/pellets were dense and Li dendrite still occurred, it was suggested
that either surface cracks or poor wetting of the lithium metal, and therefore only local contact, created
sites for nucleation and dendrite growth.'?® It is now suggested that the electronic conductivity of LLZO,
which is thought to be low, causes Li dendrite growth.!?” Although it is not clear how to fully explain
Li dendrite growth, it has been successfully demonstrated that LLZO is stable against Li metal up to

1 mA cm! at room temperature in a symmetric cell.!?®

In contrast to Li dendrite growth, the second problem with the Li metal anode is the wetting of Li on
LLZO. This is again visible in high interfacial resistances, making it difficult to distinguish between the
two cases. The wetting of Li on the LLZO surface could be improved by adding a small amount of liquid
electrolyte to the interface.'” However, most researchers would like to stick to a full solid-state battery,
so lithium metal alloys are also used to overcome the wetting problem. For example, a Li-Al alloy has
been introduced as an interfacial layer between LLZO and Li, increasing the wetting ability of the solid

electrolyte.!3
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The interfacial resistance between LLZO and the anode, due to contamination by Li>CO3 or due to poor
wetting of Li on the LLZO surface, is high compared to liquid electrolytes in LIBs. In addition, Li
dendrite growth is still a problem in most of the synthesized LLZO solid electrolytes. Although some of
the problems have been addressed, there are still open issues to be resolved in order to improve the
performance of LLZO in a cell. On the other hand, the LLZO interface to the cathode side has similarly
high interfacial resistances, although different problems occur. Due to the complexity of composite
cathodes and the interface challenges of LLZO to the cathode site, a detailed analysis is given in the
following sub-section.

2.2.4 The cathode active material in composite cathodes

This chapter will first evaluate different cathode active materials, followed by the synthesis and
processing of composite cathodes with a special focus on LCO and LLZO, and the potential challenges

occurring in composite cathodes.
Possible cathode active materials in composite cathodes

A cathode active material has to fulfil several tasks to be suitable for a battery system. Firstly, it should
have a high potential vs. Li/Li+ and a high Li ion capacity. Combining the high capacity with a high
voltage (around 4 V) results in a high energy density. In addition, the material should be capable of
reversible lithiation and de-lithiation with high structural stability and minimal volume change during
charging/discharging. Furthermore, not only is a high Li ion capacity required, but the material must
also be a good electronic conductor to enhance the electrochemical reaction at all interfaces between the
active material and the electrolyte. From a production and recycling point of view, the material should
be environmentally friendly, cost effective, available in large quantities around the world and easy to

recover without side reactions.

Several cathode active materials are commonly used in batteries, especially in commercial LIBs. These
include olivine LiFePOs4 (LFP), spinel LiMn:0s (LMO), and Li[Nii-xyCoxMny]O2 (NCM),
Li[NiosCo0.15Alo.05]02 (NCA), and LiCoO2 (LCO), each as layered cathode material. Since LFP comes in
an olivine structure, the diffusion pathway is limited to a one-dimensional diffusion mechanism,
contrary to the two-dimensional diffusion mechanism in layered transition metal oxides and the three-
dimensional diffusion mechanism in spinels.'3"132 The capacity and operating voltages for each of these

materials are summarized in Figure 2.2.6.
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Figure 2.2.6: Promising cathode active material with their voltage and capacity ranges in LIBs. Adapted from '33,
reproduced with permission from Springer Nature.

Furthermore, due to their low ionic conductivity and to achieve high active loading in the cathodes, the
cathode active material is paired with a solid electrolyte for All-Solid-State cells, as a composite cathode.
Since the solid electrolyte is fixed to an LLZO separator in this work, the cathode active material should
have an interconnected framework within the LLZO in order to have ionic and electronic conductivity
across the full thickness of the cathode. In addition, due to the use of LLZO and its high sintering
temperature requirement above 1000 °C, a comparable thermal stability to LLZO is required. Ren et al.
investigated the stability of LFP, NMC and LCO against LLZO and found that LFP reacts with LLZO
at 500 °C."3* Besides, LCO is said to be more stable up to temperatures of 1050 °C, than NMC, which
reacts at 700 °C."*>'%” Due to the intercalation and de-intercalation the cathode material experiences
volume changes. In the different cathode active materials introduced above the volume changes are as
high as ~6.8% for LFP', ~3.4% for NMC'*, ~5.9% for NCA'*® and ~2% for LCO.!4

In this work LCO will be used as cathode active material in the composite cathodes together with LLZO.
Structure of LCO

LCO as the cathode material of interest in the present work has also been the most commonly used
cathode active material for commercial LIBs. It crystallizes in a layered oxide structure with a high
potential of 4.4V - 3.8V vs Li/Li* and was introduced by Goodenough et al.'*' LCO can occur in
different phases, but the one synthesized at high temperatures is considered to be the most suitable. It
has rhombohedral symmetry (Rm3), a high theoretical specific capacity, low self-discharge and good
cycling performance.'**!** Although LCO has a high theoretical specific capacity of 274 mAh g4
not all Li can be depleted from the structure for stability reasons.'**45 Only 50% of the theoretical
capacity can be accessed as the remaining Li ions are necessary to stabilize the LCO structure. The CoO;
layers would repel each other if the differently charged Li ions were removed from between the layers

destroying the beneficial structure.

It is also worth mentioning that LCO is criticized in commercial use due to its high health risk
(carcinogenic) and the ethical issues of mining Co in the world, besides the fact that Co is listed as
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critical raw material.'*® However, as it is still the most commonly used cathode material and suitable for
combination with LLZO, it will also be investigated in the following work.

Synthesis and Processing of composite cathodes

LLZO and LCO as the chosen materials for the composite cathode can be processed together. Composite
cathodes made from ceramic materials are not easy to produce. Nevertheless, various methods of
synthesis have been explored over the years, resulting in numerous publications.'”’ The established
processes developed can be summarized in three different categories: Either the composite cathode is
deposited as a film on a dense ceramic LLZO pellet,'*® or LLZO and cathode active material powder are

co-sintered in a pre-forming step to a suitable battery component,'*’

or the composite cathode is
produced in-situ in an already existing LLZO framework.'* A completely different approach was used
by Yang et al. where the LLZO was coated with LCO by a reaction of the Li»COj3 on top of the LLZO

particles and Co3O4 added.'"®

All the different methods have some advantages and disadvantages, but they all have the use of a pre-
synthesized LLZO, either as a powder or as an already sintered framework in common. The deposition
of the films can be accomplished as cathode active material and composite cathode by either pulsed

laser deposition!22151152 153,154 155

, sputter deposition , or sol-gel deposition'>>, and require a much lower
synthesis temperature for LLZO of around 700 °C.!3 The disadvantage of this method is the limitation
to low thicknesses, resulting in a low active material loading, which negates the need for battery
materials with high energy density. Co-sintering of LLZO and LCO powders makes it possible to
produce thick cathodes in the battery system with sufficiently high active material loading. A variety of
different shaping and sintering approaches are used to produce dense composite cathode materials, either

157158 or as a free-standing structure.'*® Half cells of a separator

on LLZO pellets by screen or ink printing
and the composite cathodes have also been processed by field-assisted sintering (FAST/SPS)!® and
composite cathodes on pellets or free-standing composite cathodes have been densified either by

15916061 photonic sintering.'>” A major drawback of the co-sintering approach is

conventional sintering
the high temperature required for densification, which leads not only to the diffusion necessary for
sintering but also to a certain interdiffusion of the material, resulting in secondary phases with

161

undesirable properties.'®' Besides the interdiffusion, also the chemical and electrochemical stability, the

volume changes during charge/discharge and undesirable side reactions represent challenges that are

still under investigation for a good composite cathode microstructure, 47162

Challenges in composite cathodes

Besides the above-mentioned challenges during synthesis of a composite cathode, further issues arise
for a full cell assembly and a working battery. These need to be addressed to reach and excel the

performance of batteries that are currently on market.

In a composite cathode, two materials with different lattice sizes are co-sintered or in close contact. Due
to the brittleness of the all-ceramic composite cathodes, even small volume changes, induced from
intercalation and de-intercalation lead to crack formation, resulting in contact loss with higher
resistances and finally to mechanical degradation of the cell during the first cycle. Miicke et al.
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investigated the anisotropic expansion along the crystal axes, however, and found that the
crystallographic orientation of the grains in the microstructure play a crucial role and can minimize crack

formation.'%?

In addition to this major problem, interdiffusion also takes place between the solid
electrolyte and the cathode active material, even though LCO is the most stable cathode active material
at high temperatures compared to LLZO."3* Interdiffusion and its effect on cycling performance will be
briefly discussed in the following sub-section. Composite cathode processes involve the creation of a
conductive interface between the solid electrolyte and the cathode active material. The sintering of the
ceramic materials is driven by diffusion, which may include interdiffusion between the cathode active
material and the solid electrolyte. This interdiffusion may result in a poor interface between the solid
electrolyte and the cathode active material, which could lead to a high interfacial resistance, resulting in
poor cell performance.'4’ On the other hand, there are two other failures during cycling that lead to high
degradation of the cell. The mechanical failure and the chemical failure, again including interdiffusion
of ions. For each problem, different investigations have been carried out in the literature. Cell designs
of LiMn,O, and LLZO or Li|LLZO|LFP have been analyzed, resulting in 94% capacity retention after
20 cycles and 85% after 100 cycles, respectively.!6%164

Zhu et al. performed a first-principle study of the LCO-LLZO interface and found that LLZO has a
decomposition energy of —1 and =39 meV for Li;CoO; and LiosCoO», respectively.'®® The first reported
LilLLZOI|LCO cell with a poor capacity of only 15 pAh cm™2 was published three years after the first
report of LLZO. '% Low capacity and high degradation have led to intensive study of the LLZO-LCO
interphase, particularly at elevated temperatures. The results of these studies vary, probably depending
on the synthesis and dopants used. For example, Uhlenbruck ef al. and Tsai ef al. found that LLZO:Ta
and LCO are stable up to 1085 °C and at 1050 °C, respectively.!*31¢” Although Raman measurements
were used to investigate the stability of the latter, the same method showed a new peak at 658 cm™! after
a heat treatment at 700 - 900 °C, indicating a change of structure and creation of a new phase.'3*
Tsai et al. also found that LLZO:Ta prevents interdiffusion, while LLZO:Al leads to highly resistive
tetragonal LLZO phases.'*® Similar tetragonal phases were found by Park et al. due to cross-diffusion.!'>
The interdiffusion of Al ions from a direct interface of LCO sintered on a LLZO pellet was investigated
by TEM and EDS measurements already at 700 °C.'> Furthermore, Kim et a/. investigated the interface
of LCO-LLZO, where a reaction layer of La;CoO4 of 50 nm was formed during the synthesis process.'??
These results indicate that the LLZO-LCO interface indeed represents the main challenge for capacity
density limitation and degradation of LLZO-LCO composite cathodes. On the other hand, they provide
the foundation for future process optimization to produce composite cathodes with higher quality.

Loss of performance and rapid degradation of cells can have either chemical or mechanical causes.
Ihrig et al. showed the diffusion of Al-ions into LLZO during cycling with calculations assuming that
the Al-ions will be present on the Li sites in LCO. Furthermore, they proved that the degradation can
thermally be reversed.'#!® On the other hand, Tsai et al. showed a microstructural failure due to volume
changes during (de)intercalation leading to high capacity degradation.'*® However, this cell had a much
higher initial capacity of 1.5 mAh cm? at a current density of 50 pA cm™2 but after 100 cycles, the cell
only retained 30% of its initial capacity. There are many ways in which researchers have tried to
overcome the problems, either by using a mixed conductive layer at the interface with the cathode

material,'® a Nb interlayer as a modification of the interface of LLZO and cathode active material'>2,
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an additional polypropylene layer for protection,'” or a Li»3Co.7Bo303 (LCBO) interface between LLZO
and LCO, which improved the cycling stability to 88% after 100 cycles, although they also used some
modification with Li,COs on the LLZO and LCO side.'”" To some extent, all these studies use an
additional layer between LLZO and LCO to avoid direct contact, proving that cell degradation can be
minimized but not neglected. A completely different approach is shown by Ohta et al. who, instead of
an additional interfacial layer, added a sintering additive (Al.O3 and LizBOs) to reduce the sintering
temperature to 790 °C, preventing the interdiffusion at high temperatures.!” This is interesting as liquid
phases typically promote interdiffusion.!%?

All-Solid-State Batteries with LLZO as solid electrolyte and LCO as active material are a promising and
safe alternative for future battery technologies. Nevertheless, major problems are still limiting industrial
application. The synthesis of LLZO is cost-expensive and requires high energy. On the other hand,
composite cathodes have major performance issues, due to crack formation in the oxides and
interdiffusion of different elements. Several of these problems will be addressed in the present work.
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2.3 Recycling of Li-Ion Batteries

The previous two sub-chapters introduced the Li-Ion battery and the All-Solid-State battery, whereas
here the focus will be on the recycling of these battery types. Given that All-Solid-State Batteries are
still on a lab scale level and only a few are about to enter industrial production at present, recycling in
industry is focused on LIBs. After an introduction to recycling in general, a brief discussion is provided
of the various existing processes in LIBs. Subsequently, a short overview of recycling approaches in
ASSBs is presented.

In LIBs, various valuable materials are being used. The seven most recycled components are graphite
and Cu (foil) for the anode side and Co, Ni, Mn, Li, and Al (foil) for the cathode side. This applies to a
typical design where NMC is used as the cathode active material. In the case of LCO as the cathode
active material, Ni and Mn can be excluded from this list. The Global EV Outlook (2023) by the
International Energy Agency'* investigated the supply of Li, Co and Ni in comparison to the demand
for these resources. While the supply of each material in 2022 was greater than the demand again, the
crisis in 2021 demonstrated that for all of the above, demands can exceed supply already today. This
intensifies the general scarcity of supply relative to demand, particularly with increasing demand in the
future. For example, sufficient quantities of Li are available today, but forecasts indicate that recycling

will be necessary if the deposit is not to be exhausted entirely.!”

Some forecasts even suggest that at
least 90% of the Li must be recovered in order to manage the Li deposits in a sustainable manner.!™ A
study from 2013 already predicted that Ni and Co would reach their global mining limits if battery
production increased.!” Recycling also promotes the sustainable production of electrical energy by
using closed-loop material cycles, which can be enhanced by developing appropriate recycling
technologies.*” The EU directive follows the suggestions by clarifying clear goals of recycling by 2030,

such as recycle batteries in total by 70%.°

Recycling strategies in general can be divided into direct recycling and indirect recycling. The latter can
be further divided into three distinct categories, which can be combined with each other: high-
temperature treatment (pyrometallurgical)*’-'’¢, medium-temperature thermal treatment (pyrolysis)!”’
and leaching instead of thermal treatment (hydrometallurgical)’#”!”’. The following section will provide
a more detailed description of each of these three types, explained by means of the example of LIBs.
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Figure 2.3.1: Different recycling ways of high thermal treatment, medium thermal treatment and no thermal
treatment of LIBs. These processes are based on the InnoRec Process, adapted from '"® is licensed under CC BY
4.0 (https://creativecommons.org/licenses/by/4.0/).

2.3.1 Recycling approaches for liquid Li-Ion Batteries

Recycling processes that are currently in use in industry are for example a combination of
pyrometallurgical and hydrometallurgical process (by Umicore)!”, a combination of pyrolysis,
mechanical and hydrometallurgical process (ACCUREC) and a combination of mechanical and
hydrometallurgical process (Duesenfeld).!”®18%13! The following section provides a detailed explanation
of each process, each with its own benefits and disadvantages. Prior to the recycling steps, it is necessary
to deactivate the battery system. The battery system is therefore dismantled to the cell modules, and
deactivation occurs either by a full electrical discharge and subsequent short circuiting or by treatment
in saline solution or by pyrolysis (>200 °C).!82133 Only after this step, the actual recycling process
begins.

The process as defined by Umicore represents a typical pyrometallurgical application within the
industrial context. One advantage of this process is that it allows for the recovery of various types of
batteries.!” After dismantling of the cell, and removal of the plastic and metal housing parts, the cells
are pyrolyzed at three different temperatures from 400 °C to 1450 °C.!” During this process, Ni, Co and
Cu are recovered in a metal alloy, while metals such as Al and Li are transferred into the slag phase. '3
The melting process can separate different LIBs elements, while high recovery rates (>95%) for Ni, Co
and Cu have been observed.'? Li, for example, can be also found in the flue dust, due to
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evaporation.!”®!8  All three, flue dust, metal alloy and slag, must undergo a subsequent
47,179

hydrometallurgical step to obtain the reusable materials.
Pyrolysis, a medium-temperature process, employs temperatures of up to 660 °C (the melting
temperature of Al) under an inert atmosphere (Ar or N»), with an attached exhaust gas filter. The process
is employed for the treatment of organic-containing waste, whereby the organics are separated by
evaporation and cracking, thus minimizing exothermal reactions and suppressing the melting of metal
content (Al).!8213% Ag previously stated, pyrolysis also allows to deactivate the battery cells under
control.'®? The removal of organic components is of significant importance, as they negatively influence

subsequent steps, such as hydrometallurgical processing or flotation.

During the flotation process, particles can be separated due to the differences in their wettability. The
process is commonly employed in battery recycling to separate graphite from the cathode active
material.'®> Thermal treatment steps result in burning and removal of the electrolyte, which could
alternatively be recovered through liquid extraction, which is a complex and expensive process
though. 178186

A recycling process that does not involve heat treatment is typically a combination of a mechanical step
and a hydrometallurgical step. Whole Li-ion battery packs can be shredded, although there is a high risk
of thermal runaway of the cells. Therefore, only discharged batteries are used in mechanical shredding.
Furthermore, the process is conducted under an inert atmosphere.” The materials are then sorted based

on their specific properties, e.g., magnetism or density.”!”®

Mechanical processes are unable to produce
material purities exceeding 95% for Co, Cu, and Ni, which is the reason why it is usually followed by a
metallurgical step.*!”® Even if mass fractions of 96% and higher were recovered by separating Al and
Cu via pneumatic separation, this process is not suitable for cathode active material.'®’
Hydrometallurgy is a widely utilized process in battery recycling that employs low temperature aqueous
phases, separated into three different steps: During the leaching process, metals are dissolved using acids
and bases. Subsequently, a purification step is required to separate and purify each material, while the
final recovery step completes the process. The leaching of shredded fractions, which have undergone
mechanical treatment, comminution, or the leaching of slag and alloy materials, which have undergone
high-thermal treatment, is achieved through the use of acids.*’ Acids that are typically employed in the
leaching process are either inorganic, such as sulfuric acid, or organic, such as citric acid. Organic acids
are often selected for their environmental friendliness.!'s® The hydrometallurgical process allows for the
recovery of materials with high quality and flexibility, and it is therefore the final step in battery
recycling, '$%190

In addition, it should be noted that different alternatives to the aforementioned recycling steps are
currently developed in the field of recycling technology. Here, only the early-stage-lithium recovery
(ESLR) will be mentioned, as this process has gained significant interest in the recycling of future

battery technologies. In this process, Li is recovered prior to the aforementioned recycling routes by
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utilizing water as a leaching medium. Subsequently, a co-precipitation with CO; is employed to recover
Li2C03.191'192

An alternative approach is the direct recycling route. In this process, the valuable materials are not
separated and recovered in their elemental form; rather the components are recovered. Gaines et al.
conducted an evaluation of the direct recycling approach in comparison to conventional recycling.'?
One example is the LFP cathode active material: While the value of recovered LFP material is $0.75/1b,
the cathode itself costs $9.10/1b."** Some materials, especially cathode material, are cost-intensive to
process due to their high embodied energy. The energy required for cathode production can be reduced
by 50% by using re-functionalized cathode material in place of virgin materials.!”® Different direct

recycling routes are available: The solid-state route!*®

is used to re-lithiate cathode active material by
combining cathode material with a solid Li source under thermal treatment.'?>1°71% The hydrothermal
method'®%!* is a re-lithiation step as well, but based on a reductant and a Li source which are used in
solution with the cathode active material. The eutectic medium method'*® is based on a eutectic solvent
to first leach transition metals and regain the cathode active material afterwards e.g. for LCO and

NMC.2® Electrochemical regeneration!*®

201

can be used to achieve the selective recovery of lithium and

transition metals by an electric field.

On the one hand, direct recycling has the advantage of avoiding the need for repeating the full production
process, while on the other hand, hydro- and pyrometallurgical treatment are already well established in
industry. The recovered elements can be utilized not only in battery production but also in a variety of
other applications. In certain applications, the purity of the recovered elements is not necessarily a
critical factor. This may make it sometimes worthwhile to engage in downcycling, as the effort to

achieve high purity may not always be required.

2.3.2 Recycling strategies for All-Solid-State Batteries

The motivation for recycling of LIBs is analogous to that for ASSB recycling. The cathode material
utilized in LIBs is similar to that employed in ASSBs, as the underlying principle is identical. Therefore,
no new developments of recycling processes are required for the cathode site. The application of lithium
metal as anode introduces a critical raw material, as it is used in a higher quantity than in LIBs. In
addition to the aforementioned critical materials, Li, Ni, Co, Mn, and Cu, there are other materials that
will be utilized in future ASSB technology. In the case of oxides, tantalum (Ta) and gallium (Ga) are
also listed as critical raw materials, both of which are necessary dopants to increase the ionic
conductivity of LLZO,%" a focused battery material under oxide solid electrolytes.

A number of forecasts have been produced comparing the recycling of ASSBs, with the majority
focusing on the three main groups: oxides, sulfides and polymers.?> Schwich et al. developed a forecast
of LLZO and Li+xAlTi2«(PO4)3 (LATP) electrolytes connected with LCO and NMC as cathode
material, based on a global capacity production of 1 TWh per year.*? In a recent publication, Ahuis et
al. presented a comprehensive review of recycling strategies for ASSBs, categorizing them into polymer,
sulfide, and oxide groups.?®® The review concluded that developing a cost-effective recycling route for

polymers is challenging due to their low value. Furthermore, mechanical treatment is challenging due
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to the high adhesion between the components.?”* Sulfide-based ASSBs exhibit a high reactivity in air
and humidity, leading to the formation of toxic H»S gas. Therefore, it is essential to develop recycling
strategies under inert or dry atmosphere.?”® Additionally, the solid electrolyte becomes inactive in
contact with air, which is contradictory to the recovery of the components. Oxides are as predicted by
Doose et al. to be a ceramic material with a high hardness, resulting in specific requirements for
mechanical treatments.*’>> ASSBs have in common the use of a Li metal anode, which requires
additional safety aspects, as it will form LiOH in contact with water, forming the gas H>.*’ Here, the
ESLR is suitable to minimize the effect of metallic Li immediately prior to recycling, increasing the
safety of the entire recycling process. Nevertheless, a strategy must be developed for the use of ESLR

with water on metallic Li, whereby the gas H, can be released in a careful manner.

In their study, Doose et al. proposed that the recycling of oxide-based ASSBs could result in a high cost
when co-sintering electrode and separator due to the necessity for mechanical separation.*’
Consequently, they suggested that a pyrometallurgical process could become a more attractive option.
While Schneider e al.*** demonstrated the viability of a hydrometallurgical process by comparing
different acid treatments on LLZO, leading to a solubility of 99% in strong acids, a direct recycling
approach is being investigated for cathode material LCO?*, NMC?%, and solid electrolyte LLZO®, a
publication derived from the present work. Sloop et al. additionally investigated a complete LIB cell in
a direct recycling approach on an industrially scalable process.'!

The recycling of ASSBs is not yet sufficiently developed. However, initial experimental approaches
have demonstrated that a direct recycling route is beneficial in many cases with the new cell design,
especially when the embodied energy is high. Moreover, the metallic lithium may present a challenge
during recycling, underscoring the necessity to develop early-stage lithium recovery techniques to
ensure the safe recycling of ASSB.






3 Manufacturing and Characterization of
All-Solid-State Batteries

3.1 Synthesis and Processing of Li;La3;Zr,O;2 and
LiCoOz-Li7La32r2012

In this work two different processing routes for synthesis were used for LLZO with various dopings.
After the powder preparation, the powder was used in a slurry to create green tapes via tape cast process.
The green tapes were then sintered with various sintering temperatures and times, also indicated for each

experiment.
3.1.1 Powder preparation

Lig.asLaszAlo.osZri6Tao 4012 with 10% Li excess (LLZO-10) and with 20% Li excess (LLZO-20) powder
was synthesized by a solid-state reaction method.” Precursors such as La;03 (99%, Merck, pre-dried at
900 °C for 10h), Ta,Os (99.95%, Inframat), Al,O3 (99.82%, Inframat), Ga;O;3 (99.995%, Alfa Aesar),
Zr0> (99.7%, Treibacher), and LiOH-H,O (98%, Merck) were used for the synthesis of LLZO.
Furthermore, Li5_45La3Alo_ozZr1_GTa0_4O1z (LLZOZTa,Al), Li(,_sLa3Zr1_(}Ta0,4012 (LLZO:Ta),
Lis4La3Gao2Zr012 (LLZO:Ga), were synthesized with same precursors but without the solid state
reaction. This will be explained in detail in chapter 4.2. In some experiments Li2COj3 (99%, Alfa Aesar)

were used and will be indicated in the experiment itself.

The pre-synthesized LLZO powder was milled down to a suitable particle size for the slurry developed
for the tape cast process (see Rosen et al. 1%7). This was done in a planetary micro mill (Pulverisette P7,
Fritsch) with 3 mm zirconia milling balls at a speed of 500 rpm for 240 minutes milling time, each 5
minutes and 25 minutes break time to cool down the solvent (ethanol, 97%, Hoffmann —
Schmittmann GmbH). In the course of the present work, an optimized milling procedure was developed
by using a ball mill (Emax, Retsch) at a speed of 1000 rpm for 15 minutes with Imm zirconia milling
balls in the same solvent. The resulting particle size distribution of LLZO-10 and LLZO-20 can be seen
in Figure 3.1.1. The solvent removal of the milled powder was performed in a drying step in an N>
atmosphere at 60 °C for 12 hours.
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Figure 3.1.1: a) Particle size distribution of LLZO-10 powder and LLZO-20 powder with optimized
parameters. b) Particle size distribution Dso and Do value for different ball-milling times for LLZO-10
powder.

The LCO powder (99.5%, MSE Supplies) was milled down in a planetary micro mill (Pulverisette P7,
Fritsch) with similar milling parameters as above. The resulting milled cathode active powder was dried

on a hot plate at 70 °C overnight to remove any residual solvent.

In the following work, a direct recycling route will be evaluated on real waste material. For this
approach, LLZO-10 powder which had been used in several heat treatments and stored in air for up to
four months, is further named LLZO-p. In a parallel approach, LLZO-10 powder was processed to a
green tape (following the process described in 3.1.2) and also stored for up to four months in air. This
aged LLZO-10 green tape is crushed manually and named LLZO-t green tape. For re-synthesis in the
tape-cast process, the original source must be in powder form. Therefore, the manually shredded green
tapes were additionally heated at 600 °C for 2 hours in an alumina crucible with a closed lid. This heat
treatment removed the organic matter, the resulting powder is named LLZO-t powder. The LLZO-t
powder was then wet-ball milled to the adjusted particle size (see Figure 3.1.2), as previously described

with a Pulverisette P7.
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Figure 3.1.2: Particle size distribution of the LLZO waste material. LLZO-t powder a) before wet-ball milling, b)
after wet-ball milling and ¢) LLZO-p powder, adapted from ° is licensed under CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/).

Furthermore, in chapter 4.2, a new route is developed. For this approach, different powders were needed.
The precursors for the new in-situ synthesis route are comparable to the approaches previously
demonstrated in this work and in the literature.'?”19%1% The oxide precursors LiOH, La,Os, and ZrO»
and — depending on the dopant — Ta,0s, AlO3 and Ga,O;3 are used to synthesize either LLZO:Ta,Al
with the stoichiometry LisssAloooLasZri6TaosO12, LLZO:Ta (LissLasZri¢Tao4O012) and LLZO:Ga
(Lis4Gag2LasZr;012). A Li excess of 10 % is considered for LLZO:Ta and LLZO:Ta,Al and of 5 % for
LLZO:Ga synthesis.

3.1.2 Tape-casting

The organic solution was prepared by mixing the following materials: 5 g binder (PVB98, Sigma
Aldrich), 2.5 g dispersants (DISPERBYK 180, BYK), 2.5 g each plasticizers (PEG400, Sigma Aldrich
and Tri(ethylenglycol)bis-2-ethylhexanoate, Solutia Inc.) and solvents (between 5 g and 7 g) for 10 g of
powder. Due to a change in the process, either an azeotrope of 66% Methylethylketon (MEK) and 34%
Ethanol (97%, Hoffmann — Schmittmann GmbH) or only Ethanol is used. The organic solution was
mixed on a rolling bench for 24 hours before usage. Storage of this organic solution is assumed to have
no influence on the resulting tape.
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For the creation of free-standing single layers up to 100 um thickness of LLZO, the milled LLZO powder
or the milled precursor powder was mixed and homogenized with the organic solution in a mixer
(Thinky) with a speed of 1500 rpm for 2 minutes. The slurry was immediately poured onto mylar foil
on the tape cast bench with a gap size of 350 pm with a velocity of 30 mm s™!.

For the composite cathode green tapes, the same organic solution was used. Milled LCO powder and
milled precursor powder were mixed with the organic solution to a slurry in a mixer (Thinky, see above).
Depending on the green tape requirements a single layer was cast (350 um gap, mixture of
precursors:LCO, 1:1 wt%) or a tri-layer was cast. Here, precursors:LCO ratios of 2:1 wt%, 1:1 wt%,
1:2 wt% were mixed with the organic and sequential tape cast with a gap size of 180 pm, 220 pm and
240 pm, respectively. The tape casting was started with the precursor-rich slurry. Between each layer,

a drying step of 5 minutes was added previously to the next tape casting.

The resulting green tapes were dried in air at room temperature for 14 hours (MEK:ethanol) or for
5 hours (ethanol).

The dry green tapes were then placed in a warm press (P/O/Weber GmbH) at 80 °C and a pressure of
3 kN cm 2 (30 MPa) for 2 minutes (16 kN ¢m 2 (160 MPa) for 2 minutes, for composite cathodes) to
densify the green tape. The resulting tapes were punched with 12 mm (separator and composite cathode),

14 mm (separator) diameter round molds.

3.1.3 Sintering

The resulting green tapes, already shaped into circular tapes with varying diameters need to undergo a
de-binding step to remove organics and a sintering step.”® Warm pressed green tapes were placed in an
alumina crucible for sintering. There are two different attempts for the material choice between the green
tapes and the underlying crucible to minimize contact and minimize uptake of Al. One is a magnesia
with a thickness of 5 mm and on top LLZO powder and additionally LLZO pellets with a similar
diameter as the green tapes, cut into 1 mm thick pellets. The green tape was placed between two pellets
to suppress deformation during sintering. Sintering on LLZO was not possible without destruction due
to the formation of sintering necks between pellet and green tape, leading to adhesion and fractured
tapes. A more optimized way to suppress deformation was by using a different sintering approach,
adding a de-binding step to the whole process. This led to the possibility of a slightly different structure
in the crucible. Magnesia plates were still placed in the crucible first, by adding LLZO powder, evenly
distributed with a smooth surface secondly. On top of these the LLZO green tapes were placed for
sintering with a closed lid. For mixed cathode green tapes, the approach is similar but the LLZO powder
on top of the magnesia plate is mixed with 50% of LCO powder. A schematic structure of the crucible

before and after optimization can be seen in the following Figure 3.1.3.
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Figure 3.1.3: a) Scheme of crucible during conventional (left) and optimized (right) sintering, by removing the
LLZO pellets and sintering only on LLZO powder bed, resulting in b) sintered flat LLZO tapes.

The crucible filled with the green tapes and powder bed is placed in an oven and sintering takes place
in air. Different approaches were used here: A direct heating to the final sinter temperature, indicated in
each experiment with a dwell time (e.g. 1175 °C, 5 h) includes the heating of 5 K min™ and similar
cooling rate. The second optimized sintering way, uses holding steps for moisture and de-bindering;
here with a ramp at 5 K min™' up to 200 °C, holding the temperature for 1 hour and then heat with a ramp
of 10 K min™ to 650 °C to burn the organics, where the dwell time is 2 hours or without the step at
200 °C, immediately ramping up to 650 °C. Finally, the temperature is ramped up with 10 K min™! to
the final temperature, indicated in each experiment, and hold there for the indicated time. Cooling always

occurs with a ramp of 5 K min™'. The resulting three sintering profiles are displayed in the following
Figure 3.1.4.
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Figure 3.1.4: Sintering temperature profile: a) immediately reaching sintering temperature, b) adding one holding-

step before reaching sintering temperature and ¢) adding two holding-steps for moisture and de-bindering before
reaching sintering temperature.

3.1.4 Cell assembly

The resulting tapes are supposed to be investigated in a battery cell setup. This implies that LLZO
separators are used to build a symmetrical cell, applying Li metal on both sides of the separator
(LilLLZOJLi). The LLZO sintered tape surface was cleaned by heating the tapes in an alumina crucible
in an argon atmosphere at 750 °C for 2 hours (at a ramp of 5 K min™') and afterwards stored in an argon
atmosphere. A thin Au current collector, serving here by forming an alloy with Li metal later on, was
sputtered onto the surface (5-15 nm, Cressington 108 auto coater). The alloy positively influences the
wetting of the Li metal to the LLZO.!?%13 Li metal was freshly calendared and carefully placed on top
and below the LLZO tape. The whole stack was heated to 300 °C on a hot plate to melt the Li and attach
it to the surface. The cell was surrounded by Ni plates as current collector and transferred into a
Swagelok cell and electrochemical measurements were carried out.
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For composite cathodes, a full-cell setup was established to investigate the electrochemical response. A
thin Au current collector was applied on the LCO-rich side of the composite cathode tape by sputtering
(see above). The non-sputtered sides, with the LLZO-rich side were coated with a polymer (PEO,
M:600000, Sigma Aldrich; LiTFSI, Sigma Aldrich; conductive carbon, Alfa Aesar; in acetonitrile, Roth;
the ratio of PEO:LiTFSI was 1:20; 20um thick, Eppendorfer pipet). The polymer on top of the cathode
was dried for 5 hours at room temperature in an argon atmosphere. LLZO pellets were used as separators
(fabricated as stated by Scheld er al.>"). The pellets were polished with 4000 grit SiC paper to remove
surface contaminations. Li metal was freshly calendared and was manually pressed on the LLZO pellet
and heated to 300 °C for 5 minutes to melt the Li and increase the contact. The composite cathode
attached to the polymer and the separators attached to the Li metal, was stacked on top of each other,
while the polymer acts as connection between both ceramic components. The cell is transferred into a
Swagelok cell, surrounded by a Ni plate on each side and electrochemical measurements were carried

out.

3.2 Materials Characterization

3.2.1 Particle Size Distribution

Static laser diffraction is a technique employed to determine the dimension and distribution of particles
within a powder. In this method, particles are dispersed in a liquid or gas and then passed through a laser
beam. Subsequently, the scattered light is collected and analyzed by detectors. Diffraction also occurs,
resulting in point-like diffraction patterns for real particles, which are irregular in shape. Two models
are typically employed to interpret the signals recorded by the detectors: The Fraunhofer and Mie
models. In this study, Mie theory was employed because it is frequently utilized for smaller particles (<
1 um in this work), and considers diffraction, refraction, absorption, and emission of laser light. Mie
theory offers a great accuracy in particle size determination, particularly in the lower micrometer range

when evaluating real particles with non-ideal spherical shapes.

The particle size distribution was determined by using a Retsch LA950 instrument, utilizing ethanol as
the liquid medium. Ultrasound was employed to destroy the agglomerates, enabling the measurement
of the primary particle size was measured.

3.2.2 X-Ray Powder Diffraction

X-Ray powder diffraction (XRD) is used to reveal the structural properties of materials. The technique
is based on the diffraction of x-rays penetrating in the lattice structure of the material, based on its unit
cell. X-rays are being diffracted by the periodicity of this unit cell, while only some diffracted x-rays
exhibit a constructive interference. Each atom in the lattice results in a specific scattering angle,
depending on the material (Figure 3.2.1) and can be calculated by Braggs Law, see equation 3.1

below208:209-
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2d - sin(0) = ni Eq. 3.1

Where d is the spacing between atoms/planes, @ the incident angle, » an integer and /1 is the wavelength

of the x-rays.”!

Figure 3.2.1: Scheme of x-rays penetrating into the material and be diffracted by the atom in the lattice. Braggs
Law can be illustrated by this, adapted from 7'.

In this work, a Bruker D4 Endeavour instrument using Cu-Ka radiation and equipped with a 1D detector
LYNXEY and a DIFFRACplus BASIC package, which was released in 2009, was used to analyze the
phase compositions of the powders, green tapes and sintered tapes. The standard measurement program
with the following parameters were used: range of diffraction angle 10° to 80° 20, with an increment
0f 0.02° for 2@ and 0.75 seconds per measurement step. In one single measurement (Figure 4.2.5) an
Empyrean (Malvern Panalytical, Almelo, Netherlands), using a 255-channel PIXcel linear detector from
10° to 90° 20 in 0.026° steps was used. A Rietveld analysis was performed with the software TOPAS
(Bruker).2!?

3.2.3 Scanning Electron Microscopy

Microstructural analysis was performed by Scanning electron microscopy (SEM), which is a surface
sensitive technique, by using a focused electron beam, to scan the surface. An electron gun generates
primary electrons and they interact with the atoms near the surface, being scattered. Scattering can lead
to different types of e.g. electrons (secondary electrons and backscattered electrons) or x-rays, photons
etc. Depending on the detector information, topography or composition can be investigated.
Backscattered electrons (BSE) can for example give information about the composition, while energy
dispersive x-rays are used for elemental investigation, as they are characteristic for each element (EDX
measurement). Furthermore, to gain information about the crystallographic orientation, and grain
boundaries the sample needs to be tilted to 70° for electron backscatter diffraction (EBSD). With this
tilt, the sample produces diffraction bands, which are also called Kikuchi patterns. A scheme of an
electron beam directed on the surface is displayed in Figure 3.2.2.2!!
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Figure 3.2.2: Principle of an SEM of an electron beam directed on the sample and its interaction, adapted from
212

Different instruments were used for the sample analysis in this work. In chapter 4.1.4 SEM images were
taken using a field emission scanning electron microscope (Merlin, Carl Zeiss Microscopy), equipped
with the X-Max Extreme EDX-detector (Oxford Instruments). Chapter 4.2.3 used the SEM instrument
(SEM, Zeiss Gemini 450), equipped with a secondary electron (SE) and backscattered electron (BSE)
detector and an EDX detector (ULTIM MAX 170, OXFORD INSTRUMENTS). The electron
acceleration voltage was set to 8 kV, except for the overview of the full cathode (Figure 4.2.7) it was
set to 15 kV. The combination of SEM and Raman technology was performed on an EVO 15 (Zeiss)
using an BSE detector together with an EDX detector (ULTIM MAX 100, OXFORD INSTRUMENTS)
with an accelerating voltage was set to 15 kV. All other investigations were performed by a HITACHI
TM3000 instrument in back scattering mode with a 15kV beam accelerating voltage.

Sample preparation varied for each investigation. For fractured, un-polished samples, no necessary steps
previously to the measurement needed to be taken care of. For sintered tapes with a polished cross-
section, the tapes were embedded in epoxy resin, ground by SiC paper, and polished with a water-free
diamond suspension. After the final step a thin gold layer (<10 nm, Cressington 108 auto coater) for
measurements on the Hitachi instrument or a thin platinum layer (<10 nm, Baltec, type SCD 050) for
measurements on the Zeiss instrument was sputtered on top. Powder samples were prepared on a Si
walfer, placed with pure ethanol, dried and coated with platinum (<10 nm, Baltec, type SCD 050).

The images in chapter 4.1.4 were prepared by Ar-ion milling (3 kV acceleration voltage, 380 pA
discharge current) using a flat milling system (IM-3000, Hitachi). A thin iridium layer was sputtered
onto the sample surface to compensate for charging effects (Q150TS coater, Quorum).

EDX was performed on the same instrument state above (SEM, Zeiss Gemini 450) using a secondary
electron (SE) and backscattered electron (BSE) detector and an EDS detector (ULTIM MAX 170,
OXFORD INSTRUMENTS). The EDX measurement related to Raman was performed on an EVO 15
(Zeiss) using an BSE detector together with an EDX detector (ULTIM MAX 100, OXFORD
INSTRUMENTS) with an accelerating voltage was set to 15 kV.
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EBSD measurements were performed on the instrument (SEM, Zeiss Gemini 450) using a secondary
electron (SE) and backscattered electron (BSE) detector and an EBSD detector (C Nano, with the
software Aztec, OXFORD INSTRUMENTS).

Sample preparation was followed as explained by Fu et al.?"?, due to the highly surface sensitive

measurement and the fast degradation of LLZO in air.

3.2.4 Grain Size Distribution

SEM images were used to evaluate the grain size distribution of sintered tapes. This was performed on
a cross-section of a fractured sample, un-polished, to see the visible grain boundaries due to intergranular
breaking of most of the grains. It is not possible to polish the cross-section of thin tapes and do a chemical
or thermal treatment to make grain boundaries visible, due to the fragility of the tapes. Although un-
polished cross-sections distort the real grain size, it is the best possible assumption and was applied to
get a quantitative grain size distribution in the different samples. Therefore, the following steps were

performed in the Image]J software?'

. The resulting images are pictured in Figure 3.2.3. The SEM images
were used to analyze the grain size distribution by setting a threshold, using the ‘watershed’ program
and manually adjusting those grain boundaries that were assumed falsely by the program, and converting
them finally into ellipses with a specific value on the long and short axis. The value for the long axis
was used as maximum grain size and plotted. For the Gaussian fit, the chi-tolerance value of 1x10~

was realized in the software Origin.

a) b) c)

Figure 3.2.3: Grain size distribution analysis by ImageJ showing a) the SEM image used, b) the converted picture
in ImageJ, manually adapted the grains if necessary and c¢) the resulting ellipses used for calculation of the grain
sizes.

3.2.5 Density

Density measurements can be performed in various ways, e.g. calculating on the geometry, using
Archimedes principle or by analysis of a cross-section image. Due to the low weight and highly
deformed tapes during synthesis, both first cases are not applicable for investigation of the density of
the sintered tapes. Therefore, the only possibility is an image analysis. Due to the evaluation of different
grain sizes and the problematics of the polished cross-sections explained in the previous section, no
polished cross-sections were examined for density measurement, as it is usually done by setting a
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threshold in the ImageJ software.?'* Here, density measurements were performed in the same tape on
three different areas: 1) On a polished cross-section, 2) on cross-sections fractured, the latter with
intragranuarly fractured grains and intergranuarly fractured grains to see the difference in density
measurement depending on the preparation, assuming that the real density is homogenously in the tape.

- - I - T = . . . . -  — - Y
a) . Relative density 90% y { b) , ‘Jf_-» ., Relative density 90% _ ./ _; ~ 'L Relative density 84% y
VNS w % : 24 - Ve |
% A - ! J " ’A! I‘A
r : s P \ gy
S ol K. 48 et A
Y ‘ y
~ DA £ 4 .2 ~~ & | ’\ "’ N
S BT ¥ [ Sl a2 ‘*\ ’t ”
4 . A i )
£.1% v A N ve )
B e N R 5 hY ol A
s - “ S e o ¢ > I
| W » b i Sy B ad 1 ‘,,( { —ﬁ
el . PR
et ¥ « -
30 50
(% ot 7 =

Figure 3.2.4: SEM images of a a) polished cross-section b) an un-polished cross-section with intragranuarly
fractured surface and ¢) an un-polished cross-section with intergranuarly fractured surface and their specific
density, calculated by ImageJ.

The three different images reveal that between a polished cross-section and an un-polished cross-section
with intragranuarly fractured grains no differences can be seen in the relative density of the tape. The
difference to the un-polished cross-section with intergranuarly fractured grains is around 6% lower than
the other relative densities. Therefore, the density is usually higher than the calculated value if the
density of an intergranuarly fractured surface is used. Therefore, the values based on intergranuarly
fractured areas are only used for an indication on the relative density of the tape.

3.2.6 Raman

Raman measurement were carried out to investigate the local chemical order of a sample. The sample
is illuminated by a monochromatic light, here a laser source, and photons are excited from a vibrational
energy state to a virtual energy state. The photon can than emit either in elastic light scattering (Rayleigh)
or inelastically (Raman). For Raman scattering, the frequency is either increases or decreases resulting
in a Stokes or Anti-stokes shift*'*:

(i) Rayleigh line with frequency v = v,
(ii) Antistokes Raman line with frequency v = v, + vy,
(iii) Stokes Raman line with frequency v = v, — vy

With v = frequency, v, = initial frequency and vy, = specific frequency of any value. A schematic of the
emitted photons can be seen in Figure 3.2.5.2'
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Figure 3.2.5: Schematic drawing of the light emitted, with indication of Rayleigh lines, Stoke-Raman Lines and
Antistokes-Raman lines, adapted from 216,

To be Raman active, the sample needs to undergo a vibrational or rotational mode leading to a change
in polarization. Then the Raman spectrum can be used to identify inorganic solids, due to their
differences in vibrational spectra.?!> Further optimization can enhance the intensity of the inelastically
light scattering, for example surface-enhanced Raman scattering.?'?

Raman spectroscopy was measured with an INVIA QONTOR, RENISHAW with a 532 nm laser (~2.5 mW)
and a 2400 | mm™! grating installed. The spectra were collected with a step size of 1 um in x- and y-
direction and a measuring time of 1 s per spectrum. The spectra were processed with the WiRE software,
including cosmic ray removal and normalization, and the mappings were averaged to a single spectrum,
or a phase analysis of the mapping was performed. Due to the sensitivity of LCO and LLZO to the light,
the power was set to 5%.

3.2.7 Time-of-Flight Secondary Ion Mass Spectrometry

Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) is used to evaluate the surface-sensitive
chemically related information and is a destructive technique. A pulsed ion beam bombards the sample
surface and sputters secondary ions from it. The measurement is based on the ratio of mass to charge of
the ionized elements, as its duration to hit the detector depends on it. Therefore, the required time to hit

the detector can be related to the mass-charge ratio. This technique can detect the whole periodic

table. %217

The measurements were performed on a TOF-SIMS 5 NCS system (IONTOF GmbH) equipped with a
Bi Nanoprobe 50 primary ion gun, an oxygen sputter gun, and a low-energy electron flood gun for
charge compensation. Bi* primary ions were chosen for analysis at an energy of 30 keV, and the oxygen
sputter gun operated at 1 keV. Images were taken in positive polarity in an analysis raster of
50 pum x 50 pm and 1024 x 1024 pixels in imaging mode, while the sputter raster was set to
350 pm % 350 pm.

3.2.8 Micro x-ray tomography

To assess the microstructure of the composite cathode on a large scale, micro x-ray tomography (uCT)

measurements were performed. The used tool was a Zeiss Xradia Versa 520. Smaller pieces were needed
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for the measurement, therefore, composite cathode tapes were cracked into pieces (< 10x10 mm) and
fixed on top of a thin metal needle. The x-ray source was set to an acceleration voltage of 60 kV and a
power of 5 W while using 40x optical magnification, resulting in a voxel length of 300 nm. Image quality
was ensured through high exposure time of 35 s per image, leading to an overall measurement time of
roughly 30 hours. An initial warmup step ensures that the sample has a constant temperature during the
tomography. The chosen parameter set provides high-quality images with good contrast. This lowers
the number of post-processing steps to just one non-local means filter, which was implemented in the
2023 distribution of GeoDict (GeoDict software, Math2Market, Germany, release 2024). Finally, Otsu’s
method is chosen as the segmentation algorithm. Microstructural evaluation was also performed with
GeoDict 2023, using the MatDict and PoroDict modules. Initially, the phase distribution of active
material and electrolyte is analyzed using MatDict. In the second step, pore connectivity is quantified in

PoroDict.?'$

These measurements were performed by Adrian Lindner, IAM-ET, Karlsruhe Institute of Technology.

3.3 Electrochemical characterization

Electrochemical characterization methods are necessary to assess the performance of separators and
composite cathodes in more detail. Therefore, cells, (symmetric half cells with two attached lithium
anodes in order to characterize separators and full cells with lithium anode and composite cathode for
composite cathodes) are analyzed with varying methods. To investigate the resistance of either separator
or full cell, electrochemical impedance spectroscopy is performed on both type of cells. Another
characteristic for separators is the critical current density for dendrite formation, while for full cells

charge and discharge behavior are analyzed to evaluate the capacity of the composite cathode.
3.3.1 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS) is one of the most used technique to analyze the
resistance in a battery cell. It provides information of the bulk resistance, the impedance of interfaces
and charge-transfer reactions. EIS works with Alternating Current (AC) with a low amplitude over a
high frequency range. When AC is applied to a battery cell, the impedance (Z) can be explained
following Ohm’s law for AC:

Eq
Z(w) = T Eq. 3.2
t
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with the excitation signal of the voltage (E;) and the current response signal (I;), while w is the angular
frequency with w = 2nf, with frequency (f). Excitation signal and current response to a shift in phase
(¢) can be described by the following equations:
E; = Eysin(wt) Eq. 3.3
I = lysin(wt + @) Eq. 3.4

Inserting the above equations into Eq. 3.2 by displaying complex exponential functions (Euler’s

equation) gives a real component (Z’) and imaginary component (Z”).

E, sin(wt) sin(wt) )
Z(w) = 7= =Zy= =7 —jz" Eq.3.5
Iy sin(wt + @) sin(wt + ¢)

Typically for representing battery cells, a Nyquist plot is used, which plots the real component (Z”)
against the negative imaginary component (Z”), resulting in separate points for each frequency, although
the frequency is hidden in the plot. To investigate the different contributions, e.g. resistance to the battery
cell, equivalent circuit models are used to describe each electrochemical process/component. The
electrical components, such as resistors (R), capacitors (C), inductors (L) and constant phase elements
(Qcpg) are most common in battery analysis. The fundamental electrochemical elements can be

described as following:

resistance (R): Z=R Eq. 3.6
itors (C) Z= ! Eq. 3.7
capacitors (C): = jaC q. 3.
inductors (L): Z = jolL Eq. 3.8
tant ph l t (Qcpi) A ! Eq. 3.9
constant phase elemen : =— .3
p CPE Q(jw)® q
with @ = 1 for an ideal capacitor, @ = 0 for an ideal resistor, and @ = —1 for an ideal inductor. A pure

diffusion process would be described by @ = 0.5 and is also called Warburg diffusion. It is neglected in
this work though.

The Nyquist plot for each of the above electrochemical elements would show different properties, e.g.
an ideal capacitor would only be a direct line in —Z” direction. The combination of these elements is
displayed in individual semi-circles for each battery cell, depending on the resistance of bulk material,
grain boundaries and interfaces. A Nyquist plot with an equivalent circuit model for a typical battery
cell is shown in Figure 3.3.1.
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Figure 3.3.1: Example of a Nyquist plot with equivalent circuit model on real data adapted from ? is licensed
under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

The Nyquist plot shows three R-CPE elements, previously of an inductance, resulting in three semi-
circles. By extracting the underlying parameters from the semi-circles, resistances and capacitance can
be extracted. The capacitance cannot be used from the CPE element as extracted and need to be

converted to obtain the effective capacitance?!’:

1
= (Q-R)a Eq.3.10
R
In accordance with the recommendations set out by Irvine et al.”*’, the value of the measured capacitance

provides insight into the potential underlying phenomenon, as summarized in Table 3-1.

Table 3-1: Typical capacity values and their responsible phenomenon taken from?2

Capacitance / F Responsible phenomenon
10" Bulk

10" Minor, second phase

10" - 10 Grain boundary

10 - 107 Bulk ferroelectric
10°-107 Surface layer

107 -10° Sample/electrode interface
10" Electrochemical reaction

—1221

It is assumed that LLZO has a low electronic conductivity of 107° S cm , which is neglected. The

ionic conductivity can then be calculated with equation 3.11:

L

= Eq.3.11
’ (Ry + Ryp)A a-3

where o is the ionic conductivity (S cm™), L the height of the sample, A the area, and R, and Ry, the

resistances of the bulk material and grain boundary.
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Electrochemical tests in this work were carried out at either 25 °C or 60 °C by using a VMP-300 multi-
potentiostat (BioLogic Sciences Instruments Ltd, France) combined with a climate chamber (V6tsch
Industrietechnik VT 4002EMC, Germany). The data were evaluated using the EC-lab software
(BioLogic Sciences Instruments Ltd, France) and Data Analysis (Z-View, Scribner Associates Inc.).
Electrochemical impedance spectroscopy (EIS) was performed at 3.0 V in a frequency range of 3 MHz
to 10 Hz with an amplitude of 10 mV.

3.3.2 Critical Current Density

Another important factor for a working separator is not only the high ionic conductivity at room
temperature, but also the critical current density (CCD) of the separator. The critical current density
describes the stability of LLZO against stripping and plating of Li metal in direct contact. CCD depends
on many factors besides temperature, especially ionic conductivity, dendrite formation, and
electrochemical stability, while other factors are related to the three mentioned above, e.g. relative

density, mechanical strength, and interfacial resistance.??

To investigate dendrite formation, impedance and critical current density measurements were conducted
at 60 °C using a BioLogic VMP-300 multi-potentiostat. The lithium was stripped and re-plated for this
test at an increasing current density. It started from 5 pA (9.94 uA cm2) for 30 minutes per step with
an increment of 5 pA per cycle for LLZO-t measurement (Figure 4.1.28 b), while for LLZO-p (Figure
4.1.28 a) reaching 50 pA (99.4 pA cm?), the increment was increased by 15 pA per cycle instead of 5
pA. Here, the critical current density is defined to be reached when the first Li dendrite grows by
observing a significant voltage drop.

3.3.3 Cyclo-Voltammetry

Galvanostatic cycling was carried out at 35 pA cm™ in a voltage window of 3.0 —4.0 V vs. Li/Li*. The
battery was charged to a constant voltage of 4.0 V vs. Li/Li* until the current dropped to 13 pA cm™.
The data were evaluated using the software EC-lab (BioLogic Sciences Instruments Ltd, France) and
Data Analysis (Batalyse GmbH, Germany).






4 Results and Discussion

Based on the state of the art overview in chapter 2.2.3, several aspects have been identified where further
research regarding the use of LLZO in ASSB is needed. The present chapter will address approaches to
the following three key challenges:

e Consumption of critical resources
e Energy intensity

e  Production cost

The first point will be discussed in the following sub-chapter 4.1, where the focus will be on recycling
options of reject streams that occur within the production process to minimize waste production. A
potential remedy for the other two issues, high energy requirements and production cost, will then be

presented in sub-chapter 4.2, by introducing a new in-situ synthesis route.
4.1 Part I: Recycling of the solid electrolyte Li7LazZr,O12

Recycling is important for a number of reasons, including the scarcity of resources for the materials
used® which was identified as an issue related to LLZO. Furthermore, EU-Regulations defined a
recycling rate for several crucial materials, including Li to be as high as 35% and for total battery
recycling to be as high as 65% by 2025.¢ However, waste material is not only generated at the end of
life, but also during the production process. At an industrial level, the waste production of a new battery
manufacturing facility can be as high as 90% of the total output in the first year and also represents a

3 Of particular interest for recycling due to the scarcity of

challenge beyond the ramp-up phase.??
resources for the materials used in LLZO are Li and various dopants such as Ta and Ga. Typically, a
costly and time-consuming hydro- or pyrometallurgical approach (or a combination) is used to recycle
the oxide materials and their dopants.?** In order to minimize costs, a different approach of a direct
recycling of production reject streams would help enormously to minimize the ecological footprint of
oxide materials, as well as the high processing cost.® Particularly a non-destructive way of recycling
production waste would lead to much lower recycling costs. Furthermore, the need to repeat a multitude
of processing steps would be eliminated, saving energy, time, production capacity and ultimately again

cost.

In this chapter, the focus is hence not on conventional recycling of end-of-life products, but rather on
the recycling of production reject streams within the manufacturing plant. As large industrial LLZO
production does not exist to date, the following findings are based on lab scale in research. This approach
allows to anticipate potential issues in industrial production at a very early stage and to develop

countermeasures and optimized processes ahead of time. The production waste is therefore mimicked
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by purposefully producing waste material, and options for re-lithiation are investigated with regard to
their influence on the final product and potential side effects. As a consequence, a direct and simple
recycling route for in-production LLZO waste material was developed, with considerably lower energy

consumption and cost than a pyrometallurgical or hydrometallurgical approach.

4.1.1 Preparation of Li;La3Zr,O1, waste production material for re-lithiation

To investigate potential recycling approaches for reject material caused by LLZO process malfunctions,
this scrap material needs to be synthesized as a first step, as industrial waste output is not yet available
for research. The most common impurity of LLZO is the Li-poor La;Zr,O7 pyrochlore phase?**226,
which would occur during a malfunction in the process. It prevents LLZO from reaching its full ionic

227 and can be expected to play a crucial role also in industrial processes in the future. LLZO

conductivity
(LisssLasAloosZri6Tao4012) was synthesized in a solid-state reaction following the steps reported by
Mann et al.”* As detailed in chapter 2.2.3, Li-loss is a major drawback of the heat treatment which
becomes necessary due to the formation of Li,CO; during the milling step. Excess Li is usually used to
overcome Li loss during heat treatment. To mimic the use of LLZO scrap production with an impurity
of the Li-poor pyrochlore phase LaxZr,O-, a heat treatment of LLZO powder was used to create a
pyrochlore phase. After the heat treatment, XRD measurements were carried out to assess whether the
pyrochlore phase was formed. The LLZO-10 and LLZO-20 powders after wet-ball milling and heat
treatment at 750 °C for 2 hours were analyzed and compared to pristine LLZO-10 and LLZO-20 in

Figure 4.1.1.
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Figure 4.1.1: XRD patterns of the pristine LLZO-10/LLZ0O-20 powder and the LLZO-10/LLZO-20 after wet-ball
milling and additional heat treatment of 750 °C for 2 hours are shown. For analysis, the cubic LLZO reference
(ICSD: 182312)2 is given, while a) shows the total pattern, and b) is zoomed-in to show the impurity phase in a
higher detail.

The pristine LLZO powder shows a pure cubic LLZO structure after synthesis. The powder after wet-
milling and heat treatment with Li excess of 10% shows significant amounts of La>Zr,O7 (reflectance
at 28.1 20).22* The Li loss at 750 °C was high enough for secondary phases to form. No secondary
phases formed in the heat-treated powder with Li excess 20%, which will be discussed below. In all

cases, the cubic structure of LLZO was maintained as primary phase.
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In order to verify that the heat treatment was the actual cause of the Li loss and thus the impurity of
LayZr,07, the wet-ball milled powder was dried and heat treated at 750 °C for 2 hours in air and in argon.
XRD measurements were performed on the dried powder and on the LLZO-10 and LLZO-20 powders

after heat treatment in air and argon respectively.
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Figure 4.1.2: XRD patterns of the wet-ball milled LLZO powder (dry) and after an additional heat treatment of
750 °C for 2 hours in air and in argon are shown. For analysis, the cubic LLZO reference (ICSD: 182312)°? is
given, while a) shows the LLZO-10 powder for each treatment, and b) shows the LLZO-20 powder for each
treatment.

Due to exposure of the LLZO powder to air during the XRD measurement, the previously described
surface reaction with ambient air to form Li,CO3; may occur (Eq. 2.3 &2.4). These Li>COs reflections
can appear as an additional impurity in the XRD plots above even though Li>CO3; may not occur in the

actual synthesis process.

When comparing the analyses of the XRD patterns of the milled powders and the heat-treated LLZO-
10 and LLZO-20 powders, two differences can be identified. For the milled LLZO powder (LLZO-10
and LLZ0-20), the powder was air dried after wet-ball milling to see the effects of wet-ball milling in
direct comparison to the heat-treated powder. The dry powders show the cubic LLZO phase with the
exception of an additional Li,CO;3 impurity in the LLZO-20 powder due to air exposure during XRD

measurement.

For the heat treatment in both argon or air for LLZO-10, cubic LLZO is still the main phase, but with a
high impurity of La,Zr,07 and small amounts of Li>CO3, due to air exposure during data acquisition. In
the powder analysis after heat treatment in air or argon with LLZO-20, only the pure cubic LLZO
structure is present. This leads to the assumption that the Li excess of 20% in the LLZO-20 powder is
high enough to compensate for the Li-loss in the structure during heat treatment. In the LLZO-10
powder, the excess of Li is still insufficient to compensate for the complete Li loss during the heat
treatment, and the cubic LLZO structure is transformed into a Li-poor La>Zr,O7 phase. The atmosphere
of the heat treatment has no influence on the structure of the LLZO, since in both cases the pyrochlore

phase La;Zr,O7 becomes the main impurity.

It could be shown that the LLZO-10 powder is well able to demonstrate the malfunction of a synthesis
in terms of Li loss, with the main impurity phase being La,Zr,O07. The LLZO-10 powder with 10% Li
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excess shall hence serve as baseline for further investigation of additives. The LLZO-20 powder in turn
allows to avoid the pyrochlore phase and is used to demonstrate the influence of impurities on the
microstructure in a later sub-chapter.

4.1.2 Influence of LiOH additive on LizLa3Zr,O12 waste production material

In the previous section, the main production failure of LLZO by loss of Li was mimicked successfully,
resulting in a pyrochlore phase of La;Zr,O7 as the main impurity. This sub chapter will now focus on
options to avoid the formation of a Li-poor pyrochlore phase during the production process. The central
idea of this recycling approach is to use reject material directly from the LLZO synthesis process, which
is mimicked by the waste material from the previous sub-chapter. In the present sub chapter now, excess
Li is added to the waste production material in the form of LiOH and Li»COs to compensate for the Li-
loss during heat treatment, ultimately avoiding the formation of a La,Zr,O; secondary phase. This re-
lithiation approach would allow to restore reject material to the required state, even if the Li content
after synthesis of the LLZO powder was insufficient due to typical process malfunctions mentioned
above.

The influence of LiOH and Li»COs as Li sources was analyzed at cell component level of solid
electrolytes. Depending on the purpose of adding a Li source, it can be used in four different ways in
the process: It can be added during the wet-ball milling step, during subsequent heat treatment, during
tape-casting, or during sintering. A scheme (Figure 4.1.3) illustrates the addition of the chemical in the
various processing steps of a cell component production. “Heat treatment” is defined here as the
calcination step at 750 °C for 2 hours, whereas the sintering step, which technically is a heat treatment
as well, is defined as “sintering” (by default at 1175 °C for 10 hours, varied).
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Figure 4.1.3: Scheme of the battery component process of a separator, showing when the different chemicals
(either one or both together) were included. Adapted from ° is licensed under CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/).
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The tape casting process is highly sensitive to the particle sizes of the materials. If LiOH or Li,COs3 were
added to this process step, the powders would hence need to be milled to specifically meet the slurry
particle size distribution. This step adds significant process complexity and is unlikely to be adapted in
industrial scale applications. It will therefore not be considered further here. Furthermore, adding Li
sources during wet-ball milling will not be discussed in detail, but will be discussed briefly in section
4.1.3, including additives such as LiOH and H>O. As the high temperatures during the first heat
treatment and sintering stages exceed the boiling temperature of the Li source, the Li source powder can
be easily added into crucibles.

The starting point for this investigation is the LLZO powder (Lig4sLasZr,AlgsTao4012) with 10% Li
excess to ensure initial Li shortage as demonstrated in section 4.1.1. LiOH and Li,CO; additives are
used as an additional Li source to counteract the Li loss that would result in a pyrochlore phase in the
final solid electrolyte. Any other impurity or dopant effect will not be investigated here in order to avoid
effects caused by interdependencies of dopants. At this stage, the focus of the investigation will be on
reversing the failure of the synthesis of LLZO powder and later of LLZO green tapes.

Additional Li sources during heat treatment

XRD patterns of the dried LLZO-10 powder have shown a cubic LLZO structure, whereas the most
visible change after heat treatment of LLZO-10 powder was an impurity by a pyrochlore phase. This
mimics a degradation after a successful LLZO synthesis as it can be caused also by a malfunction or
imperfection in an industrial process. As proven above, the synthesized LLZO products would then be
contaminated with secondary phases if further treated in the process. Therefore, the first process
improvement will focus on the first heat treatment step to avoid the formation of a pyrochlore phase
before the green tapes can even be cast. This means that even if LLZO material with insufficient Li
excess was produced, it could be saved and further processed by simply adding another Li source. In a
first attempt, LiOH respectively Li»COs; was added during the heat treatment by simply adding the
powder to the LLZO-10 milled powder and mixing by hand. The mixed powder was then filled into a
crucible with a closed lid, ensuring a high Li atmosphere in the crucibles. The molar ratio was kept at 1:1
(LLZO:LiOH), adding the equivalent of a Li excess of 15 % plus the remaining Li excess in the LLZO.

An XRD pattern was recorded after the heat treatment with added Li source to investigate the influence
of additional Li excess and if a high Li atmosphere can prevent the material from decomposing into
LazZrzOm
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Figure 4.1.4: XRD pattern of LLZO-10 milled powder after heat treatment in air without addition, with addition
of LiCOj5 and with an addition of LiOH. For analysis, the cubic LLZO reference (ICSD: 182312)32 is given, while
a) shows the total pattern, and b) is zoomed-in to show the impurity phase in a higher detail.

The amount of pyrochlore phase La,Zr,O; decreases, almost disappears, compared to Figure 4.1.2 a
without added Li source, which means that a Li-rich atmosphere can prevent Li loss during heat
treatment, at much lower temperatures than usual during synthesis (750 °C compared to 900-1000 °C),
where the Li excess is normally used. It is known from LLZO synthesis that La,Zr,O7 is one of the
forming phases of LLZO already at temperatures as low as 400 °C.*? During synthesis, the pyrochlore
phase increases, with increasing temperature until 800 °C, where the Li source in the synthesis will melt
and form LLZO.%>% We propose that a similar mechanism occurs during the re-lithiation. Since all
necessary chemicals are present in the green tape, the pyrochlore phase is formed into LLZO by melting
Li,CO; respectively LiOH, which was added to the crucible and enriched the Li atmosphere at even
higher temperatures.

The LLZO-10 powder heat treated with additional LiOH (LLZO-10, air+LiOH (heated)) was then
further processed to a separator tape via tape-casting and sintering on an LLZO-20 powder bed
according to Figure 4.1.3, without any further additions during the process. The green tapes were placed
on an LLZO powder bed consisting of LLZO-20 powder during sintering. In addition to prove the cubic
LLZO structure of the resulting separator tape, also the microstructure was analyzed to see if any
changes occur during the first heat treatment caused by the additional Li source. The LLZO tapes

processed in a similar way by Rosen et al.!”” shall serve as reference for the microstructure here.
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Figure 4.1.5: XRD patterns of LLZO-10 powder after heat treatment in air with and without addition of LiOH and
the sintered tape, after heat treatment with LiOH. For analysis, the cubic LLZO reference (ICSD: 182312) is
given, while a) shows the total pattern, and b) is zoomed-in to show the impurity phase in a higher detail. BSE-
SEM image of a cross-section (fractured, un-polished) of a sintered LLZO tape with additional LiOH in the first
heat treatment step shown to evaluate the grain growth, grain shape and grain size. ¢) shows a different area of the
same tape as d).

The sintered separator tape had a total shrinkage in x-y direction of 20%, resulting in a thickness of
60 pm with a relative density of at least 70% (obtained by Imagel analysis). Analysis of the XRD
patterns showed that the cubic LLZO structure was obtained. Interestingly, the LLZO-10 powder still
showed a La,Zr,O; impurity after the first heat treatment with addition of LiOH, which was nearly
completely removed after the sintering step. At this point, the LLZO-20 powder bed during sintering
should be recalled once again: Besides the primary purpose of separating the green tapes from the MgO
plate or the crucible below, it also contains excess Li. It is therefore assumed here that the Li excess in
the crucible atmosphere due to the Li release from the LLZO-20 powder bed is high enough to not only
compensate the Li loss during sintering, but also to re-lithiate the pyrochlore phase initially present in

the tape. This hypothesis will be examined later in chapter 4.1.3.

Cross-sectional BSE-SEM images of a fractured LLZO separator tape were taken (Figure 4.1.5 c+d),
without any polishing steps, to evaluate grain growth and possible changes in the microstructure. Here,
one can clearly see a change from previously obtained LLZO separator tapes in the same process without

I 107

additional Li sources, shown by Rosen et a Two different areas can be distinguished in the

microstructure of the sintered tape: One area (Figure 4.1.5 ¢) has uniformly shaped grains with an
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average grain size of 3.5 um (calculated by ImageJ, see chapter 3.2.3). The second area (Figure 4.1.5 d)
shows a different structure of either three large grains with residual intragranular pores or many grains
without visible grain boundaries. The assumption of many small grains without visible grain boundaries
would imply that the LLZO tape undergoes a change from intergranular fracture to intragranular
fracture. Kim et al. found a change from intergranular to intragranular fracture with increasing density
of their LLZO sample.'™ On the contrary, an intergranular fracture could be observed, when impurities
or sintering additives are located at grain boundaries, although the ceramic in that study was yttria-
stabilized zirconia.?”® The assumption of a larger grain, however, would indicate abnormal grain growth,
due to the large change in grain size distribution. A large grain across the entire thickness of the tape,
resulting in a grain size of tens of microns to hundreds of microns, would represent an increase of up to
two orders of magnitude compared to the smaller grains. The general definition of abnormal grain
growth is the variation in the growth of a few grains that grow larger than the surrounding grains.?*
There are several factors that can cause such an abnormal grain growth. These include the presence of
impurities or secondary phase particles that affect the grain boundaries, which is a driving force for grain
growth.!%222? In addition, impurities or second phases can lead to liquid phase sintering, where a different
grain growth mechanism operates.!%> The advantages of abnormal grain growth are large grains without
internal grain boundaries, resulting in a higher bulk content and less blocking grain boundaries.
Disadvantages are the difficulty of control during growth, the inhomogeneous distribution of grains, and
the weak grain boundary on large grains due to the impurities in this area.”® In contact with Li metal, it
may on the one hand be beneficial due to lower amounts of grain boundaries at the contact area, but on
the other hand disadvantageous as the path for the Li dendrite is straightforward at a single grain
boundary.

Additional Li sources during sintering

It was shown in the last section that small impurities of La,Zr,O7 can be re-lithiated by the Li excess
from the LLZO-20 powder bed in the crucible. This suggests that Li excess does not only prevent the
formation of a Li-poor pyrochlore phase, but Li excess can actually revert existing La,Zr,O; impurities
during the sintering step. The idea was hence developed to skip the addition of Li sources before heat
treatment and instead re-lithiate directly in the sintering step. To overcome the potential problem of Li
loss, LiOH was added as an additional source to the tapes in the crucible to examine its capability to re-

lithiate the already formed pyrochlore phase La,Zr,0;.

Therefore, green tapes with high impurity of La,Zr,O; were obtained, followed by sintering with the
added LiOH to improve the Li atmosphere in the crucible. The resulting separator tapes were then
analyzed first via XRD and BSE-SEM as shown in Figure 4.1.6.
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Figure 4.1.6: XRD patterns of pristine LLZO-10 powder, after heat treatment in air without addition, and the
sintered tape with LiOH addition during sintering. For analysis, the cubic LLZO reference (ICSD: 182312)%? is
given, while a) shows the total pattern, and b) is zoomed-in to show the impurity phase in a higher detail. BSE-
SEM image of a cross-section (fractured, un-polished) of a sintered LLZO tape with additional LiOH during
sintering is shown to evaluate the grain growth, grain shape and grain size. ¢)-e) show different areas of the same
tape.

The analysis of the XRD patterns shows that with an added Li source such as LiOH in the sintering
atmosphere, the LLZO was significantly re-lithiated compared to the LLZO powder after the first heat-
treatment with the La,Zr,O; impurity, thus restoring a pure cubic LLZO phase (within the detection
range of the XRD).

The analysis of the microstructure of the sintered tapes by BSE-SEM reveals areas with very large grains
as observed in the last sub section. A comparison of different areas of the tape suggests two different
grain growth mechanisms. For the sintered separator with additional Li in the sintering atmosphere, a
microstructure similar to the addition of Li source in the first heat treatment step was observed. The
abnormal grain growth is again observed, leading to the assumption that a Li-rich atmosphere changes
the grain growth mechanism in a similar way compared to manual mixing into the LLZO powder. Here,
large pores are observed, which reduce the density of the large grain. However, the particles neighboring
the abnormal grains show a partial sintering behavior without clear sintering activity. The grains have
an average grain size of 2.6 pm, proving that almost no growth occurred during sintering, as the initial

particle size is below 1 um.
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This undesired behavior may represent a relevant electro-chemical disadvantage in some cases (see sub
chapter 4.1.3 for details). Another disadvantage of the abnormal grain growth becomes obvious when
handling the sintered tapes: Due to the brittleness of the tapes, only parts of the tape could be removed
from the sintering crucible in most cases. An evaluation of the entire tape with an estimation of the area
covered by large grains is hence not possible. Also industrial upscaling is challenging with increasing
fragility. It will therefore be necessary to better understand and possibly limit abnormal grain growth in
LLZO to allow adaptation in industrial processes that were developed within this chapter.

Subsection summary

After mimicking a typical waste material production with a pyrochlore phase of La»Zr,05, this chapter
first describes a successful suppression of the unwanted pyrochlore phase during heat treatment of LLZO
via the addition of Li,CO; and LiOH. In a second step, the re-lithiation of an existing pyrochlore phase
to cubic LLZO was achieved by adding LiOH to the sintering process. Due to the addition of a Li source,
the grains tend to show abnormal grain growth, resulting in large single crystals with sizes up to 350 pm.
This structure has some significant disadvantages which makes in-depth studies of abnormal grain
growth in LLZO necessary.

4.1.3 Understanding abnormal grain growth in Li;La3Zr>O12:Ta,Al

The focus of the present sub chapter is a better understanding of abnormal grain growth in LLZO and
its dependency on different process parameters. The effect of abnormal grain growth on the conductivity
of the separator has been reported inconsistently by different studies. Whilst Kim et al. for example
found that it leads to a higher ionic conductivity due to fewer grain boundaries, Cheng et al. showed that
grains with a size of 20-40 um have a higher ionic conductivity than larger grains.'?>* It is reported

21 Abnormal

that the mechanical stability increases with increasing density or decreasing grain size.
grain growth has been studied with respect to mechanical strength, resulting in a much lower value than
for homogeneous fine-grained LLZ0.?3? Intergranular fracture was observed firstly because impurities
weaken the grain boundaries, and secondly by the lack of structural support from other grains which
increases the risk of tape breakage when only one grain layer is present throughout the tape thickness.”
The same effect also causes low resistance against Li dendrite growth as a further relevant separator
parameter: Whilst the dendrites do not perforate the large grains themselves, the probability of Li
dendrite growth is increased significantly along the grain boundaries. Since the large grains do not

overlap, they form straight intergranular channels which are favorable for rapid dendrite growth,?33234

On the other hand, abnormally large grains have the advantage of a high density of the bulk material.
Only a few round pores are typically retained, suggesting that a gas was trapped during growth.’® In both
cases, the abnormally large grains are larger than the thickness of the tape itself. This means that only
one large grain defines the microstructure across the entire thickness of the tape. This would also mean
that in the case of a battery application as a separator, the bulk ionic conductivity is the limiting

conductivity in these areas because there are much fewer grain boundaries.
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Since an additional Li source was added to the system, the most likely cause for abnormal grain growth
would be an impurity or secondary phase, a theory which shall be further evaluated in this section.

Confirming abnormal grain growth

In a first step, the occurrence of abnormally large grains shall be confirmed by EBSD analysis. This
would allow to rule out the second explanatory approach presented in sub chapter 4.1.2 by which very
fine grains without visible grain boundaries may be mistaken for large grains. The following
Figure 4.1.7 illustrates a tape with the observed structure against a millimeter paper background to
indicate the composition of the tape. It should be noted for transparency that the tapes in Figure 4.1.7
and Figure 4.1.8 were selected based on the clearest images to illustrate the pattern. In this exact batch,
the LiOH happens to be added together with H>O in the milling step, the following analyses prove the
exact same behavior in case of the LiOH addition during sintering though. A detailed list of all

experiments resulting in abnormal grain growth is given in Table 4-1.

Table 4-1: Summary of each experiment leading to abnormal grain growth, not discussed in the work presented.

LLZO:Ta,Al Additive 1 Step 1 Additive 2 Step 2 Sintering temperature, AGG
-time
10% Li excess H20 (10 vol%) Ball-milling - - 1175 °C - 10 hours Yes
10% Li excess H20 (10 vol%) Ball-milling LiOH sintering 1175 °C — 10 hours Yes
(1:1 molar ratio)

10% Li excess H20 (10 vol%) + Ball-milling - -- 1175 °C - 10 hours Yes
LiOH

10% Li excess H20 (10 vol%) + Ball-milling - - 1050 °C — 10 hours Yes
LiOH

20% Li excess H20 (10 vol%) Ball-milling - - 1175 °C — 10 hours Yes

- S = o
i

Figure 4.1.7: Scan of a tape with abnormal grain growth in the middle (transparent area, No. 2) on millimeter
paper
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The image shows a full tape, while the arrows highlight two different areas: Arrow No. 1 shows a
translucent small-grained area. Arrow No. 2 indicates the presumably large grain area, which is more
transparent. The reason could be the low effect of refraction combined with much reduced impurities

along the very few grain boundaries in an area with large grains.?*

The transparent area correlates with
these areas where large grains with grain sizes >100 pm seem to exist according to above BSE-SEM

analysis.

Additional EBSD measurements were then performed to evaluate whether the large grains are actually

single crystals or consist of multiple small grains without visible boundaries.

ol - ® . o

_—

- 30 um l 30 um

Figure 4.1.8: Polished cross-section of a sintered LLZO tape, area at an abnormal grain taken with a) an EBSD
detector, where pattern quality is visible and b) showing the secondary electron image.

The image in Figure 4.1.8 a shows the pattern quality, which gives an idea of the intensity of the Kikuchi
bands. The pattern quality depends on a lot of factors, but one can summarize that a dark area means no
pattern could be observed, cause by e.g. grain boundaries, pores, lattice defects, surface contamination.
As indicated by the overall bright area in both large grains, clearly no grain boundary can be detected.
This shows that each large grain is indeed a single crystal of 100-350 pm. It can now be confirmed that
sintering of LLZO with the addition of LiOH before calcination can indeed lead to abnormal grain

growth.

To investigate abnormal grain growth, each sample was analyzed by SEM measurements of a fractured
cross-section to evaluate the intergranular or intragranular fracturing and to visualize large grains. The
process parameters were kept constant, throughout the time and temperature experiments, although they
varied from the above experiments. The optimized parameter can be found in the experimental section
3.1.1.

Demonstrating abnormal grain growth in Li-saturated crucible environment

In a next step, it shall now be shown that sintering LLZO in Li-saturated crucibles does produce the
same abnormal grain growth as found in the last section. The LLZO-10 and LLZO-20 powders were
used as a starting point for the study, while no additional Li source was added during the process itself.

Prior to sintering, the crucibles used were saturated using LiOH. To demonstrate that abnormal grain
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growth is again visible in the tapes, LLZO-10 and LLZO-20 powders without further addition of Li
sources were compared before and after sintering in saturated Li-Al crucibles.
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Figure 4.1.9: XRD patterns of pristine LLZO-10/LLZO-20 powder, after synthesis, and the sintered tape without
Li source, sintered in a Li saturated crucible. For analysis, the cubic LLZO reference (ICSD: 182312)? is given,
while a) shows the total pattern, and b) is zoomed-in to show the impurity phase in a higher detail. BSE-SEM
image of a cross-section (fractured, un-polished) of a sintered LLZO tape without additional Li source but sintered
in a Li saturated crucible is shown to evaluate the grain growth, grain shape and grain size. ¢) shows the tape
sintered from LLZO-10 powder, d) shows the tape sintered from LLZO-20 powder.

XRD measurement and BSE-SEM images of a fractured surface of each tape were taken to evaluate the
expectation that abnormal grain growth still occurs at 1175 °C for 10 hours of sintering. The XRD plots
confirm that the Li-saturated crucible, which was used to sinter the tapes, indeed saturates the
atmosphere in the crucible with Li-ions to such an extent that it prevents the formation of the Li-poor
La,Zr,07 phase and also shows exactly the same abnormal grain growth as observed in section 4.1.2. In
both cases (LLZO-10 and LLZO-20), the amount of Li in the atmosphere during sintering is high enough
to show the expected microstructure, which will be investigated next.

To further investigate the occurrence of abnormal grain growth, BSE-SEM images are analyzed. There
are several problems in analyzing the grains. Firstly, the brittleness of the tapes itself precludes a
chemical or thermal treatment to make grain boundaries visible after polishing. Another problem with
the surface of a polished LLZO tape is the high reactivity in air to Li,CO;3, which interferes with the
measurement. Therefore, only the fractured cross-sections can be analyzed. Even if the resulting grain
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size distribution cannot be compared 1:1 to grain sizes extracted from polished surfaces, the deviation
between the two is very low (see explanation in chapter 3.2.3). More importantly, however, the
following approach relies solely on relative comparability between the grain size distributions which are
all produced in the same way and hence are comparable between each other. Secondly, the images taken
cover only a small section of the tape, meaning that the cross-section should ideally be at a location
where, in the best case, all types of grain growth in the tape can be seen. To improve the reliability of
the findings, at least 5 images (not all shown here) were analyzed and statistically averaged for every
experimental case, trying to cover all types of grain growth to get a representative overview: no
significant changes in grain size, an abnormally large grain and the transition of an abnormally large
grain to the area of smaller grain sizes are the most common area types observed in the tape. Exemplary
BSE-SEM images of these three type areas are shown in the following Figure 4.1.10.

Figure 4.1.10: BSE-SEM image of LLZO tape cross-section (fractured, un-polished) sintered in Li saturated
crucible (1175 °C, 10 hours, LLZO-10). a-c) show different areas with three typical kinds of grain growth.

Figure 4.1.10 a shows grains up to 25 um in size. The second image shows a large grain in contact with
grains that are much smaller than in the other image. Grains up to a few microns in size are found in this
section, except for one large grain in the center of the image. The relevance of abnormal grain growth
for the tape structure becomes obvious in the BSE-SEM image in Figure 4.1.10 b, when analyzing the
large size difference between the grains (up to two orders of magnitude). The last image shows only a
single large grain with a few round pores, suggesting that gas has been trapped inside. An analysis of
the density of this area (intragranular fractures) yields density values as high as 99% for the large grain
of the tape sintered at 1175 °C for 10 hours. This is a high value for sintered ceramics, even if not over
the entire area of the tape. The relative density of the entire tape was analyzed separately via ImageJ and
was determined to be at least 86%. Similarly to the challenges described hereabove, it is difficult to
analyze the density though due to the brittleness of the tape, the low weight and the reactive surface.
The methodology hence relies on a fractured cross-section as well, the exact procedure and potential
value deviations are described in chapter 3.2.3.

The grain size trends are now analyzed to see the potential effects of the sintering. The grain size is
calculated using ImageJ and normalized to the total grain count, once only for areas that do not show
abnormal grain growth (Figure 4.1.10 a) and once only for those sections that contain abnormal grain
growth (Figure 4.1.10 b+c). It was found though that besides the first two peaks, the rest of the grain
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size roughly follows a Gaussian distribution (see Figure 4.1.11 a), which was used to fit it in a secondary
step. A detailed step by step analysis procedure is shown in chapter 3.2.3.
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Figure 4.1.11: Grain size distribution of the sintered tape, shown above, with the following sintering parameters:
1175 °C for 10 h. The grain size distribution was evaluated by ImageJ, and shows the grain sizes for images
without abnormal grain growth and with abnormal grain growth. A) shows the grain size distribution by counts
with a Gaussian fit, while b) shows the grain size distribution normalized to the area.

The analysis of the sections without abnormal grain growth resulted in the green plot labeled as “no
AGG” in Figure 4.1.11, revealing a cluster of grain sizes around the size of 10 um (maximum of fitting
curve at 9.9 um) and no large grains as expected. Focusing only on areas with abnormal grain growth
as shown exemplarily in Figure 4.1.10 b+c resulted in the grain size distribution labeled “with AGG”
in red in Figure 4.1.11. Here, four small counts of large grains, three of them >100 pum, are visible,
while the grain size distribution of the smaller, neighboring grains is shifted to low grain sizes. Their
dominance in the count-based grain size distribution does not reflect their share of the tape area. In order
to visualize this effect, the grain size distribution was normalized to the total area in Figure 4.1.11 b to
show the proportions of the area covered by few small grains compared to many small ones. It shows
that more than 80% of the image section areas are covered by only 4 large grains in the case of the
selected images and gives a quantitative impression of the local dominance of large grains. The exact
share depends on the exact image sections though and cannot be generalized further. For the images
without abnormal grain growth (in green), however, the maximum is still just above 10 pm, while small
grains <3 pm are no longer visible in the plot.3® The distribution peaks at 2.6 um, hence significantly
smaller also than in areas that are not influenced by abnormal grain growth. This can be explained by a
look at the lower part of Figure 4.1.10 b: It shows an overall smaller grain size accumulation next to
the abnormally large grain. This can be explained by constrained sintering, where large grains exhibit a
rapid densification and grain boundaries have a high mobility, while constrained sintering with rigid
inclusions minimizes the grain growth next to the large grains.’®?* It is clear that the poor sintering
behavior of the grains neighboring the abnormally large grains is detrimental to the suitability of the
produced separator tape. It should be kept in mind, however, that these very small grains appear mainly

close to abnormally large grains.
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Impact of sintering time on abnormal grain growth

To better understand under which conditions abnormal grain growth takes place, the effects of sintering
parameter changes are assessed in the following. Therefore, time and temperature, the most easily
accessible parameters during sintering, were varied. First, the temperature was fixed at 1175 °C, as the
original sintering is 1175 °C for 10h, and the time was varied from 10h (long time sintering), Sh, 1h and
15 minutes (short time sintering). Subsequently, the temperature was varied from 1175 °C over 1150 °C,
1100 °C, 1050 °C, and 1025 °C to 1000 °C for a given time.

The above analysis with 1175°C and 10 h dwell time is the starting point for further evaluation of the
dependence of abnormal grain growth first on the sintering time. The next experiment in the series starts
by reducing the sintering time to 5h, i.e. half of the dwell time above.

Figure 4.1.12: BSE-SEM image of a cross-section (fractured, not polished) of a sintered LLZO tape without
additional Li source but sintered in a Li saturated crucible is shown to evaluate the grain growth, grain shape and
grain size. Here, sintering parameters were as following: 1175 °C for 5 hours with LLZO-10 powder. a-c) show
the tape sintered in different areas, to capture all three kinds of grain growth.

Analysis of the sintered tape at 1175 °C for 5 hours sintering time shows a similar grain growth
compared to 1175 °C for 10 hours (Figure 4.1.12). Both tapes have three different types of areas, such
as grains with a size of 25 um, areas with a large grain surrounded by small grains smaller than 5 pm,
and large grains with a size larger than the thickness of the tape. Here, the large grains have more
intragranular pores, resulting in a lower density (95%) than the tape sintered for 10 hours. Figure 4.1.12 ¢
even shows two connected large grains with an elliptical pore between the large grains. Longer sintering
times would probably decrease the amount of pores trapped inside the large grains.’® The overall
impression based on visual interpretation of the SEM images is confirmed by the ImageJ-based grain
size analysis, showing that the distribution especially for areas with large grains is indeed comparable
to that of the tape sintered at 1175 °C for 10 hours, even if differences exist.
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Figure 4.1.13: Grain size distribution of the sintered tape, shown above, with the following sintering parameters:
1175 °C for 5 h. The grain size distribution was evaluated by ImageJ and shows the grain sizes for images without
abnormal grain growth and with abnormal grain growth. A) shows the grain size distribution by counts with a
Gaussian fit, while b) shows the grain size distribution normalized to the area.

Comparing the grain size distribution of the tape sintered for 5 hours with that of the tape sintered for
10 hours, it should first be noted that a significant impact on the predominant grain size in regions
without abnormal grain growth is observed: Whilst the Gauss peak for the green plot was at 9.9 um
before in Figure 4.1.11 a, it is now 60% lower at 4.0 um in Figure 4.1.13 a. This demonstrates the
necessity of longer sintering times for normal grain growth. Large grains occupy most of the area
(Figure 4.1.13 b) despite the much greater number of small particles peaking at a value of 3.4 um
(Figure 4.1.13 a). Comparing these results to Figure 4.1.11, it is impressive how close the size
distributions of 5 hours and 10 hours samples are when the areas near abnormally large grains are
considered. However, the size of the abnormally large grains themselves as well as their total area share

does further increase with increasing time.

To further analyze the dependency of abnormal grain growth on sintering time, the dwell time was
reduced first to 1 hour and then to 0.25 hours. For comparison, BSE-SEM images of all four sintering
times are shown in the following Figure 4.1.14. Whilst isolated large grain areas could be identified
visually in samples with 1 h sintering time (not shown here), no more abnormally large grains were
found after 0.25 h sintering. To allow visual comparison, Figure 4.1.14 therefore contains only image
sections without impact of abnormal grains also for the 10 h, 5 h and 1 hour sample.
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Figure 4.1.14: BSE-SEM image of a cross-section (fractured, not polished) of a sintered LLZO tape without
additional Li source but sintered in a Li saturated crucible is shown to evaluate the grain growth, grain shape and
grain size. Here, sintering parameters were as following: a) for 0.25 hours, b) for 1 hour, ¢) for 5 hours and d) for
10 hours, all at 1175 °C with LLZO-10 powder.

The analysis of BSE-SEM images reveals a homogenously distributed grain structure for all four tapes.
However, it also shows a further decrease in grain size of the sintered tapes in non-abnormal grain
growth areas with decreasing dwell times from 1 hour to 0.25 h. The particles are very small and only a
few isolated sintered grains can be made out (Figure 4.1.15). In both cases, the particles do not sinter
well together, with again a visible decrease from 1 hour to 0.25 hours. It becomes obvious that the
normal grain growth is limited by the sintering time, and abnormal grain growth is strongly reduced,
even suppressed in the case of the 0.25 h tape. It is not clear yet whether the reason for the latter is only
time dependent or if additional unknown factors have an influence as well. Furthermore, the density
resulting from the four sintering times can be compared. Just like for the grain sizes, the density based
on fractured surfaces can only be considered an estimate and tends to be underestimated (see
chapter 3.2.5) but can be compared relatively: The density is around 88% for the 10 hours and 5 hours
tapes (87%), while it decreases with time to 72% for the 1 hour and 0.25 hours tape (73% and 71%
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respectively). The grain size distribution is shown below for both sintering times (1 hour and 0.25 hours)
in the same graph, as abnormal grain growth does not exist in the tape sintered for 0.25 hours.
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Figure 4.1.15: Grain size distribution of the sintered tape, shown above, with the following sintering parameters:
1175 °C for 1 h and 0.25 h. The grain size distribution was evaluated by ImageJ and shows the grain sizes for
images without abnormal grain growth. A) shows the grain size distribution by counts with a Gaussian fit, while
b) shows the grain size distribution normalized to the area.

The grain sizes of the tape sintered for 1 hour and the tape sintered for 0.25 hours are similar to each
other. There is, however, still a shift to smaller grain sizes as the dwell time decreases, given that the
Gaussian maximum for 1 hour is at 3.0 um vs. 2.3 um for 0.25 hours, which confirms the impression
from Figure 4.1.14. Probable explanation for the different behavior could be that the grain growth does
barely occur in the 15-minute timeframe. The grain sizes are only marginally larger than the powder

particles, hence confirming that there is limited densification and grain growth is suppressed.

In the following plot, the grain size peak (Gaussian) is plotted against the sintering time to provide a
wholistic overview of the grain sizes in areas with and without abnormal grain growth for different
sintering times. Also, the maximum large grain sizes are plotted, even if this can be considered indicative
only as the number of recorded image sections in combination with the low total number of large grains
does not allow for a statistically reliable statement.
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Results and Discussion
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Figure 4.1.16: a) Gauss fit peak values for the grain size distribution of the sintered tapes over the sintering time,
differentiating between areas with and without abnormal grain growth. b) Maximum grain sizes in the tape over
the sintering time. ¢) Gauss fit peak values for the grain size distribution in areas without abnormal grain growth
depending on the tape density.

The analysis of the predominant grain size in areas not affected by abnormal grain growth as function
of sintering time shows a clear increase in normal grain sizes from 2.3 um to 9.9 pum over the dwell time
range from 0.25 hours to 10 hours. The increase in sintering time from 5 hours to 10 hours has a much
bigger impact than the change from 1 hour to 5 hours, indicating that longer sintering times are
advantageous for tape structures that are not affected by abnormal grain growth. The grain sizes at the
boundaries of abnormally large grains behave completely differently though. They could only be
captured for tapes sintered for 5 hours and 10 hours but allow an interesting conclusion: The sintering
time within the tested range does not seem to have any significant impact on the small grains
microstructure near abnormally large grains which is caused by constrained sintering.”® Appearing
around 1 hour of sintering time, the abnormally large grains did grow further non-linearly with
increasing sintering times until the largest abnormal grain size of 345 um was obtained at 10 hours
sintering time. However, due to the large size of the grains partly exceeding the image sections and their
low number, a statistically valid statement cannot be made as mentioned also above. The density
measurements are only a rough estimation but still follow the typically exponential curve of density and

grain growth.
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It is very interesting that doubling the sintering time had significant influence on the normal grain sizes,
where the grain size increased non- linearly with sintering time, whilst it had nearly no further impact
on the grain size of the small grains neighboring abnormally large grains. This leads to the conclusion
that a further prolongation of the sintering time within industrially reasonable limits is not a viable option
to avoid the structural deficiencies at grain boundaries affected by abnormal grain growth. From the
experiments, it can be concluded that abnormal grain growth in LLZO-10 powder develops at some
point between around 1 hour of sintering time at 1175°C under Li excess. However, given all other
parameters, sintering times below this threshold would lead to poor overall sintering behavior, low
density and low cohesion, resulting in low ionic conductivity. One can hence conclude that overall, the

disadvantages of abnormal grain growth cannot be circumvented by adapting the sintering time.
Variation of the sintering temperature

In a next step, the sintering temperature is now adjusted to better understand the reasons of abnormal
grain growth and see if the abnormal grain growth can be suppressed without changing the sintering
activity of the small grains. The sintering temperature was therefore reduced step-wise from 1175 °C
(see Figure 4.1.12) to 1150 °C, 1100 °C, 1050 °C, 1025 °C, and 1000 °C. BSE-SEM images of the
cross-section are shown below for each sample sintered at the different temperatures for 5 hours. The
images were chosen to show an area where large grains are surrounded by small grains for a better
comparison. After having shown the results of each experiment individually in the above variation of
the sintering time to illustrate the approach, the present sub section will present all results at once for

comparison.
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Figure 4.1.17: BSE-SEM image of LLZO-20 tape cross-section (fractured, un-polished) sintered in a Li saturated
crucible is shown to evaluate the grain growth, grain shape and grain size. Here, sintering parameters were as
following: a) 1175 °C for 5 hours, b) 1150 °C for 5 hours, ¢) 1100 °C for 5 hours, d) 1050 °C for 5 hours, e)
1025 °C for 5 hours and f) 1000 °C for 5 hours with LLZO-20 powder.

The BSE-SEM images reveal three main variations between the tapes with decreasing sintering
temperature: First, for sintering temperatures below 1175 °C, large grains tend to break intergranularly
rather than intragranularly. Second, it appears that large grains become smaller with decreasing
temperature, although a grain size distribution must first be evaluated to verify this assumption. Third,
indication of a large grain can still be observed at a sintering temperature as low as 1025 °C, even if it
is very small compared to the other temperatures, while no abnormal grain can be found at 1000 °C.
Finally, the small grains at the lowest two temperatures are very small compared to the other
temperatures. Densities were estimated by ImagelJ software and are overall decreasing for the different
temperatures. 1175 °C for 5 hours reaches 87%, 1150 °C reaches 83%, 1100 °C without abnormal grain
growth was not measured, 1050 °C reaches 76%, 1025 °C reaches 74%, and 1000 °C reaches only 72%.

Grain size distributions were analyzed for the different sintering temperatures, analogue to the analysis
of the time variation. The detailed grain size distribution for each temperature is shown in Figure 4.1.18.
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Figure 4.1.18: Grain size distribution of the sintered tapes. The grain size distribution was evaluated by ImageJ
and shows the grain sizes for images without abnormal grain growth and with abnormal grain growth. Left shows
the grain size distribution by counts with a Gaussian fit, while right shows the grain size distribution normalized
to the area for a)+b) 1175 °C, ¢)+d) 1150 °C, e)+f) 1100 °C, g)+h) 1050 °C, i)+j) 1025 °C, and k)+1) 1000 °C, all

for 5 hours.
For the grain size distribution analysis at 1100 °C for 5 hours, no images without large grains were

available, while for the grain size distribution analysis at 1000 °C for 5 hours, no abnormal grain growth
was observed.

In addition, the results shall be presented below as a summary of a) the grain size distribution with and
without abnormally large grains, b) the maximum grain size of the abnormally large grains and c) the
density in dependency of the grain size in areas without abnormal grain growth.
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Figure 4.1.19: a) Gauss fit peak values for the grain size distribution of the sintered tapes over sintering
temperature, differentiating between areas with and without abnormal grain growth. b) Maximum grain sizes in
the tape over the sintering temperature. ¢) Gauss fit peak values for the grain size in areas without abnormal grain
growth depending on the tape density.

It is interesting that the grain size distribution in areas without large grains is increasing strongly non-
linearly with increasing temperature above 1050 °C, whereas the average grain size difference between
1000 °C and 1050 °C is near zero, considering the error margin of ImageJ when detecting very small
grains. This means that on the one hand, increasing temperature enhances the grain growth massively,
whereas no effect can be seen at temperatures below a threshold of 1050-1150 °C. When comparing this
with the grain size distributions of tape areas that are affected by abnormal grain growth, it becomes
obvious that the growth of the small grains neighboring abnormally large grains is nearly linear with
temperature. The slope of ca. 0.01 um K™! (at 5 hours sintering time) is much lower than the growth rate
of the non-affected grains at higher temperatures, though. At low temperatures, however, the small
grains neighboring abnormally large grains start at the same size and then tend to be larger than grains
that were grown normally, before normal grain growth takes over at temperatures higher than 1150 °C.
This difference in growth dependency on temperature is very interesting and might imply different
growth mechanisms. The growth of the abnormal grains themselves was found to start at temperatures
of 1025 °C with a maximum size of 40 um. As soon as 1050 °C were reached, the maximum grain size

does not change anymore and is stable at 77 pm.
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To summarize, abnormal grain growth takes off at 1050 °C with first traces occurring at temperatures
as low as 1025 °C. The largest grain size of 77 um does not depend on temperature anymore above
1050 °C. Whilst the undesired small grains around the abnormally large grains grow linearly with
temperature, the average grain size of tape areas without large grains increases significantly around
1150 °C and nearly no growth is observed at lower temperatures. This means that even if low
temperatures are able to suppress abnormal grain growth, such temperatures also inhibit an acceptable
overall sintering performance. Similar to the sintering time variation, a variation of the sintering
temperature is hence not a suitable option to avoid abnormal grain growth in well-sintered separator
tapes. The densities achieved for the grain sizes without abnormal grain growth follow the exponential
curve of density and grain size, although the density is only a rough estimation and probably lower than
the actual one (see chapter 3.2.5).

Potential causes of LLZO abnormal grain growth in sintering atmosphere saturated by LiOH

The size of the abnormally large grains increases with both sintering time and temperature
independently. This indicates that an energy-related cause leads to the abnormal grain growth.
Comparing the results with literature, Kim ez al. found large grains and suggested that an Li-Al-O phase
may lead to abnormally large grains.!”* Zhou et al. found a similar abnormal grain growth by
intentionally adding LisAlO4 as a sintering additive to their LLZO.%’ They suggest that Li>O is formed
next to a molten Li-Al-O phase, resulting in a gas-liquid-solid transport. They achieved relative high
densities >94% at 1050 °C, which is in the same region as observed here. The LLZO in the above
experiments is doped with Al, and the additional Li excess was observed to change the microstructure
towards abnormally large grains. It is therefore suggested that a similar mechanism could be at work
here for the tapes. Li-Al-O phase diagrams shows that liquid phases form, starting at temperature ranges
of 1055-1065 °C?*® respectively 1334 K**° (1060 °C). In a phase diagram, these liquid phases occur
towards a higher content of Li compared to Al, which could explain why the abnormal grain growth is
only visible with an additional Li source. The fact that the reported liquid phase temperature is slightly
higher than the temperature of 1025 °C at which first traces of abnormal grain growth were observed
might be explained by an overshooting of the furnace temperature: The furnace has been observed to

!, and an overshoot

overshoot considerably at the end of the heat-up process with a ramp of 10 K min™
of only 2.9% would suffice at 1025 °C to enable liquid phase formation. This would imply that a liquid
phase occurs during sintering, which would completely change the sintering mechanism. This statement
is also supported by the above observation that the sintering behavior and growth rate over temperature
is very different for small grains in direct neighborhood of abnormally large grains, which would hence
be affected by the liquid phase, and grains in other areas which are not affected by abnormal grain

growth.

In order to prove that this hypothesis is plausible, a secondary Li-Al-O phase should be confirmed in
the samples. Although no secondary phase was detected in the XRD pattern, this phase may still be
present in a small amount due to the low doping of Al-ions in the LLZO. This would also explain the
abnormal grain growth in only parts of the tapes, since 10-15 vol% of liquid phase must be given for
complete rearrangement®>**, To further investigate whether a secondary phase of Li-Al-O phase can be
found in the tapes, an area between two large grains is examined by EDX measurement. The polished



cross-section of the tape was previously used in EBSD measurements to detect the single crystal of a
large grain. The same tape is now analyzed by EDX to see if Al-ions can be found in this area.
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Figure 4.1.20: Polished cross-section of a sintered tape (LLZO-10, milled with H,O and LiOH and sintered at
1175 °C for 10 hours. a) shows an SE-SEM image of the cross-section between two large grains of the abnormal
grain growth, while b)-f) show the EDX mapping for La, Zr, Al, Mg and Ta, respectively. This image was taken
by Dr. Doris Sebold.

The analysis of the SE-SEM image in Figure 4.1.20 a already shows three different phases. The
dominating phase of the large grains in the right and left part of the image as well as in the circular
grains in the center, displayed in medium gray, is cubic LLZO as the XRD has shown above. A lighter
gray phase and a darker gray phase are further found between the grains. Both additional phases appear
to have formed from liquid phases which can be considered a strong indication for the above liquid
phase hypothesis. The EDX measurement shows a homogenous distribution for La, Zr and Ta in both
the large grains and the small grains, confirming that this is LLZO. The lighter gray phase corresponds
to a La-rich phase with additional Al. The dark gray phase corresponds to Al and Mg signals in the EDX
analysis. The Mg impurity in the sample can be explained by the MgO plate used in the crucible, which
may diffuse through the LLZO powder bed into the tapes. The presence of La particles has been
observed before in some batches of LLZO processed in-house and may indicate room for improvement

regarding the stoichiometric weighing.

To complement the analysis, also the grain boundary between two large grains without any possible
phase impurities was analyzed. In this area, there are no small particles because two large grains are in
direct contact with each other. The idea is that impurities at the grain boundary will allow a better
understanding of what is causing the abnormal grain growth. The baseline for this analysis is the same
area that was examined for the analysis of a single crystal in a large grain in the EBSD measurement

(see chapter 4.1.2). This area, which was analyzed by EBSD measurement in Figure 4.1.8, is now
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measured by EDX, to assess whether Al, Mg, and La are also present at the grain boundary of the two
large grains.
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Figure 4.1.21: Polished cross-section of a sintered tape (LLZO-10, milled with H>O and LiOH and sintered at
1175 °C for 10 hours. a) shows an SE-SEM image of the cross-section of the grain boundary between two large
grains of the abnormal grain growth, while b)-f) show the EDX mapping for La, Zr, Al, Mg and Ta, respectively.
(Image taken by Dr. Doris Sebold.)

The EDX measurement shows a clear homogeneous distribution for the elements La, Zr and Ta all
across the large grain areas, suggesting that the grains are composed of LLZO. Again, Al in combination
with La is visible between the large grains at the grain boundary, where the large particles are close
together. At the very bottom of the image, also Mg was found between the large grains, together with
Al. Both figures hence show the same phase compositions, independent of the presence of small grains

between the large grains.

The results suggest that the cause for the abnormal grain growth at least in the above experiments was
not a liquid Li-Al-O phase as suggested by Kim et al.'* and assumed before: The additional phase areas
would therefore need to contain only Al and O plus Li which is not detectable in the above EDX
analyses. Even if both detected secondary phases contain Al, they both do contain an additional element,
either La or Mg. La could have been explained as solid particles which may just be transported in the
liquid Li-Al-O phase of interest. However, this would imply that solid La particles should also be
transported in the second liquid phase which is not the case as it only consists of Mg, Al, O and probably
Li, but not La. This in turn suggests that a liquid Li-Al-Mg-O phase may have been formed. Cross-
referencing the sintering temperatures used above against a Li-Al-Mg-O phase diagram®* confirms that:
Li-Al-Mg-O does indeed have a liquid phase that forms at 1060 °C at elevated Li content. The other
secondary phase, consisting of La, Al and O, is unlikely to be an La-Al-O compound as its melting point
is considerably higher than the temperatures reached®*!. It is therefore assumed that it is actually a Li-

La-Al-O phase and that the Li content in the compound reduces its melting point to such an extent that



73

it becomes liquid at the above sintering temperatures. The exact melting point of Li-La-Al-O could not
be determined as, to the best of the author’s knowledge, no phase diagram of Li-La-Al-O exists in
literature. It is indicative for this theory, however, that both Li-Al-O and Li-Al-Mg-O show a very
similar behavior where the melting point is reduced to 1060-1073 °C in both cases by elevated Li
contents. The sintering temperature of 1025-1050 °C at which abnormal grain growth was first observed
does not exactly match the reported melting temperatures, but is close enough considering the observed
temperature overshoot of the furnace, especially given that the majority of the abnormal grain growth
was observed above 1050 °C.

Therefore, it is concluded that the Li excess changed both the Li-Al-Mg-O and Li-La-Al-O phase
compositions such that liquid phases could form at temperatures around 1060 °C which then caused the
observed abnormal grain growth. Even if the Mg and La impurities might possibly be resolved by using
another crucible plate and an improved stoichiometric weighing, the formation of a potentially liquid
Li-Al-O phase as observed by Kim ez al.'?® and Zhou et al.>*” could not be avoided as long as Al-doped
LLZO was used. Abnormal grain growth can then only be suppressed by two means: Either by sintering
temperatures significantly lower than 1050-1060 °C or by reducing the Li excess and hence the Li
content in the secondary phases such that the areas of the low melting points of the secondary phases
are not reached anymore. The first did lead to poor overall sintering behavior in above experiments,
even if mechanical pressure might induce further densification, and the second is not an option in many
cases as re-lithiation is an integral part of the recovery of cubic LLZO structures in the recycling of

waste streams in battery production processes.
Controlled abnormal grain growth to obtain coarse-grained tape

As an addition to the goal of understanding abnormal grain growth in LLZO under Li excess, it should
be mentioned that the production of tapes with 100% large grains is possible as well. By sintering LLZO-
20 powder with the optimized milling at the sintering temperature of 1175 °C for 10 hours, it was
possible to produce a complete tape with large grains (see Figure 4.1.22). The grain size reached over
300 um. When the tape was prepared for a symmetrical cell assembly, the tape broke, as shown in the
figure. It is known that mechanical stability decreases with abnormal grain growth.?*? The grain
boundaries are not as stable as the bulk material, and due to the fact that the grain size is larger than the
thickness of the tape, a single fractured grain boundary cause the tape to break at this point. One
possibility would be to create a glass phase that sits at the grain boundaries to increase mechanical
stability.*? In the present case, the handling was not suitable for further processing into battery
components. With the given process, it was also not possible to enhance grain growth further to obtain
a single crystal with a suitable diameter as a battery component. Therefore, the experiments were
stopped when the cause of the abnormal grain growth was found.
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Figure 4.1.22: a) Image of the top surface of tape after sintering at 1175°C — 10h with LLZO-20, with b) zoom in
and ¢) a BSE-SEM image of the cross-section of tape (fractured, un-polished).

Subsection Summary

In this subsection, the abnormal grain growth was further analyzed. The largest grain size of an abnormal
large grain was about 350 um, but due to the increased brittleness of the tapes, no electrochemical tests
could be performed. Assuming that smaller grain sizes between 20-40 um are preferable for the ionic

conductivity?*

, abnormal grain growth is not the optimal result for a sintered tape. It was shown that
abnormal grain growth can be avoided by a reduction of the sintering time and temperature, but only at
the cost of a significant deterioration of the sinterability of the overall tape. When investigating the
causes for abnormal grain growth in LLZO:Al Ta, EDX measurements revealed Al and Mg impurities
at the large grain boundaries, suggesting that both an Li-Al-Mg-O phase and probably an Li-La-Al-O
phase, which are liquid close to the investigated sintering temperatures, lead to the abnormal grain
growth. Whilst the Al dopant was already present in the LLZO tape, the Mg propagated from the MgO
plate in the crucible during sintering and La may stem from the LLZO synthesis. The Li excess used for
the recovery of the cubic LLZO then shifted the secondary phases Li-Al-Mg-O respectively Li-La-Al-
O to a higher Li content and hence made liquid phases possible. This explanation is backed by similar

observations made by Kim ez al.'?* and Zhou et al.?*’
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4.1.4 Direct re-lithiation of LizLa3Zr,O1> waste material

The following subsection was published in the Journal of Power Sources (vol.609) under the title “Waste
minimization in All-Solid-State battery production via re-lithiation of the garnet solid electrolyte LLZO”
and was also part of a student work, where the experiments were performed by the master’s student

under supervision and guidance of the author.’

In subsection 4.1.2, it was shown that a Li-rich atmosphere can prevent Li loss of LLZO during heat
treatment, avoiding the formation of the pyrochlore phase La;Zr,O7, and can also re-lithiate this
pyrochlore phase back to the cubic LLZO phase. Furthermore, it was discovered that LiOH as an
additional Li source during sintering leads to abnormal grain growth. In collaboration with the work of
Touidjine et al. to which the author contributed, it was found that the addition of Li,COs, following a
similar approach as shown in the above chapter, does not lead to abnormally large grains and can be
controlled.” Therefore, the following direct recycling route by re-lithiation was evaluated based on the
selection of Li,CO; as an additional Li source. It shall now be applied to real LLZO waste material in
both powder and green tape form.

Real waste material of the in-house synthesis was used to show that re-lithiation works on LLZO
production waste material by following the same route as outlined previously (see chapter 3.1). The
following figure shows the pristine LLZO-10 powder immediately after synthesis, the aged LLZO-10
powder (LLZO-p) and the aged LLZO-10 green tapes (LLZO-t) as aged tape and as powder prepared as
described above.

a) LaZi0;  +LiCOy ‘ b) [ La,2r,0, +Li,COy| |

prepar ] prep:
[ [%]
= =
€ " c LLZO-p,
3 l LLZO-p, S o owder
L2 + * * powder £
= 1 IKH_.L T TNV N il I - * LLzo-t.

b 4 reen a
- * LLZOA, - + £ P
.‘g 1 + * * green tape ‘5 *

e — 2 1 LLZOA,
@ 1 [ d
= * . LLZO+, T * poweer
+ + powder +
il cubic LLZO
| ‘ | | cubic LLZO | | ‘ |
. ||| ||| Wl | | | ‘ } | I PR I

10 20 30 40 50 860 70 80 25 30 35 40 45 50 55

20/° 20/°

Figure 4.1.23: XRD patterns of LLZO-10 powder as prepared, and the aged LLZO-p powder, and aged LLZO-t
green tapes and powder. For analysis, the cubic LLZO reference (ICSD: 182312)? is given, while a) shows the
total pattern, and b) is zoomed-in to show the impurity phase in a higher detail. Adapted from ° is licensed under
CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

XRD analyses of the different LLZO stages show different secondary phase formations. Freshly
synthesized LLZO powder shows a cubic LLZO structure without secondary phases. The LLZO-p
powder shows a high impurity of the pyrochlore phase La,Zr,O7, at its main reflection. LLZO-t (green
tape) shows also the pyrochlore phase of La,Zr,O7, due to earlier heat treatment of the powder that was
initially used for the green tapes, and both of the above show also Li,COj; impurity. For the burnt-out-
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organic powder of the green tape (LLZO-t powder), the XRD pattern shows reflections for the
pyrochlore phase of La,ZrO7. The LLZO has been destroyed and is only vaguely seen in the pattern as
well as Li,CO:s.

It could hence be demonstrated that the aged LLZO powder and aged LLZO green tape powder are
indeed suitable candidates for an in-production recycling process of out-of-specification LLZO material.
Using this material, the process to produce a free-standing sintered LLZO separator tape was followed
as usual, except for the heat treatment as it is not required here anymore: For the LLZO-p powder, a
slurry was mixed, a tape was cast and the tapes were then sintered, with an additional Li source of
Li>COs. The ratio of LLZO to Li,CO; was set to 1:0.55 by mass, meaning that 17% of the initially
needed Li were added. The crucibles were not saturated with Li this time. The LLZO-t powder was first
heat treated to remove the organics and wet-ball milled to the adjusted particle size (see Figure 3.1.2).
Afterwards, it was treated in the exact way as the LLZO-p powder. The only difference consists in the
sintering step, where the additional amount of Li was set to a higher initial value due to the nearly
complete absence of the LLZO phase: The ratio of LLZO to Li»COs was set to 1:2.22 by mass, meaning
that around 70% of the initially needed Li were added. Furthermore, the sintering parameters were
changed to 1185 °C (original 1175 °C) and 24 hours (original 10 hours) for both LLZO-p green tapes
and LLZO-t green tapes. The dwelling time was extended to make sure that the LLZO is completely re-
lithiated throughout the entire tape. After sintering of the green tapes freshly produced from the old

powders, XRD measurements were made to see if the re-lithiation was successful.
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Figure 4.1.24: XRD patterns of LLZO-p/LLZO-t powder and the sintered tapes. For analysis, the cubic LLZO
reference (ICSD: 182312) is given, while a) shows the total pattern, and b) is zoomed-in to show the impurity
phase in a  higher detail.  Adapted from ° is licensed under CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/).

The XRD analysis of the sintered LLZO separators of the re-processed LLZO-p and LLZO-t- powders
both show a cubic LLZO phase without any traces of a La,Zr,O; impurity which was still seen before.
The LLZO-p sintered tape additionally shows the Li>COs phase. This XRD analysis proves that the re-
lithiation of degraded LLZO with the cubic structure was successful. The approach hence makes it
possible now to convert a fully formed La,Zr,O7 phase into a pure cubic LLZO phase by adjusting the
Li content only during the final sintering step. Furthermore, the approach is simple and does not require

additional hardware or process expertise beyond what is used already for the initial synthesis. The fact
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that only small changes are required to re-lithiate waste material offers the possibility of a
straightforward integration into the already existing process.

The thickness of the tapes was between 175 and 190 um for both LLZO-p and LLZO-t powders. The
slight variation in particle size distribution for the LLZO-p and LLZO-t powders explains the difference
in thickness in the green tape, which is then also still visible in the sintered tape. The sintered LLZO
separators were analyzed further to investigate for potential changes in the microstructure or abnormal
grain growth as seen before.

Figure 4.1.25: BSE-SEM images of sintered tapes after re-lithiation and of polished cross-section of sintered tapes
after electrochemical testing, the Li metal anode was carefully removed before embedding. a/c) shows the LLZO-
p sample, while b/d) shows the LLZO-t sample. ¢) and d) were taken from ° is licensed under CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/).

The BSE-SEM analyses of the un-polished and polished cross-sections show different microstructures
for both tapes. There seem to be more large grains in the LLZO-p tape than in the LLZO-t tape.
Furthermore, the density of the tapes is the most revealing change between the LLZO-p and LLZO-t
samples. For LLZO-p, the tapes show a mixture of small and large pores and grains, yielding a relative
density of nearly 87%. There are more pores visible in the LLZO-t sample and the relative density
reaches only 76%. That means that both samples achieve a lower density than tapes fabricated in the

197 The low densification

same process but with fresh LLZO powder which was reported as 92.8%.
indicates insufficient sintering activity. One reason could be the impact of the surface of the LLZO

particles: The particle surface might have changed due to either residues of the organics burn out in the
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green tape waste, or due to the high amount of Li2COs in the crucible, leading to an insufficient sintering

of the tapes.
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Figure 4.1.26: Grain size distribution of the sintered tape of LLZO-p and LLZO-t, shown above. The grain size
distribution was evaluated by ImageJ and a Gaussian fit is indicated.

Finally, grain size distributions of the tapes were produced using ImagelJ, as described in chapter 3.2.3,
to quantify the grain size differences observed in the BSE-SEM-images above. The maximum grain size
for LLZO-p tapes reached nearly 45 um, while the maximum grain size for LLZO-t tapes reached only
13 pm. The grain size distribution peaks at 8 um and 4.3 pm respectively. It is quite homogeneous for
both cases, shifted to smaller grain sizes for LLZO-p samples. This confirms the observation from the
BSE-SEM-images and the density comparison that sintering was more effective in the LLZO-p tape.

Electrochemical tests of the sintered separators were carried out to check performance of the re-lithiated
LLZO. Both sintered tapes of LLZO-p and LLZO-t were used to construct a symmetric cell
(Li[LLZOJL1).
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Figure 4.1.27: Electrochemical Impedance Spectroscopy of symmetrical Li|LLZO|Li cells measured at 25 °C. a)
the spectra of LLZO-p sample, reaching a total ohmic resistance of < 160 Q and b) shows the spectra of the LLZO-
t sample, reaching a total ohmic resistance of < 375 Q. Adapted from ° is licensed under CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/).
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The symmetric cells were tested with impedance measurements at 25 °C to evaluate the electrochemical
response of the recycled material. For the LLZO-p sintered tapes, the measurement shows three semi-
circles at room temperature. The bulk conductivity of the LLZO-p sample cannot be seen here as it
exceeds the suitable frequency and temperature boundaries, but the grain boundary resistance is at 47 Q
(1077 F). The ionic conductivity is calculated using equation 3.11 and yields a value of 0.21 mS cm™' at
room temperature. This is in the range of various tape cast separators, although at the lower end of it.
Considering the comparably low density in the tape, however, the ionic conductivity is quite high. For
LLZO-t sintered tapes, similar measurements were made at room temperature. Again, three semi-circles
were visible at room temperature, but this time the grain boundary resistivity was determined to be as
high as 95 Q (107 F), followed by the lithium interface resistivity (10™* F). The ionic conductivity of
the LLZO-t sintered tape is calculated as 0.14 mS c¢cm™!. This means that only 66% of the ionic
conductivity of the LLZO-p tape was achieved in the LLZO-t tape, which is expected due to the even
lower density of the LLZO-t tapes. Also the higher grain boundary resistivity of the LLZO-t samples
may serve as an indication of the lower density.

In order to measure the critical current density, stripping and plating are performed for each of the
LLZO-p and LLZO-t separators in a symmetrical cell with Li on both sides. The ionic conductivity is
measured again at 60 °C beforehand, since the CCD measurement is also performed at 60 °C.
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Figure 4.1.28: Electrochemical Impedance Spectroscopy of symmetrical Li|LLZO|Li cells measured at 60 °C. a)
the spectra of LLZO-p sample, and b) shows the spectra of the LLZO-t sample. CCD measurement on a
symmetrical Li|LLZO|Li cell at 60 °C ¢) shows the LLZO-p tape, while d) shows the LLZO-t tape. Red and black
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lines indicate applied current density and change in cell polarization, respectively. CCD has been reached, when
voltage drops, polarization is mnot considered. Adapted from? is licensed under CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/).

For the sintered tapes with a higher density (LLZO-p), a critical current density of 750 pA cm2at 60 °C
was reached. This is quite impressive, especially given the low density, as this value exceeds most
current densities reported for tape-cast materials. The highest reported value for a pellet is still
1 mA cm 2 measured at room temperature, which translates to even higher values at 60 °C since CCD
is strongly influenced by temperature.'?® In order to make the above values more tangible, the present
tapes are compared to reported values for tapes produced from LLZO with pristine powder, using the
conventional process described by Rosen et al.!’: The relative density is lower than the reported
92.8%!'%7 (here 87%) as is the ionic conductivity (here 0.21 mS ¢cm™ instead of 0.39 mS cm! as
reported!?’). The critical current density is considerably higher though with here 750 uA ¢cm2at 60 °C
compared to 318 uA cm2at 50 °C'%". Please note that the critical current density was measured at 50 °C
by Rosen et al. whereas the reference temperature in this case is 60 °C, the critical current density is

therefore difficult to compare.

In contrast to the LLZO-p separator, the LLZO-t separator has a much lower critical current density of
110 pA cm2at 60 °C. These CCD results are in line with the lower density in the microstructure as well

as a lower ionic conductivity of the LLZO.
Sub-section summary

After mimicking LLZO waste material by reproducing the most common secondary phase La>Zr,O7, Li
excess of LIOH was used in the thermal treatment steps of the process including sintering to avoid or
recondition pyrochlore phases, but showed an abnormal grain growth in the microstructure of the tape
due to liquid Li-La-Al-O and Li-Al-Mg-O phases. Re-lithiation of LLZO powder from the pyrochlore
phase was, however, successfully demonstrated. Now, real LLZO production waste material in the form
of powder and green tape was used to show that this approach is successful when Li,COsis used as the
Li source. The powder and green tape contained the pyrochlore phase La,Zr,O- after aging and heat
treatments. The waste material was used in the same process as before, resulting in two green tapes from
the waste powder respectively the green tape waste material. Both tapes were sintered with an additional
Li source (Li»CO3) and the cubic LLZO phase was successfully recovered. The microstructure revealed
the need for optimization of selected parameters in future processing, notably the separator produced
from powdered waste tape but the direct re-lithiation as a cost effective and simple alternative to
conventional scrap recycling was shown to be successful and could hold tremendous potential for future
LLZO recycling. In the case of the critical current density, the separator tape produced from waste
powder material outperformed even the one made from fresh LLZO.



81

4.2 Part II: Precursor route development

Having addressed the consumption of critical materials by introducing a direct re-lithiation route to reuse
waste during production, the following section will consider two more challenges related to LLZO: the
high energy requirements and production cost. The aforementioned process contains the synthesis of
LLZO, which is subsequently subjected to a forming process, resulting in the production of the battery
component. The synthesis of LLZO in a solid-state reaction as discussed above involves several milling
and calcination steps prior to sintering. While the high energy consumption represents a challenge with
regard to the environmental footprint, it also contributes to the overall process cost. Moreover, the
necessity of lengthy calcination periods, which necessitate the use of large oven capacities, contributes
to the aforementioned challenge. The following chapter will introduce an environmentally friendly,
rapid, energy-efficient, and cost-effective process. This will be achieved by an in-situ synthesis of LLZO
during sintering. The concept and necessary preliminary actions are first explained, and then the new
route is demonstrated on composite cathodes and separators with various dopants. To build on the
previous chapter, recycled material will finally be employed as a precursor in the novel process, with

the synthesis of this material also being investigated for future development.
4.2.1 Concept of the new in-situ synthesis route

Chapter 4.2.1, 4.2.2, and 4.2.3 are partly based on the paper “Direct precursor route for the fabrication
of LLZO composite cathodes for solid-state batteries” published in Advanced Science volume 11,
2024.°%

Oxide ceramics, including LLZO, share a common disadvantage in their processing: They include at
least one calcination step to create a pre-synthesized powder, which is then shaped to form the final
battery component. Additionally, the long processing times related to the calcination would require
significant furnace capacities when scaling up production, adding to another problem of LLZO, its high
production cost. A novel synthesis route for LLZO is presented as a solution here, which addresses the
two aspects. The core element of the new concept is a single-step in-situ formation of LLZO during
sintering of the final battery component. This process fully eliminates the necessity for energy
expenditure associated with pre-synthesized LLZO, as the green tape is composed of the precursor
material only. A preceding milling step of the precursors ensures not only suitable particle sizes, but
also homogeneously mixture. This enables the formation of a pure cubic LLZO structure in the tape
during the sintering step as the only heat treatment of the final component. The scheme below illustrates
this new concept against standard solid-state reaction and sol-gel synthesis as existing processes for

preparing pre-synthesized LLZO powder.
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Figure 4.2.1: Schematic visualization of solid-state reaction, sol-gel process, and the route used in this work
followed by a tape-casting and sintering step, adapted from 2'® is licensed under CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/).

The optimized wet-ball milling that was developed within the scope of this work (see chapter 3.1.1) is
used here as well. The dry precursor powder was then used in the standard tape-casting process and
underwent the final sintering step as previously described.

4.2.2 Pre-processing of the precursor material for the new in-situ synthesis

As explained above, all thermal treatments besides the final sintering step could be eliminated in the
new process, as LLZO does not need to be pre-synthesized and therefore the risk of LLZO undergoing
a Li'/H" exchange is eliminated. Ball-milling of the precursors is still necessary though to mix the
precursors evenly and achieve the desired particle size distribution for the slurry used during the tape-
casting process. Moreover, a small particle size distribution necessitates a reduced energy input during
the sintering process because of increased initial densification. The ball-milled precursor powder was
analyzed via BSE-SEM images first (Figure 4.2.2) in order to investigate the particle size.
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Figure 4.2.2: BSE-SEM image of a precursor powder on a Si wafer, after wet-ball milling with the optimized
parameters. a) shows a lower magnification than b) and ¢). Adapted from 2'® is licensed under CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/).

First of all, the BSE-SEM image confirms that the desired uniform grain size distribution of the
precursor powder with diameters around 1 pum has been achieved by the ball-milling step. In the highest
zoom level (4.2.2 ¢), a blurred shape can be discerned within the image though, highlighted by arrow 1.
It is likely that these blurred shapes represent LiOH which will be assessed by EDX measurements
below. Arrows display the locations of the EDX point measurements in an SEM image on the left as
well as the EDX measurement for these points on the right. This assumption was proven by EDX
measurements in the following.

a)

c) o « e 3 k W spectrum 13

Figure 4.2.3: BSE-SEM images indicating the location of the point measurements of two different particles (a+c)
and the resulting EDX (b+d). Adapted from 2'® is licensed under CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/).

The EDX measurements were taken on a blurred spot (Figure 4.2.3 a) and on a very bright spot with
clear outlines (Figure 4.2.3 ¢). As anticipated, the EDX spectrum of the blurry point reveals only Si (the
powder is placed on a Si wafer for measurements) and Pt, which was sputtered on the material to mitigate
charging effects. It can be confirmed that the blurry particles are indeed LiOH, which is not detectable,
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given that all other elements have been identified elsewhere (besides Al). The additional spectrum
(Figure 4.2.3 d), in turn, clearly reveals the presence of Ta in addition to the Si signals caused by the
backplate. Slight La background noise signals may be explained by the uneven surface of the particles,
leading to possibly shifted reflections due to the EDX sensitivity of the detector. Further particles have
been measured and confirmed the existence of all expected precursors (see Figure 4.2.4), besides Al
which is present in minimal quantities only.

W Spectrum 7

Figure 4.2.4: EDX of the precursor powder after milling for two different point analyses for La and Zr.

The EDX analysis, which is displayed alongside the Si element, also reveals the presence of Ta.
Although Si and Ta are superimposed in the signal, more Ta and low La signals are registered. The
remaining elements were not measured, as this sample lacked a polished cross-section and served solely
to verify the particle size following milling. It could hence be shown that the preprocessing steps within
the new in-situ route produce the expected outcomes. In particular, the ball-milling of the precursors
does effectuate the desired degree of mixing and particle size without inducing the formation of

undesired intermediate phases.

4.2.3 Application of the new in-situ synthesis route on composite cathodes

The precursor powder that was introduced above will now be used to tape-cast composite cathodes by
adding ball-milled, pre-synthesized LCO to the slurry, as shown in Figure 4.2.1. The resulting
composite cathode tapes will be analyzed to determine if they can compete with composite cathodes
produced with pre-synthesized LLZO.

The gradient structure can be achieved by sequential tape-casting, described in chapter 3.1.2. The
resulting green tape had a thickness of 100 um and is sintered at a temperature of 1050 °C for 2 hours.
XRD measurements of the sintered tape were taken and analyzed by a Rietveld refinement. In order to
assess LLZO formation, additional XRD analysis was also performed on green tapes heated to 650 °C
for 2 hours, and heated to 750 °C without holding time. The LLZO-rich side (2:1, LLZO:LCO) was
measured to enhance the visibility of the LLZO reflections, which is of central interest in this chapter,

compared to the LCO reflections, as it has to form first.
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Figure 4.2.5: XRD pattern of tapes after heat treatment of 650 °C, 750 °C and 1050 °C with indication of side
phases and the cubic LLZO structure (ICSD: 182312)°? and LCO (ICSD: 29225) as references, adapted from 2'*
is licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

As evidence for the in-situ synthesis of LLZO, intermediate products are expected to be detected at the
forming temperatures of LLZO which are below the sintering temperature of 1050 °C targeted here. The
measurement at 650 °C in Figure 4.2.5 shows La,Zr,0; and LigsLa;AlosOs. As mentioned in
chapter 2.2.3, several studies have shown the formation of LLZO via La,Zr,0-% and LiosLaxAls04.3¢
Chen et al.® investigated the LLZO formation process, and found a maximum amount of La,Zr,0O7 and
LiopsLa,AlysO4 phases between 750 °C and 800 °C for LLZO:Al with similar precursors to this study.
These reported intermediates match those found in this measurement, although the temperatures are
slightly lower here. In this XRD measurement, Li,ZrO;3 could not be detected®, although it is a forming
phase reported in literature, either because of the low XRD detection limit of about 5% or because it
was not present.®"-82 The sintered tape at 1050 °C shows a cubic LLZO main phase, besides the LCO
phase, confirming that not only intermediates but also the pure cubic LLZO structure was formed during
sintering. The Rietveld refinement of the XRD data (see Figure 4.2.6) also suggests that 66% of
LLZO:Ta and 34% of LCO are present, which is consistent with the expected 2:1 LLZO:LCO ratio. It
can therefore be stated that the new in-situ synthesis of LLZO during the sintering step was successfully

demonstrated for the first time.
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Figure 4.2.6: Rietveld refinement of the XRD pattern observed for the composite cathode LCO LLZO:Ta,Al.
Adapted from 2% is licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
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Microstructural analysis of the composite cathode is then performed to evaluate the gradient structure,
the sintering behavior of the LCO and LLZO grains, and grain size distribution.

a)

Vol.-% LCO

Electrode Thickness / um

Figure 4.2.7: a) BSE-SEM image over a cross-section with the full thickness revealing the gradient structure of
the composite cathode. b) BSE-SEM image with higher magnification. Results of micro x-ray tomography (nCT)
analysis of the layered electrode in ¢) Segmented 3D structure with a visible gradient from LLZO-rich (blue) to
LCO-rich (red) side. d) Analysis of pore connectivity performed with PoroDict. Different colors represent
unconnected pore clusters. e) Distribution of solid electrolyte (LLZO) and active material (LCO) along the
electrode thickness quantified via MatDict with an overlay of the BSE-SEM image, adapted from 2'® is licensed
under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

Analysis of the BSE-SEM image (Figure 4.2.7a) shows, that a gradient structure has been successfully
fabricated across the whole thickness of the tape. It is remarkable that the relative density in the tape
reaches values as high as 95% of the theoretical value (by Image] and micro x-ray computer

157158 without

tomography), even if LCO and LLZO are reported to have a low density when co-sintering
additional pressure applied'®.Here, LLZO (bright) and LCO (dark) show a dense, highly sintered
interface with a gradient structure from top to bottom. The LLZO-rich side with a ratio of 2:1
(LLZO:LCO) shows exactly 66% of the measured grains of LLZO (by pnCT), similarly for the 1:1 and
1:2: ratios in the tape. Furthermore, the tape is vastly dense, and shows a good interface. In addition, the
LLZO grains are interconnected, which helps with the Li transport. Analyzing the pores and grains, it
seems that the pores are neither connected nor open to the surface (closed porosity), but have two kinds
of sizes, in the range of 1 pm small pores and 10 pm large pores. Assuming that the small pores are
unavoidable during sintering and densification, the large pores are of a different origin. LCO has a higher
sintering activity, and sintering occurs at lower temperatures than for LLZO. LCO therefore creates a
sintered matrix, where the LLZO particles are surrounded and LLZO sintering occurs in the restricted
spaces.'”’ This may limit the diffusion during the LLZO sintering, likely leaving the large pores behind.
One possibility might be that the sequential layering during the tape-casting process could have induced
air at the boundaries of the cast layers. Further analysis of the micro x-ray computer tomography,
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however, shows that the large pores are found within the cast layers themselves, whereas the sequential
tape-casting results in a low porosity between the different cast layers. This would mean that the slurry
itself contains trapped air, whereas on the surface of each layer, which is already drying, the pores can
be filled with the new slurry cast on top.

Following the above detailed analysis of the microstructure, the next analysis will focus on the

interdiffusion of each element as it is a known weak spot in the co-sintering of LLZO and LCO.

Figure 4.2.8: a) BSE-SEM image of the investigated area and the corresponding EDX results for the element
distribution of b) La, ¢) Co, d) Zr, e) O, f) Ta, g) P, and h) Al, adapted from 2'® is licensed under CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/).

Therefore, EDX mapping and Raman measurements were performed at the exact same position in the
tape. All measurements (except those with cross-sections) were taken on the LLZO-rich side as indicated
by the XRD measurement. La, Zr and Ta elemental mappings match the bright LLZO spots in the image
in Figure 4.2.8 a, while Co matches the dark spots of LCO. Interdiffusion between the two phases is

not observed in the EDX mappings, although Ta has a somwhat inhomogeneous intensity distribution:
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Ta is known to form Ta-rich rings inside the LLZO grains, although no answer is given in literature
explaining the cause.”>!¥7160.244.245 The Zr rich spots, leading to minimal traces of a secondary phase
discernible in Figure 4.2.8 a, could also be related to this phenomenon as a consequence of the local
shifts in stoichiometry by these Ta-rich rings given that Ta is located on the same lattice site as Zr. Else
they may be caused by an imperfect stoichiometry weighing during the preparation of the precursors.
The P traces that are detected in some areas result from a residue of the organic slurry mixture. The Al
signal is too low to make a quantified assumption here.

In addition to the EDX measurement, Raman measurements are undertaken to confirm the results.
Sometimes, as in the case of Al, secondary phases or intermediates are below the detection limit of EDX
measurement, while Raman spectroscopy can still resolve them. 2"’
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Figure 4.2.9: a) SEM image of the investigated area (equal to Figure 4.2.8), b) averaged Raman spectra with
LLZO inred, LCO in blue, and a secondary signal of phosphate (XPO,) in turquoise, and the corresponding Raman
signal distribution of ¢) LCO, d) LLZO, and e) the secondary phase with phosphate (XPOs), adapted from 2'® is
licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

Figure 4.2.9 displays two main phases, LLZO (red) and LCO (blue), and an additional signal which
may be the P residue visible in EDX. The small Zr secondary phase discernible in the EDX image in
Figure 4.2.8 is not visible in the Raman results, probably due to an overlap with LLZO signals. Focusing
on the interdiffusion of the co-sintered composite cathode tape, only a secondary phase of the element
P was observed in the EDX. This finding can be supported by Raman, as here at high wavenumbers a
signal can be found that could belong to phosphate.?*®**7 The two main phases, indicated in red and
blue, belong to LLZO:Ta (space group la3d) and rhombohedral LCO (space group R3m),
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respectively. 3243248251 The LCO phase here has signals at 488 cm™' (Ey) and 596 cm™' (Ta,), which is
remarkably close to the reference LCO wavenumber of 597 cm™! 221, As mentioned in 2.2.4, the most
common interdiffusion known from literature are Al-ion diffusion from LLZO to LCO and Co-ion
diffusion from LCO to LLZO. The diffusion of Al-ions into LCO leads to the formation of
LiAl,Co;-,O; and normally results in a shift to higher wavenumbers.!¢25%251 Conversely, a shift in the
opposite direction to lower wavenumbers would indicate a loss of Li.?*> The fact that a signal shift is not
observed here means that either Al diffusion did not occur at all, or the wavelength impact of a potential
Al diffusion is compensated exactly by the impact of the Li loss. Clearly, however, other signals from
LLZO:Co (693 cm 1)!37:158207 or Lij sL.a:C00.504 (685 cm™')?*7 cannot be found. These results contradict
literature, where Co-ion interdiffusion is described as one of the major problems. Based on these new
findings, ToF-SIMS measurements were performed to further verify the results of Raman and EDX.

Figure 4.2.10: ToF-SIMS ion images and secondary electron image of the composite cathode tape (LLZO:LCO
is 2:1). a) shows the microscope image, while b) Co, ¢) Al, d) Li, e) La, and f) Zr signals showing. The image
scale is 50 um x50 um, adapted from ¥ is  licensed under CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/).

The analysis of the ToF-SIMS images clearly shows a match of La and Zr in the LLZO grains, while
Co-ions are visible on the LCO grains only. Li is mainly visible in the LCO, because the Li concentration
in LCO is higher than in LLZO, which directly corresponds to the intensities shown in the images.
Contrary to EDX and Raman results, Al is found at the same location as LCO. This means that an Al-
ion interdiffusion from LLZO to LCO took place during sintering, as is usually the case.'**!%® In addition
this also means that the wavelength shift in the Raman measurements induced by the Al diffusion was
indeed compensated exactly by the effect of a Li loss. The visible Al includes inhomogeneous, high-
intensity spots, suggesting that the Al-ions are not well mixed during the milling. However, Co-ion
interdiffusion into LLZO cannot be observed here, proving that indeed LLZO:Co is not formed, contrary
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to the findings in literature. This proves that the in-situ synthesis so far is not only comparable to other
synthesis methods, but even provides a higher purity in regard to suppressing the Co-ion interdiffusion.

Finally, electrochemical performance of the composite cathode tapes produced via the new in-situ route
is measured in an All-Solid-State cells as described in chapter 3.1.4. The following parameters were
used to calculate the capacity: a tape thickness of 85 um, a cathode active material loading of 15 mg,

and a tape diameter of 8.5 mm, resulting in a theoretical capacity of 2.1 mAh cm 2.

The impedance is first measured at 60 °C before cycling the cell at the same temperature. The results

are shown in a Nyquist plot in Figure 4.2.11. The solid-state cell was measured at higher temperature

(60 °C) due to the low ionic conductivity of the polymer at room temperature.?>2%*
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Figure 4.2.11: Electrochemical characterization of a Nyquist plot of the electrochemical impedance spectrum a)
in a conventional liquid electrolyte-based cell at 30 pA cm™2 and b) in a solid-state cell at 35 pA cm™ for five
cycles for an  ASB-cell, adapted from 2'® is licensed under CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/).

The analysis of the electrochemical cell performance in direct comparison of as-assembled state and
after the first cycle allows to assess influences that occur during cycling. The Nyquist plot of the
electrochemical impedance spectrum of the solid-state cell shows two semicircles, the first semicircle
overlapping with the second one. The total resistance in the as-assembled state is less than 0.6 kQ cm?,
which is much lower than comparable cell assemblies.!” The fit values for each R-CPE element and the

previous resistance are summarized in the table below:

Table 4-2: Values of the impedance fitting data for the solid-state cell as prepared and after its first cycle.

as assembled I* cycle
RI1 |25 Qcm? 23 Q em?
R2 77 Qcem? 97 Q cm?
Cc2 10%F 107F
R3 430 Q cm? 768 Q cm?
C3 | 107 F 107F

Although a fitting of the semi-circles was performed it is difficult to determine, which resistance is
attributed to the elements in the cell, due to the overlap of semi-circles. Therefore, only the total
resistance should be considered. However, these values are still lower than previously reported values
for composite cathodes of LCO-LLZO, prepared from different pre-synthesized LLZO powders using
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different techniques.!%%14%154158.159 Tt i hence possible that the suppression of the Co-ion interdiffusion
and the in-situ formation of the LLZO particles lead to a cleaner grain boundary, resulting in a lower
resistance. After the impedance measurement the cell was cycled between 3.0 and 4.0 V at a constant
current density of 0.01 C (35 pA cm?) resulting in an initial discharge capacity of 82 mAh g! (59% of
the theoretical capacity of LCO with 140 mAh g2). However, the cell reaches only a low initial
discharge capacity. One reason for the low capacity could be the thickness of the composite cathode in
combination with the ionic conductivity of the LLZO. Danner et al. assumed a theoretical limit of 50
um thickness for this type of cathode morphology due to the limitations in the electron/ion transport.*®
The thickness of 85 um in this study would explain the reduced capacity, especially without additional
additive to increase the electronic conductivity, which is known to increase performance if
homogeneously distributed.?>> The analysis also shows a high degradation immediately after the first
cycle, not only in the impedance with an increase in the resistance attributed to the LCO-LLZO interface,
but also in the discharge capacity (second cycle at 69 mAh g!). This is an expected result as it has been
reported in literature that all-ceramic composite cathodes with LCO and LLZO show high degradation
during cycling, making this effect one of the main focus areas in current research on All-Solid-State
Batteries. A focused-ion-beam SEM image (FIB-SEM) (see Figure 4.2.12) shows cracks, indicated by
arrows, already after the first few cycles, probably due to the volume change during
intercalation/deintercalation.'** These cracks lead to a contact loss (between LCO-LCO interfaces but
also LCO-LLZO interfaces), resulting in capacity loss.?>¢2%

Figure 4.2.12: FIB-SEM micrographs were obtained using a Zeiss 1540 XB equipped with a Ga-ion source. Cross
sections were milled using a beam current of 2 nA. The composite cathode tapes of a) before cycling and b) after
5 cycles are shown. Adapted from 2'® is licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

It can therefore be stated that the new in-situ synthesis route proved to be highly promising for composite
cathode production. When testing it in a cell, its initial values (“as assembled”) comply with the
theoretical expectations and exceed reported values. Being an all-ceramic composite cathode, it still
displays the typical shortcomings of capacity and resistance degradation when cycling in a cell.
However, the resistance increase is lower than formerly observed.

Sub-section summary

The new in-situ process for the fabrication of composite cathodes was analyzed above and successfully

demonstrated the in-situ synthesis of LLZO from precursors during a co-sintering step with LCO,
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rendering the conventional heat-pretreatment steps obsolete. The resulting sintered tape obtained
remarkably high densities and showed a successful suppression of Co-containing secondary
phases'®”-2258 or Co-ion interdiffusion in LLZO"7!15827 exceeding the results that are usually reported
in literature. This resulted in a lower total resistance in a cell for an All-Solid-State battery, although the
initial discharge capacity was lower than reported in the literature, reaching 59% of the theoretical
capacity only."””!*® The core problems of a high thickness versus low ionic conductivity of the solid
electrolyte were discussed, as well as the formation of cracks at the LCO-LLZO interface, resulting in
a high degradation and low discharge capacity in the cell. Whilst the first point will be addressed in the

following chapters, the second provides opportunity for further research.

4.2.4 Variation of the LizLa3ZrO12 dopants in composite cathodes

The composite cathodes produced by the new in-situ synthesis as demonstrated in the previous
subchapter showed promising results compared to the conventional composite cathodes based on pre-
synthesized LLZO. A central disadvantage of LLZO-LCO composite cathodes is the high degradation
after a few cycles and the comparably low initial capacity of 59%. One of the reasons is the low ionic
conductivity of LLZO in the composite cathode, which makes it impossible to use the active material
over the full tape thickness.*® The ionic conductivity will therefore be addressed in the following by
adapting the LLZO dopants from Ta and Al to Ga. LLZO:Ga is reported to have a high ionic

259

conductivity,”” which would partially overcome the problems mentioned above.

Therefore, LiOH, La,Os;, ZrO,, and Ga,Os precursors are used stoichiometrically to synthesize
Lis4LasZryGao2012 with 5% of Li excess in the composite cathode. With the same procedure as
described previously, the composite cathodes were tape cast and sintered at 1050 °C for 2 hours. The Li
excess was reduced to 5% due to the side reaction of LLZO:Ga with higher Li excess.®*® As mentioned
in chapter 2.2.3, LLZO:Ga is unstable to Li metal>®, the addition of SiO, particles, however, can
stabilize LLZO:Ga by forming a glass phase.! This glass phase is formed by Li and SiO; and is located
at the grain boundaries, allowing to insert Ga-ions more easily into the LLZO structure. This advantage
is now assessed in the composite cathodes by comparing the sintered tapes of LLZO:Ga without
additive, LLZO:Ga with additive and LLZO:Ta,Al without additive by XRD measurements.
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Figure 4.2.13: XRD pattern of composite cathode tapes of various dopants (Ga and Tal,Al) with and without
additive with indication of side phases and the cubic LLZO structure (ICSD: 182312)? and LCO (ICSD: 29225)

as references.

The analysis of the XRD measurement of the sintered tape with LLZO:Ta,Al has already been shown
in the previous chapter: It showed the LCO phase next to a cubic LLZO phase. For LLZO:Ga, LCO
phases are still visible in both cases, i.e. with and without additive. Here, the XRD measurements start
at 20° 20 due to the high intensity of the LCO reflection at low angles. There are several other phases
detected in the LLZO:Ga tape without additive, none of which, however, are consistent with the cubic
LLZO structure. The existence of secondary phases such as LaCoO; and Li,ZrO; suggests that LLZO
is not formed during the sintering step. LLZO:Ga with additive (SiO; particles), however, shows a cubic
LLZO phase, even if similar secondary phases as above can still be identified as well. This direct
comparison reveals that the additive induces the formation of cubic LLZO from the precursors. Li et al.
suggested that SiO; binds part of the Li to form a glass phase and subsequently Ga can be incorporated
in the LLZO phase to form the cubic structure.®! Given that the amount of Li needs to be reduced, it is
assumed that without additive, the Li located in the LCO together with the Li excess leads to a large
reservoir that prevents Ga incorporation and hence the formation of cubic LLZO. Due to the large
amount of Li in the LCO, it is difficult to minimize the Li amount in the system. The different behavior
between LLZ0O:Ta,Al and LLZO:Ga, both without additive, may be explained by the lattice sites that
the respective dopants occupy: Ga is located on the Li site, and would therefore be replaced by an excess
of Li. Al does occupy the Li site as well, however, it is typically present in much lower quantities. Ta
on the other hand is located on the Zr site and is not affected by Li excess. Li excess therefore does
affect LLZO:Ta,Al much less than LLZO:Ga, and the addition of SiO, particles reduces the excess Li
sufficiently via the formation of a glass phase to stabilize the cubic structure.

4.2.5 In-situ synthesis route for LizLazZr,O12 separator

After having demonstrated the in-situ synthesis of LLZO of composite cathodes in the previous
subchapter, a similar approach will now be employed to investigate the viability of using direct synthesis

of LLZO precursors in separators.

The precursor powders with a stoichiometry of LissLasZr1¢Tao4O12 and 10% Li excess was utilized in

a slurry for tape-casting of a thin tape. The following XRD analysis assesses potential phase differences
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comparing the green tape produced via precursors following the new in-situ synthesis route, and a

conventional one based on pre-synthesized LLZO powder.
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Figure 4.2.14: XRD patterns of LLZO-10 green tape and a precursor green tape. For analysis, the cubic LLZO
reference (ICSD: 182312)°? is given, while a) shows the total pattern, and b) is zoomed-in to show the impurity
phase in a higher detail.

Other than in the green tape produced via the conventional process, the tape that is used for the new in-
situ route does not contain pre-synthesized LLZO powder. The precursors, including LiOH, La,Os3,
Z10;, Al,O3, and Ta,0s, are expected to be present here in either their oxide or hydroxide form. Indeed,
the reflections observed in the pattern in Figure 4.2.14 can be attributed to the presence of LiOH, ZrO,,
and Ta>Os, while La,O; has been identified as La(OH)s, likely due to the influence of water impurities
in the solvent during milling and in the solvent system within the slurry. The XRD result of the pre-
synthesized LLZO green tape in Figure 4.2.14 shows the expected cubic LLZO phase as it was already
present in the powder.

The green tape produced above are then sintered with the optimized parameters (see Figure 3.1.4) at
1175 °C for 10 hours. As additional Al doping has led to abnormal grain growth, as previously
documented, only LLZO:Ta was investigated in this experiment to mitigate the potential of the
formation of liquid phases. The resulting sintered tapes are analyzed by XRD and are compared to
LLZO-20 as-synthesized powder and the precursor green tape, as previously shown in chapter 4.2.2.

The green tapes were synthesized in accordance to the scheme depicted in Figure 4.2.1.
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Figure 4.2.15: XRD patterns of LLZO-20 powder as prepared, and the LLZO green tape and sintered tape from
precursor powder. For analysis, the cubic LLZO reference (ICSD: 182312)%? is given, while a) shows the total
pattern, and b) is zoomed-in to show the impurity phase in a higher detail.

The analysis of the XRD pattern indicates that some of the precursor phases remain in the sintered tape,
either due to imprecise stoichiometry or to an incomplete formation of the LLZO phase. However, the
pattern also clearly reveals the presence of a cubic LLZO structure as main phase in the sintered tape,
which is not observed in the green tape. This successfully demonstrates that the precursors can form the
cubic LLZO phase during sintering of the precursor green tape. Sintering occurs at higher temperatures
and longer sintering times for the separator than for the solid electrolyte in composite cathodes, but
cubic LLZO structure is still formed. To assess whether the additional requirements for a separator are

met, the sintered tapes are analyzed microstructurally by SEM.
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Figure 4.2.16: BSE-SEM images of a cross-section (fractured, un-polished) of LLZO:Ta, tapes sintered with from
precursors powder at 1175 °C for 10 hours. a) shows a dense tape, b) zoom-in of the dense tape and ¢) shows a
porous tape.

The BSE-SEM image depicts two tapes of vastly different density that were both obtained by the process
above (Figure 4.2.16 a-c). The highly dense tape (theoretical density: 97%, Figure 4.2.16 a+b), exhibits
intragranular fracture of the dense microstructure, while the highly porous tape (Figure 4.2.16 ¢)
displays intergranular fracture of the porous microstructure. It should be noted that the high-density tape
was achieved on a single occasion only. So far, the reproducible outcome is the low-density tape. The
exact parameter causing the high density is still unknown. Numerous parameters were tested, indicating
that the tape-casting process is influenced by factors that have yet to be identified or are beyond control.

The high-density tape is presented here as a truly optimal sintering result and demonstrates that, by
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understanding the tape-casting process and controlling all the parameters, highly dense tapes can
actually be produced by this technique in the new in-situ synthesis route. Unfortunately, the tapes that
were reproducible and obtained multiple times have a much lower density (relative density: <75%, by
Image] analysis) which would be insufficient for dense separators. The grain sizes of the porous tapes
are approximately 1 um, with an isometric shape, which suggests that sintering barely occurred after the
synthesis of LLZO, although temperatures of 1175 °C were used. Only a few grains show a good
interface with neighboring grains, where they are in direct contact. One hypothesis for the low sintering
activity of the grains is that the implementation of the LLZO synthesis into the green tape results in a
decrease in density of the green tape. In addition to the organic material used in each green tape, the
synthesis of LLZO releases more H,O (25 wt%). This evaporation could lead to a low green tape density
after the organic material is burnt, as the particles are too far apart for diffusion, preventing sintering.
Another assumption is that the surface of the particles is modified by the in-situ formation of the LLZO.
This is less likely though as the surface of the reacted particles should be pure LLZO, since it is formed
only at high temperatures and impurities, such as carbonates should not exist to modify the surface.

The fact that the cubic structure was obtained for LLZO:Ta precursor tapes and yet the microstructure
exhibits an insufficient density for use as a separator can be beneficial for another mixed cathode
concept: The idea is to take advantage of the porous nature of the tape, for instance as a solid electrolyte
scaffold and infiltrating the cathode active material. Due to the lower ionic conductivity of LLZO:Ta
and the high ionic conductivity requirement for thick composite cathode design,”® the doping was
changed to LLZO:Ga for this experiment. LLZO:Ga is reported to have a high ionic conductivity due to
a change of the cubic structure.”! The precursors, with Ta;Os replaced by Ga»O;, followed the
stoichiometry Lis4Gao2LasZrO12 with 5% Li excess and were used to synthesize a tape similar to
LLZO:Ta described above. The tape was sintered at 1175 °C for 10 hours, while the SiO, additive (0.1
wt%) discussed in section 4.2.4 was added to stabilize the LLZO:Ga against metallic Li, and to increase
the density by adding an amorphous glass phase. The structure was analyzed by XRD and compared to
as-synthesized LLZO:Ga powder as well as to LLZO-10 powder. The stoichiometry of the LLZO:Ga
powder is Lis7Gao.1LasZr,O12, without Li excess.
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Figure 4.2.17: XRD patterns of LLZO-10 powder as prepared, LLZO:Ga powder as prepared, and a sintered tape
of LLZO:Ga from precursor powder. For analysis, the cubic LLZO reference (ICSD: 182312) is given, while a)
shows the total pattern, and b) is zoomed-in to show the impurity phase in a higher detail.
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The analysis of the XRD pattern of the sintered tapes produced from the precursor powder versus the
LLZO-10 powder revealed a matching cubic LLZO phase, without any impurities. The LLZO:Ga
powder, prepared by a solid-state reaction®®’, exhibits a tetragonal LLZO phase in addition to the cubic
LLZO phase. Due to its lower ionic conductivity, attempts are often made to suppress the tetragonal
LLZO phase. Schwab et al. have highlighted the issues associated with LLZO:Ga with varying Li excess
and its tendency to form the tetragonal LLZO phase with higher excess.?®! The XRD pattern exhibits a
pure cubic LLZO structure, thus the sintered tapes were analyzed by SEM to investigate the sintering
activity and the density.

Figure 4.2.18: BSE-SEM images of a cross-section (fractured, un-polished) of sintered tapes of LLZO:Ga from
precursor powder. a) shows a different area to b) shows a higher magnification.

BSE-SEM images demonstrate that the tapes sintered from LLZO:Ga precursor powder exhibit a porous
structure comparable to that observed in the tapes sintered from LLZO:Ta precursor powder. The grain
size distribution is inhomogeneous,. To overcome the sintering issue, which was not resolved by the
Si0; glass phase, the strategy is to incorporate pre-synthesized LLZO particles into the green tape. This
should trigger grain growth at the pre-synthesized particles acting as seeds, result in an increase in
density, and provide the particles with a sufficiently dense green tape to enhance sintering activity.
Consequently, pre-synthesized LLZO:Ga with a particle size > 2 pm was added to the slurry (without
milling) prior to tape casting. The quantity of pre-synthesized LLZO:Ga particles (Ga-dopant 0.1,
synthesized as stated elsewhere®®") was set to 10 wt% and, 0.1 wt% of SiO; particles was also added.
The slurry was then tape-cast according to the aforementioned process. The XRD results demonstrate
that the Li excess was not sufficiently high, as proven by the presence of a secondary phase of La,Zr,07
in the tape (see Figure 4.2.19). The microstructure was then analyzed by SEM to clarify whether the
incorporation of LLZO particles was able to enhance sintering activity.
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Figure 4.2.19: a) XRD patterns of sintered tape of LLZO:Ga from precursor powder with additionally
pre-synthesized LLZO:Ga particles. For analysis, the cubic LLZO reference (ICSD: 182312) is given. b) BSE-
SEM images of a cross-section (fractured, un-polished) of sintered tapes of LLZO:Ga from precursor powder with
additional pre-synthesized LLZO:Ga powder. ¢) shows a higher magnification image of a different area.
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The analysis of the BSE-SEM images confirmed an increased sintering activity with larger grains than
in the tape without additional LLZO:Ga pre-synthesized powder. Although the density of these tapes is
low, the LLZO grains are well connected together, forming a porous but sintered LLZO structure. The
increased density in the tape with the added LLZO grains compared to the tape without demonstrates
that pre-synthesized LLZO particles can increase the density of the green tape, even if the optimal
amount of LLZO particles required to achieve a highly dense structure has yet to be determined. This
aligns well with the current trend in LLZO separator research to adopt porous-dense-porous structures.
The goal would be to increase the surface area of the LLZO exposed to the active material in anode and
cathodes by infiltrating the active materials into the LLZO framework. The above experiment now
combines the novel in-situ process route to obtain a porous structure in LLZO:Ga, and shows that density
can be further influenced. By optimizing the sintering additive, it may be possible to sinter a porous-
dense-porous tape with LLZO:Ga in a single step, which should further be stable against Li metal anodes
due to the SiO; additive. Other than in the new in-situ process for porous tapes, typically pore formers
are used for sintering of porous tapes, such as Polymethylmethacrylat (PMMA).2%22¢* The pore formers
decompose during the sintering step, in case of PMMA already at 350 °C?%2, leading to a porous structure
with pore sizes related to the pore formers used. The new in-situ process allows to combine two
advantages: On the one hand, it provides the opportunity to minimize the usage of additional chemicals,
such as pore formers with a controlled pore volume, due to the varying addition of pre-synthesized
LLZO particles, and on the other hand, it drastically reduces the time and energy requirement for the

separator fabrication due to the direct in-situ route.
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4.2.6 Recycled LaxOs as precursor material for LizLa3Zr2O12 separator synthesis

The novel process route is utilized with different precursors to form LLZO:Ta,Al. In the present
subchapter, the combination of the direct in-situ process with recycled precursors shall be demonstrated.
The used La,O3 precursor was derived from a LLZO recycling process in a hydrometallurgical approach.
The LLZO powder was treated in sulfuric acid in a manner analogous to the process described by
Schneider et al.?* resulting in the formation of Li oxalate precipitate and subsequent calcination at
1000 °C2%*, Impurities of Al, Zr, and Ta were determined by ICP-OES, and their concentrations were
considered in the calculation of the new synthesis batch with 20 % Li excess. The precursor amount was
calculated after Lis4sAloosLasZri ¢Tao4O1, stoichiometry. The tape-casting process was conducted as
described earlier, with the addition of 10 wt% pre-synthesized LLZO-20 powder. Phase purity was
checked by XRD.
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Figure 4.2.20: XRD patterns of LLZO-20 powder as prepared, LLZO green tape from precursor powder, and a
sintered tape of LLZO from precursor powders with recycled La;Os. For analysis, the cubic LLZO reference
(ICSD: 182312)* is given, while a) shows the total pattern, and b) is zoomed-in to show the impurity phase in a
higher detail.

The analysis of the XRD pattern of the sintered tape with recycled La;Os as a precursor confirms the
expected presence of a cubic LLZO phase, accompanied by a single secondary phase. The high Li excess
prevented the formation of the La,Zr,O7 pyrochlore phase and instead a Li>»ZrO; phase was formed. This
observation suggests that the LLZO stoichiometry was not met exactly, potentially due to the difficulty
in obtaining ICP-OES results with a high reliability for LLZO powder. This would result in an
insufficient La;Os3 content, which would then lead to the formation of a secondary phase such as Li>ZrOs.
This matter is related to the preceding ICP-OES assessment though, and not to the novel in-situ
processing route. The tape was embedded and polished to investigate the presence of the secondary

phase in the tape and to assess density and general grain size structure.
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Figure 4.2.21: a) BSE-SEM images of a cross-section (embedded, polished) of sintered tapes of LLZO:Ta,Al
from precursor powder with recycled La,Os. b) shows a higher magnification image of a different area.

The polished cross-sections in the BSE-SEM images show two distinct phases as expected based on the
XRD results. The bright phase, which can be attributed to LLZO, exhibits additional Ta rings in the
center of the LLZO grains. The Ta rings are indicated in Figure 4.2.21 b by arrows with the number 1.
The Ta rings were previously observed in chapter 4.2.3, during the sintering of the composite cathodes.
The LLZO grains are grown in a homogenous manner, with the tape reaching a relative density of 88%
(by Imagel, including the secondary phase). The relative density of the LLZO separator tapes is higher
than that observed in previous studies of the in-situ process route. This phenomenon may correlate with
the secondary phase or the impurities introduced into the process through the recycled La;Os. As
demonstrated in chapter 4.2.5, the process is influenced by a parameter that is yet to be identified, which
results in the formation of a high-density LLZO tape. The darker spots (arrow 2) can be attributed to the
secondary phase, which is identified as Li,ZrOs in the XRD pattern. Li>ZrOs is a forming phase during
the synthesis of LLZO and might have remained. It should be noted that even higher densities are
required for a suitable dense separator. Due to the presence of the impurity phase, electrochemical

testing was not conducted.
Section summary

A new in-situ synthesis route has been developed to improve an energy-efficient and cost-effective
process for the synthesis of LLZO separator tapes and LCO-LLZO composite cathode tapes. The new
process provides an opportunity to skip the costly and energy-intensive LLZO synthesis and particularly
the heating steps, by using the precursors directly to form LLZO during the sintering of tapes themselves.
LCO-LLZO composite cathodes doped with Ta and Al have been successfully fabricated by the new
method. Here, the new tapes even go beyond the results reported in literature by suppressing Co-ion
diffusion, which is highly disadvantageous during co-sintering of LCO and LLZO. Furthermore,
separator tapes of LLZO:Ta and LLZO:Ga separator tapes have been fabricated successfully with LLZO
cubic phases. Optimization could lead to a higher density in the tapes, the porosity that was found,
however, allows to investigate the suitability of a porous-dense-porous LLZO tape for full cell assembly
by infiltrating anode and cathode material into the LLZO framework. Finally, recycled La;O3 was used
to form cubic LLZO, with a secondary phase in an 88% dense tape. This is the first time that recycled
material has been successfully used to re-produce LLZO.



5 Conclusion and Outlook

All-Solid-State Batteries are seen as one of the most promising future battery technologies and are
already entering the market. Among the various solid-state electrolytes, oxide-ceramic ion conductors
are intensively researched, with LLZO garnet as the most promising material due to its stability against
Li-metal. Nevertheless, industrial implementation of oxide ceramics still faces several challenges,
mainly the high energy demand and production costs as well as the novel recycling strategies for oxide-
ceramic based ASSBs. These challenges were addressed in the present work and shall be briefly
summarized and concluded in the following.

From a recycling perspective, ceramics for solid-state batteries do not only hold a high embodied energy
from the preceding synthesis steps but also contain several elements, which are on the list of critical raw
materials. This makes them attractive for commercial recycling, but suitable recycling strategies need
to be developed. In the present work, a direct recycling route of production waste material was
successfully developed. The out-of-specification material, which cannot be used and is a high cost factor
especially in early stage industry adaptation, was mimicked by using a degraded LLZO powder. A focus
has been placed on malfunctions in synthesis of LLZO, which can lead to the Li-poor pyrochlore phase
of La,Zr,0O5. It has been demonstrated successfully that LIOH and Li»COs3 are able to re-lithiate the
degraded LLZO without additional process steps, allowing to incorporate the former reject material into
the production process of a battery component. In the case of LiOH, the Li excess led to abnormal grain
growth in the sintered tapes, independent of the step in which the additional Li was added. Abnormal
grain growth started at a sintering time of 1 hour at 1175 °C, and at temperatures as low as 1025-1050 °C
for 5 hours. The maximum grain size is independent of the temperature as long as formed, while it
increases with increasing sintering time. Areas where no abnormal grain growth was observed,
demonstrate increasing grain sizes over temperature with different growth rates. The reason for
abnormal large grains was exhibited: Liquid phases, consisting of Li-Al-Mg-O and Li-Al-La-O formed
at temperatures around 1050 °C. This observation led to the conclusion that without changing the doping
in LLZO or reducing the Li excess, abnormal grain growth cannot easily be suppressed.

Due to the challenges of abnormal grain growth observed when using LiOH, the Li source was changed
to Li,COs in lower quantities to assess the possibility of direct re-lithiation of real waste material. It was
shown that LLZO powder waste and LLZO green tape waste both can be re-lithiated using the newly
developed process to manufacture separator tapes. Particularly for separators from LLZO green tape
waste, a case that is very close to industrial reality, the structure was re-lithiated completely from
pyrochlore phase to pure cubic LLZO phase. Microstructural analyses exhibit tapes with <90% relative
density, while ionic conductivity was comparable to LLZO separator tapes made from freshly
synthesized LLZO powder. Critical current densities for the re-lithiated LLZO powder tapes did in fact
exceed the values of freshly synthesized LLZO separator tapes. Even if further process parameter fine-

tuning is recommended, the experiments clearly demonstrated for the first time that direct recycling is
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possible for LLZO process waste material. This is a great step not only towards saving processing time,
process complexity and raw materials, but also enables preservation of the energy embodied in the
already synthesized ceramics.

The matter of high energy consumption and long processing times for LLZO component production,
resulting in an elevated ecological footprint and high cost, were further addressed by the development
of a direct, in-situ synthesis route. Typically, LLZO synthesis undergoes 2-3 calcination steps at
temperatures of 900-1000 °C for 20 hours each, while sintering itself occurs at temperatures >1000 °C
for 2-5 hours. It furthermore requires extensive preparatory steps, with the in-house milling taking 24
hours. The long processing times require large milling and oven capacities, hence inducing cost, and
contribute significantly to the energy footprint in the case of heat treatment, further adding to the
production cost. Within the scope of this work, the milling parameters were optimized such that a milling
time of 15 minutes now suffices, reducing the milling time by nearly 99%. In addition, the novel in-situ
process route uses the thermal activation during sintering to synthesize LLZO directly from precursors,
which is possible for separator tapes as well as for composite cathodes with LCO. This means that all
process steps that were formerly required to pre-synthesize LLZO can now be skipped, reducing the
heat treatment steps from 2 x 20 hours + sintering (1 x 5 hours) to only sintering (1x 5 hours) in case for
the separator. This results in a process time reduction of 80%, including temperatures >900 °C and hence
also extremely decreasing the energy consumption. In the case of composite cathodes with a sintering

time of only 2 hours, the process time reduction is as high as 85%.

During extensive testing and application of the new in-situ synthesis route, several known performance
issues of LLZO separator tapes and composite cathodes were addressed. Most notably, the new route is
able to successfully produce LCO-LLZO:Ta,Al composite cathodes while suppressing the Co-ion
diffusion into LLZO, a widely reported and critical disadvantage in composite cathode fabrication,
limiting theoretical capacities and resulting in a high degradation. Al-ion diffusion still needs to be
addressed though. On the other hand, separators of LLZO:Ta and LLZO:Ga were successfully produced,
demonstrating the cubic LLZO structure with the novel in-situ process. Here, a major challenge was the
low density of the tapes, which is probably caused by the extra amount of water freed during reaction
of the precursors, minimizing green tape density during the in-situ synthesis. Relative density can be
tuned by adding a specific amount of pre-synthesized LLZO particles to the slurry, which is ideal for
the fabrication of porous-dense-porous tapes that can be used for e.g. infiltrating anode or cathode active
materials. Finally, it was also shown that recycled La,Os from LLZO waste, obtained by a project partner
via a hydrometallurgical approach, can be re-used in the novel in-situ process. Even if the resulting
micro-structure of the tapes made from recycled material still requires further process optimization, the
results represent a huge step towards an energy- and cost-efficient recycling procedure for oxide ceramic
battery components based on LLZO.

In conclusion, the recycling of ceramic All-Solid-State Batteries on a material and component level have
been successfully adapted and demonstrated. The application of a direct recycling route on LLZO
production process waste material emerged as a highly promising approach to minimize both re-
synthesis and overall recycling cost. Furthermore, the LLZO synthesis and component production
process was optimized to such a degree that in total 65% of the process time could be saved, in single
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steps even over 98% and during heat treatments 80-85%. This goes along with massive energy savings,
resulting in an improved ecological footprint and great cost advantages, further supported by the massive
reduction in oven and plant capacity and related investments.

Based on these insights, the following future research directions were identified to give the most benefit

for fast ASSB performance improvement and industrial implementation:

e Application of the novel in-situ process route to optimize porous-dense-porous LLZO
frameworks, which can be easily obtained by optimizing the amount of pre-synthesized particles
in the slurry. This LLZO framework would open possibilities for cathode active material
infiltration without an addition of pore fillers, resulting in a more simple process for battery
component fabrication.

e Co-sintering of composite cathodes with separators to minimize process time even further by
only a single sintering step. It was already shown that Co-ion diffusion into LLZO next to LCO
in the composite cathode is suppressed by the novel in-situ process route. If this can be combined
with co-sintering of a dense separator LLZO layer, it would result in a half-cell by conventional
sintering in a single-heating step only, thanks to the in-situ synthesis of LLZO.

e Developing a direct recycling route for composite cathode active material to minimize cost due
to embodied energy should also be investigated. The direct recycling possibility shown here for
LLZO powder waste and LLZO green tape waste gives an idea of how to implement these into
the composite cathode green tape waste.

e Itshould be also investigated to which extent impurities in the recycled material affect the LLZO
synthesis. These insights will help with direct recycling of a full battery stack, which might be
an attractive option for industry instead of separating ceramic materials for direct recycling.

e Possibilities of a full battery cell or even a battery stack recycling should be addressed. These
may include completely different approaches comprising disassembling or mechanical
shredding. A special focus should be placed on the recycling of the Li metal as one of the major
challenges compared to liquid electrolyte batteries.

The foundation for LLZO-based battery component recycling, especially direct recycling, has been laid
in this thesis. All of the research topics suggested above could now open up new possibilities in the
development of ceramic battery components and recycling approaches, which have to be implemented
by industry by EU Directive. Furthermore, optimization and development of the novel synthesis process
would pave the way to industrial implementation, saving significant amounts of time, energy and cost,
ultimately contributing to the overarching goal of an ecofriendly and affordable energy transition.
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