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Editors' Preface

In times of global challenges, such as climate change, the transformation of mobility, and an
ongoing demographic change, production engineering is crucial for the sustainable
advancement of our industrial society. The impact of manufacturing companies on the
environment and society is highly dependent on the equipment and resources employed, the
production processes applied, and the established manufacturing organization. The company’s
full potential for corporate success can only be taken advantage of by optimizing the interaction
between humans, operational structures, and technologies. The greatest attention must be paid
to becoming as resource-saving, efficient, and resilient as possible to operate flexibly in the
volatile production environment.

Remaining competitive while balancing the varying and often conflicting priorities of
sustainability, complexity, cost, time, and quality requires constant thought, adaptation, and the
development of new manufacturing structures. Thus, there is an essential need to reduce the
complexity of products, manufacturing processes, and systems. Yet, at the same time, it is also
vital to gain a better understanding and command of these aspects.

The research activities at the Institute for Machine Tools and Industrial Management (iwb) aim
to continuously improve product development and manufacturing planning systems,
manufacturing processes, and production facilities. A company’s organizational,
manufacturing, and work structures, as well as the underlying systems for order processing, are
developed under strict consideration of employee-related requirements and sustainability
issues. However, the use of computer-aided and artificial intelligence-based methods and the
necessary increasing degree of automation must not lead to inflexible and rigid work
organization structures. Thus, questions concerning the optimal integration of ecological and
social aspects in all planning and development processes are of utmost importance.

The volumes published in this book series reflect and report the results from the research
conducted at iwb. Research areas covered span from the design and development of
manufacturing systems to the application of technologies in manufacturing and assembly. The
management and operation of manufacturing systems, quality assurance, availability, and
autonomy are overarching topics affecting all areas of our research. In this series, the latest
results and insights from our application-oriented research are published, and it is intended to
improve knowledge transfer between academia and a wide industrial sector.

Riidiger Daub Christina Reuter Michael F. Zih
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1 Introduction

1.1 All-solid-state batteries: technological promise and road to market

“The countries that build great zero-carbon companies and industries will be the ones that
lead the global economy in the coming decades.”

Bill Gates in How to Avoid a Climate Disaster (GATES 2022)

These words emphasize that promoting eco-friendly industries supports economic prosperity
by offering opportunities for sustainable growth. Moreover, mitigating the environmental im-
pact of human activities is critical in counteracting global warming. Hence, policymakers are
increasingly fostering sustainability initiatives, as exemplified by the European Green Deal,
which aims for greenhouse gas neutrality in Europe by 2050 (EUROPEAN UNION 2020). Grow-
ing public awareness of climate change threats and the pursuit of technological leadership drive
the development of clean technologies®. A cornerstone of sustainable modern economies is the
reliable storage of electrical energy from fluctuating renewable sources like solar and wind
(GOODENOUGH 2014). Consequently, the battery industry is a prominent clean technology
branch that has gained significant interest over the last decade. Notably, the surging demand
for electric vehicles (EVs), which operate without local carbon emissions, has intensified com-
petition for capable rechargeable energy storage devices (CANO ET AL.2018; DING ET
AL. 2019).

Since its market launch by Sony in 1991, the lithium-ion battery (LIB) has emerged among the
various technological alternatives as the leading electrochemical energy storage solution due to
its well-balanced performance characteristics > (ARMAND ET AL. 2020; BLOMGREN 2017; L1 ET
AL. 2018a). However, LIBs suffer from intrinsic drawbacks, including physicochemical energy
density limitations*, charging and discharging current constraints, temperature susceptibility,
and safety concerns, all linked to the usage of liquid electrolytes (LEs) (JANEK & ZEIER 2016;
ROTH & ORENDORFF 2012; WALDMANN ET AL. 2014). Organic polymer electrolytes (PEs) have
been proposed as substitutes, but their low ionic conductivities at practical temperatures cur-
rently restrict their applicability (MANTHIRAM ET AL. 2017; SCHMALTZ ET AL. 2022, p. 90).

In response, the all-solid-state battery (ASSB) technology employing inorganic ceramic solid
electrolytes (SEs) as ion-conducting media combined with lithium metal anodes (LMAs) has
emerged as a promising alternative. This battery technology containing exclusively solid com-
ponents offers several potential enhancements, including improved energy and power densities,
operational safety, and long-term stability (JANEK & ZEIER 2016). Notably, ceramic SEs with

2 Clean technology refers to products, services, and processes aiming at reducing environmental impact while maximizing
resource efficiency. CLIFT (1995) defines clean technology as “a means of providing a human benefit which, overall, uses less
resources and causes less environmental damage than alternative means with which it is economically competitive”.

3 ARMAND ET AL. (2020) provide a summary of current and expected future performance metrics of LIBs. The various battery
performance metrics are discussed in detail in Section 2.1.2.

4The volumetric energy density describes the energy content of a battery with reference to its volume. Amongst others, the
volumetric energy density depends on the interplay of the physical and chemical properties of the involved materials.
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remarkable ionic conductivities, surpassing those of LEs (KAMAYA ET AL. 2011), have laid the
material foundation for ASSBs and fueled the development of practical cell designs.

Recent advancements in the chemistry, electrochemistry, and design of ASSBs have progres-
sively enhanced their functionality, entailing numerous reports on versatile laboratory proto-
types> (RANDAU ET AL. 2020). Yet, production-related aspects have received comparatively
less attention, and the complex interrelations between chemical composition, production pro-
cesses, and product properties are often overlooked in battery development (KWADE ET
AL. 2018). Laboratory screening of promising chemistries must be followed by production en-
gineering research to industrialize novel battery technologies. Developing scalable production
methods is particularly critical for ceramic ASSBs, as their manufacturing encompasses signif-
icant changes to established production chains (DUFFNER ET AL. 2021b; SCHNELL ET AL. 2019).

Both research and industrial stakeholders are pursuing the commercialization of ASSBs,
recognizing their promises as disruptive post-LIB technology. Established cell manufacturers,
automotive original equipment manufacturers (OEMs), and start-up companies ® have reported
serious progress in developing industry-relevant ASSB prototypes with various chemistries and
designs 7 (BUBULINCA ET AL. 2023). However, while polymer ASSBs have already been com-
mercialized (BLUE SOLUTIONS 2024) and successfully integrated into EVs (MOTAVALLI 2015),
industrial-scale production of ceramic ASSBs is still absent. Industrial manufacturers, such as
Samsung SDI (SAMSUNG SDI 2024), QuantumScape (QUANTUMSCAPE 2024), and Solid Power
(SoLID POWER 2024), operate pilot production lines for ceramic ASSBs. Yet, to unlock the po-
tential of such next-generation battery technologies, manufacturing must be scaled up by inte-
grating robust and cost-effective processes in pilot and mass production (XU ET AL. 2020).

1.2 Topic synopsis

Ceramic ASSBs are projected to become commercially available by the end of this decade
(SCHMALTZET AL. 2022, p. 16). Despite these promising prospects, successfully integrating ce-
ramic ASSBs into practical applications faces significant manufacturing challenges, requiring
tremendous adjustments to production routes and methods® (SCHNELL ET AL. 2018; SCHNELL
ET AL. 2019). Laser micro-processing has become a key technology for various tasks in indus-
trial battery production due to its speed, reliability, and flexibility (PFLEGING 2018). For exam-
ple, contactless /aser cutting has become integral for shaping the electrode geometry, comple-
menting mechanical slitting and fine blanking (MICHAELIS ET AL. 2023, pp. 89 — 94). Further-
more, significant research has focused on enhancing LIB performance through electrode laser
structuring, an approach® intending to modify the electrode—electrolyte interface, now moving
toward industrialization (HABEDANK ET AL. 2020; HILLE ET AL. 2023b).

Also, the industry has widely adopted laser micro-processing for various high-precision

5 A prominent industry example is QuantumScape, which published auspicious electrochemical data on ceramic ASSBs demon-
strating the fast-charging of oxide-based ASSBs from 10% to 80% capacity in under 15 minutes, with an energy retention of
more than 80 % over 400 cycles (QUANTUMSCAPE 2022).

6Start-up companies often receive support from automotive OEMs, as seen with QuantumScape, which secured about
300 million US$ in investment from Volkswagen (MANTHEY 2021).

7 A compilation of ASSB-related company announcements is given by SCHMALTZ ET AL. (2022, p. 83). Moreover, BUBULINCA
ET AL. (2023) identified 93 relevant entities associated with ASSB production in a systematic market analysis.

81n his doctoral thesis, SCHNELL (2020) discussed potential production chains for ceramic ASSBs.

° A patent focusing on the manufacturing of electrodes comprising a multitude of recesses by various process alternatives,
including laser structuring, was filed by SAUTER (2012) and assigned to the Robert Bosch GmbH.
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applications, including silicon dicing and glass cutting (ORAZI ET AL. 2021). Given the versa-
tility of laser radiation for processing a broad range of materials, from ceramics and polymers
to metals (KNOWLES ET AL. 2007), and its established use in LIB production, its potential ap-
plication in fabricating ceramic-based ASSBs is promising. However, while laser micro-pro-
cessing has proven effective for traditional battery types, its applicability to the materials and
cell designs of ceramic ASSBs is insufficiently studied and poorly understood. Moreover, con-
crete application scenarios remain unclear due to insufficient scientific investigations.

Thus, the following major research gap (MRG) can be stated:

MRG The transferability of laser processing techniques from producing lithium-ion batteries
to ceramic all-solid-state batteries remains uncertain.

Building on research into laser processing in LIB manufacturing, two primary research direc-
tions emerge for fabricating ceramic ASSBs. First, individual components require precise cut-
ting before battery assembly (DUFFNER ET AL. 2021b). Second, addressing interfacial issues be-
tween components, a central challenge for ceramic ASSBs (BANERJEE ET AL. 2020), offers po-
tential for laser surface processing.

Considering these fields of action, the primary goal must be to investigate the following over-

arching working hypothesis (OWH):

OWH Laser processing facilitates the manufacturing and functional improvement of ceramic
all-solid-state batteries.

Based on this hypothesis, three superordinate research questions (RQs) evolve:

RQ1 Is laser processing a capable and efficient technique for machining the components of
ceramic all-solid-state batteries?

RQ2 How can laser processes be applied to tune the functionality of all-solid-state batteries?

RQ3 Can laser processes meet the requirements of all-solid-state battery production in terms
of scalability, product quality, and system integration?

Answering these questions aims to advance ceramic ASSBs toward commercialization by
providing comprehensive research and practical insights into the feasibility of laser processing
for their large-scale production. At the same time, the objective is to enhance battery perfor-
mance through targeted processing steps.

1.3 Research framework

This section outlines the conceptual framework adopted in response to the OWH and the asso-
ciated RQs. It details the research environment facilitating the generated results, classifies the
research type and philosophy, and describes the scientific approach as a variant of the
Design Research Methodology (DRM) (BLESSING & CHAKRABARTI 2009).

Research environment

The research activities were executed at the Institute for Machine Tools and Industrial Man-
agement (iwb) of the Technical University of Munich (TUM). As a leading research institution
for production technology, the iwb aims at translating research findings into industrial practice.
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Most of the scientific findings were collected within the ProFeLi'? research project. Additional
results were accomplished through bilateral collaborations with industrial stakeholders from
battery production and laser technology, which reassured the practical relevance of the obtained
results through regular discussions.

Research type

ASSB research is primarily dominated by fundamental studies in chemistry, electrochemistry,
and physics, focusing on material- and design-related issues on a laboratory scale (RANDAU ET
AL. 2020; UE ET AL. 2020). However, the automotive industry’s demand for advanced energy
storage solutions necessitates the development of large-format !, cost-effective, and high-per-
formance ASSBs (REN ET AL. 2023). Consequently, this thesis focuses on applied research to
promote the commercialization of ASSBs by developing industrial-grade production processes,
bridging the gap between laboratory experimentation and large-scale industrial production
(CAOET AL. 2019; FRITH ET AL. 2023). The scope of this research is embedded within produc-
tion engineering, specifically targeting battery production and laser materials processing. An
interdisciplinary approach is adopted to cope with the complexities of ASSB research (ALBER-
TUS ET AL. 2021), linking insights from material science, electrochemistry, electrical and me-
chanical engineering, and process engineering.

Over the years, LIBs have been successively scaled from small to large formats by optimizing
their design and manufacturing (KWADE ET AL. 2018). The short-term market penetration of
ASSBs necessitates concurrent product and manufacturing engineering (SCHNELL ET AL. 2018).
As a result, process development is closely integrated with potential battery designs following
simultaneous engineering'> approaches. Given the limited knowledge base in the emerging
field of ASSB production, an exploratory empirical procedure is adopted to identify and link
phenomena. Distinct research gaps (RGs) (cf. Section 3.3) were deduced through a thorough
literature analysis of prior research in the field, and practical research objectives (ROs)
(cf. Section 4.1) are formulated and addressed by collecting data in quantitative experimental
studies to identify cause—effect relationships. Minute descriptions of experimental setups and
procedures ensure the reproducibility of the results and foster continuation by other researchers.
Ultimately, this thesis seeks to generalize the results beyond specific experiments, contributing
to a broader understanding of laser micro-processing and its application in ASSB fabrication.

Research Methodology

The comprehensive DRM as proposed by BLESSING & CHAKRABARTI (2009) was adapted as
overarching methodological framework, aligning with systematic knowledge gain required in
engineering research. The DRM framework structures research projects into four distinct, iter-
ative stages, including the Research Clarification (RC), the Descriptive Study I (DS-I),
the Prescriptive Study (PS), and the Descriptive Study II (DS-II) (BLESSING &
CHAKRABARTI 2009, p. 15).

19The ProFelLi research project (German: Produktionstechnik fuer Festkoerperbatterien mit Lithium-Metall-Anode; English:
Production technology for all-solid-state batteries with lithium metal anode) was funded by the German Federal Ministry of
Education and Research under the grant number 03XP0184. The project involved designing industry-oriented processes and
production equipment for the fabrication of ceramic ASSBs within a mixed consortium of industrial and academic entities.

'L OEBBERDING ET AL. (2020) use the cell capacity as a possible definition for the term large-format, which is expected to range
from 3.5 Ah to beyond 120.0 Ah for EV applications.

12 Simultaneous engineering, also referred to as concurrent engineering, is a systematic approach to the integrated, concurrent
development of products and associated processes, including production equipment (GROTH & KAMMEL 1994, p. 89).
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Thereby, the line of actions is not necessarily linear but offers flexibility to master the dynamics
of scientific research. The individual stages can be either addressed within review-based stud-
ies, solely relying on the analysis of available literature, or comprehensive studies, additionally
incorporating proprietary research results '3. Moreover, initial studies ensure the continuation
through others and close a project (BLESSING & CHAKRABARTI 2009, p. 18).

Within the review-based RC phase, the research goal, focus, and scope were defined based on
the fundamental body of literature on battery technology and laser materials processing (BLESS-
ING & CHAKRABARTI 2009, 44). The motivation, OWH, and RQs were continuously refined to
incorporate emerging external and proprietary findings while executing the underlying research
project.

A review-based DS-I was executed to gather data and information on the initial condition
(BLESSING & CHAKRABARTI 2009, pp. 75 — 81). The current situation was investigated through
a broad literature survey, focusing on laser-based component separation and interface modifi-
cation in battery production. This review is presented in Chapter 3 of this thesis and comple-
mented with topic-specific literature analyses by the state-of-the-art sections of the individual
publications appended to this dissertation. Given the substantial volume of scientific articles
that emerged during the preparation of this thesis, the initial literature review underwent con-
tinuous updating. The outcome of the DS-I is characterized by identified RGs and an iteratively
refined research approach stating practical ROs, which are specified in Chapter 4.

The main knowledge gain of this thesis was achieved within a comprehensive PS ' (BLESSING
& CHAKRABARTI 2009, 141 ff.), concentrating on the manufacturing and functional enhance-
ment of batteries through laser technology. In the first phase of the PS, selected applications of
laser micro-processing in LIB production were empirically studied. Two peer-reviewed publi-
cations (cf. Section 5.1) provided key product and process benchmarks, which served as success
criteria for transferring the contemplated processes to scalable ASSB production:

e P1 (KRIEGLER ET AL. 2021b): Process strategies for laser cutting of electrodes in
lithium-ion battery production

e P2 (KRIEGLER ET AL. 2021a): Enhanced performance and lifetime of lithium-ion batter-
ies by laser structuring of graphite anodes

Subsequently, seven peer-reviewed publications (cf. Section 5.2) contributed to the second
phase of the PS, investigating the utility of laser micro-processing in ASSB production:

e P3 (KRIEGLER ET AL. 2022a): Processing of lithtum metal for the production of post-
lithium-ion batteries using a pulsed nanosecond fiber laser

e P4 (KRIEGLER ET AL. 2023a): Automated quality evaluation for laser cutting in lithtum
metal battery production using an instance segmentation convolutional neural network

e P5 (KRIEGLER ET AL. 2024b): Surface reconditioning of lithium metal electrodes by la-
ser treatment for the industrial production of enhanced lithium metal batteries

13Seven DRM research types characterized by their combination of review-based, comprehensive, and initial studies are dif-
ferentiated. According to this classification, the thesis at hand corresponds to research type three, which targets the development
of support. (BLESSING & CHAKRABARTI 2009, p. 61)

4 A comprehensive PS offers recommendations and solutions for existing problems, improving the initial situation identified
in preceding DRM stages. It addresses scientific and practical challenges by conceptualizing, elaborating, implementing, and
evaluating solutions, making it especially valuable in applied research. (BLESSING & CHAKRABARTI 2009, p. 144)
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e P6 (KRIEGLER ET AL. 2022b): Pulsed laser ablation of a ceramic electrolyte for all-solid-
state batteries

e P7 (KRIEGLER ET AL. 2023d): Scaling up picosecond laser ablation of a LATGP-type
glass-ceramic solid electrolyte for ASSB production

e P8 (KRIEGLER ET AL. 2023b): Design, production, and characterization of three-dimen-
sionally-structured oxide-polymer composite cathodes for all-solid-state batteries

e P9 (KRIEGLER ET AL. 2024a): A perspective on the design, manufacturing, and energy
content of oxide all-solid-state batteries with scaffold-based composite cathodes

Finally, the scientific results were critically reflected within an initial DS-II to evaluate their
contribution and applicability (BLESSING & CHAKRABARTI 2009, p. 196 f.). The research find-
ings are linked to literature to situate them in the broader scientific field (cf. Section 6.1). More-
over, to diminish the gap between laboratory and industry, the Technology Readiness Level
(TRL), a leading indicator of technological maturity in the production engineering domain '°,
was evaluated for the individual developed technologies (cf. Section 6.2). An outlook on future
research activities completes the DS-II (cf. Chapter 7).

Figure 1.1 illustrates the execution of the four DRM stages along the progress of this thesis.

DRM framework Implementation within this thesis
Chapter 1: Introduction Chapter 2: Fundamentals
Research clarification | > Motivation and ideation > Lithium-ion and

(review-based) > Research aim, focus, all-solid-state batteries

» c 4 and scope » Laser materials processing

o S L

> T ! _

S| §!

Sy T, Chapter 3: State of the Art Chapter 4: Research Approach
Descrnlptlve study | _ > Laser-based component separation » Research objectives

(review-based) A . N

N > Laser-based surface modification > Integration of publications

Chapter 5: Research Findings

» Lithium-ion batteries > All-solid-state batteries

v
Prescriptive study

(comprehensive)
A
1
|
1
X L
! -
: Chapter 6: Subsumption and Chapter 7: Conclusive
v : Critical Reflection Summary and Perspectives
e . TRL I
Descriptiv study Il 4 » Technological » Scientific Q
(initial) assessment m contributions (?

> Scientific '®) > Outlook on future
classification ” research

Figure 1.1: The implementation of the four stages of the Design Research Methodology (DRM) across the seven
chapters that form the framework of this thesis is outlined.

15 The European Union adopted the TRL as a basis for decision making in the Horizon 2020 research funding program (DA-
HAN 2018).
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Employed scientific methods

This paragraph outlines the main scientific methods employed in the presented framework, in-
cluding literature reviews, experimental work, modeling, prototyping, and technology readiness
assessment. A detailed picture of the scientific methods used in the appended publications is
presented in Section 4.2 and summarized in Figure 4.2.

Qualitative integrative literature reviews'® were conducted to collect and integrate prior re-
search (SNYDER 2019). Broad reviews in Chapters 2 and 3 motivate the research and allow ROs
to be deduced, while topic-specific literature compilations within the individual publications
informed practical problem statements. Accounting for the broadness of ASSB research, the
focus was placed on combining insights from different fields rather than covering all individual
articles related to the field.

Prototyping " included designing and constructing an air-tight laser box and an encapsulated
laser unit. These function prototypes facilitated the laser processing of air-sensitive battery ma-
terials, serving as a blueprint for industrial equipment. Moreover, various battery prototypes,
including coin and pouch cells, were manufactured according to established guidelines'® to
evaluate production processes and design concepts (CAO ET AL. 2019).

Laboratory experiments were performed under controlled conditions to test the hypotheses and
establish cause—effect relationships by collecting empirical data. Laser process studies were
executed to investigate the laser—matter interaction, and the results were evaluated, amongst
others, by confocal laser scanning microscopy (LSM), scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDX), and X-ray diffraction (XRD). Electrochemical
test procedures, such as rate capability testing, lifecycle testing, and electrochemical impedance
spectroscopy (EIS), were applied to analyze battery performance. Additionally, insights into
degradation phenomena were obtained through incremental capacity analyses (ICAs)' and
post-mortem investigations.

Models as simplified system representations were implemented, involving a semi-empirical la-
ser process model for optimizing the machining rate and a Machine Learning (ML) approach
for segmenting microscope images. A computational model was also developed to predict bat-
tery energy contents and allow for sensitivity analyses. Furthermore, production models were
established to allow for the calculation of material throughputs and costs.

Finally, the technological maturities of the proposed technologies were evaluated to assess the
industrial viability of the research contributions. The TRL analysis incorporated key perfor-
mance indicators (KPIs) identified within the publications, covering both process-related crite-
ria, such as repeatability, throughput, and industrial feasibility, and product-related criteria, in-
cluding battery quality and performance.

The evaluation framework used in the TRL analysis is presented in detail in Section 6.2.

16 SNYDER (2019) classifies literature review types into systematic, semi-systematic, and integrative approaches. An integrative
approach assesses, critiques, and synthesizes literature to facilitate novel frameworks and perspectives.

17 Prototyping is an innovation step, approximating system or product features by creating an item (CAMBURN ET AL. 2017).

8 The battery prototypes under study included symmetrical cells and full cells (NOELLE ET AL. 2020), fabricated in either
coin cell (MARKS ET AL. 2011, MURRAY ET AL. 2019) or prismatic pouch bag (DAI & CAI1 2022, GARAYT ET AL. 2023) formats.
19 An ICA is a diagnostic technique for evaluating battery aging mechanisms by analyzing the differential capacity (dQ/dV)
versus voltage (V) curve. The resulting graphs allow to categorize the degradation phenomena into loss of lithium inven-
tory (LLI), loss of active material (LAM), and resistance increase (R1) (BIRKL ET AL. 2017, PASTOR-FERNANDEZ ET AL. 2017).
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1.4 Thesis structure

This thesis comprises seven distinct chapters, aiming at comprehensively exploring the research
topic. Chapter 1 motivates the research topic, outlines the broader scope of the thesis, and
presents a working hypothesis together with superordinate RQs. Moreover, the DRM is intro-
duced as the methodological framework of this work. Chapter 2 provides background
knowledge on battery technology and laser materials processing. Chapter 3 reviews the state
of the art on laser micro-processing in battery production, focusing on laser-based techniques
for component separation and surface modification. The chapter concludes by deducing six
concrete RGs that clarify the necessary actions for this work. In Chapter 4, the research ap-
proach is outlined, stating specific ROs and assigning them to fields of action to close the iden-
tified literature deficiencies. Chapter S constitutes the centerpiece of this work, recapitulating
the nine publications contributing to the application of laser micro-processing techniques in
battery manufacturing. The results from LIB production are presented first, followed by a dis-
cussion of the use of laser technology in manufacturing ASSBs. Chapter 6 subsumes and crit-
ically reflects the research findings, evaluating them against existing scholarly work and ex-
ploring limitations. A technical evaluation of the developed processes is also conducted. Fi-
nally, Chapter 7 offers a conclusive summary and outlines future research directions for the
transferability of the scientific insights.



2 Fundamentals

This chapter provides domain-specific knowledge on battery and laser technology, which is
necessary for comprehension of the state of the art. Subsection 2.1.1 introduces the general
designs and functioning principles of LIBs and ASSBs. Subsequently, Subsection 2.1.2 con-
centrates on critical metrics for evaluating the performance and commercial feasibility of bat-
tery technologies. Then, the peculiarities of essential electrolyte types and active materials are
detailed in Subsections 2.1.3 and 2.1.4, respectively. The significance of interfaces and inter-
phases between the individual battery constituents, critical determinants for battery functional-
ity, is explored in Subsection 2.1.5. Finally, Subsection 2.1.6 presents relevant process chains
and methods for battery production. Throughout these subsections, commonalities and differ-
ences between ASSBs and LIBs are highlighted. Section 2.2 provides an overview of the basics
of laser materials processing. Subsection 2.2.1 describes the central components of laser units.
Next, Subsection 2.2.2 explains the most critical laser parameters, focusing on pulsed laser op-
eration. The interaction of laser radiation with matter and the underlying physical mechanisms
of laser material removal are reviewed in Subsection 2.2.3. Lastly, Subsection 2.2.4 consoli-
dates relevant laser micro-processing techniques and comments on their scalability.

2.1 Lithium-ion and all-solid-state batteries

John B. Goodenough, M. Stanley Whittingham, and Akira Yoshino jointly received the Nobel
Prize in Chemistry 2019 for their pioneering work on LIBs (THE ROYAL SWEDISH ACADEMY
OF SCIENCES 2019). This prestigious recognition underscores the importance of LIBs as the
leading rechargeable electrochemical energy storage solution. While LIBs currently dominate
the battery landscape, various next-generation battery technologies are under research due to
the promise of enhanced performance (PLACKE ET AL. 2017). Although most alternative battery
concepts remain in the early stages of development, notable progress has been made in advanc-
ing ceramic ASSBs to mid-level technological maturity, indicating their potential for commer-
cialization in the near future (VARZIET AL. 2020).

This section outlines the basic principles of the lithium-based battery types considered in this
thesis, using the well-established LIB technology as a reference point to highlight the advance-
ments introduced by the shift to ASSBs.

2.1.1 Design and working principle

Batteries store electrical energy in chemical form and release it through a controlled, thermo-
dynamically favorable reaction (HAYNER ET AL. 2012, p. 449). While primary batteries do not
allow restoring chemical energy after its conversion to electrical energy, secondary batteries>°

20The technically correct denotation for a secondary battery is accumulator (STERNER & STADLER 2019, p. 241). For simplicity,
this thesis also adopts the term battery for rechargeable electrochemical energy storage types, following the linguistic usage in
English scientific literature.
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are rechargeable due to reversible electrochemical reactions (PINKWART & TUEBKE 2012, p. 3
f.). Electrochemical cells are the smallest functional units of a battery and rely on the working
principle of a galvanic element?' (PINKWART & TUEBKE 2012, pp. 6 — 8). An electrochemical
cell comprises a redox system of two half-cells with different electrochemical potentials that
are ionically connected via an electrolyte. Locally separating oxidation and reduction reactions
allows the generation of an electric current through an external electrical circuit, while ions are
transported through the cell’s electrolyte (PINKWART & TUEBKE 2012, p. 6 f.). Within a battery,
many electrochemical cells are electrically connected in parallel or in series to achieve the de-
sired capacity and voltage, respectively (TARASCON & ARMAND 2001).

Lithium-ion cells follow the basic structure described above, entailing porous positive and neg-
ative electrodes called cathode and anode®, respectively (see Figure 2.1, a). The central elec-
trode constituents are active material particles acting as hosts for the reversible storage of lith-
ium ions (TARASCON & GUYOMARD 1993). The most common battery chemistry involves lay-
ered graphite as the anode active material (AAM) and a lithium metal oxide (LiMO,) as the
cathode active material (CAM) (TARASCON & ARMAND 2001). Thereby, M is one or a combi-
nation of multiple transition metals, such as nickel (Ni), manganese (Mn), or cobalt (Co). These
insertion materials enable the alternate intercalation and deintercalation of lithium ions >, fol-
lowing a rocking-chair mechanism (TARASCON & ARMAND 2001). Polymeric binders provide
mechanical stability to the electrode active material particles by securing their adhesion to the
current collectors (HASELRIEDER ET AL.2015) and cohesion between them (BILLOT ET
AL. 2020). The latter is particularly critical during the expansion and contraction of the active
material particles caused by lithium de/-intercalation (ARMAND ET AL. 2020). Additionally,
electrodes incorporate conductive additives, like carbon black, to form an electrically conduc-
tive network (VUORILEHTO 2018, p. 23). Since binders and conductive additives do not contrib-
ute to the energy storage, their quantities are kept low, typically between 2 and 8 wt% for bind-
ers and between 1 and 5 wt% for conductive additives (VUORILEHTO 2018, p. 23). To facilitate
electrical current flow, aluminum and copper collector foils act as substrates for the anode and
cathode coatings, respectively. An electrolyte-permeable separator prevents electrical short-cir-
cuiting by physically and electrically isolating the electrodes. LE saturates the separator and
electrode pores, providing ionic conduction between the anode and the cath-
ode (VUORILEHTO 2018, p. 23). Battery constituents that do not actively contribute to the en-
ergy storage are called passive or inactive materials. Ultimately, the selection of active and
inactive materials determines the cell characteristics, making LIBs a highly versatile
technology (ARMAND ET AL. 2020).

Lithium ions (Li*) migrate from the cathode to the anode through the electrolyte during charg-
ing due to an applied potential difference. Simultaneously, electrons (e™) traverse an external
electrical circuit due to the electrolyte’s electronically insulating properties (GOODE-
NOUGH 2014). This process is reversed during discharging, where the electrons perform work.

21Tn colloquialism, battery and cell are often used synonymously to refer to electrochemical energy storage systems. This thesis
follows the original meaning, where a cell denotes a fundamental electrochemical unit based on the principle of a galvanic
element, whereas a battery is a practical power source comprising an assembly of multiple electrically connected cells.

221n this thesis, the standard electrochemical convention is adopted, defining the anode and cathode based on the reactions
occurring at each electrode during discharge. The cathode, where the reduction reaction happens, is the positive electrode,
while the anode, where the oxidation reaction occurs, is the negative electrode. During charging, these roles reverse, with the
anode becoming the site of reduction and the cathode becoming the site of oxidation, enabling the reversible nature of the
electrochemical reaction. (HAYNER ET AL. 2012, p. 449)

231n chemistry, intercalation is the reversible introduction of ions or molecules into a host structure (JULIEN ET AL. 2016, p. 69).
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Equations 2.1 and 2.2 exemplify the underlying electrochemical reactions for graphite (C) as
AAM and lithium cobalt oxide (LiCo0,) as CAM, with x (0 < x < 1) being the stoichiometric
factor of lithium in the reactions (GOODENOUGH & PARK 2013):

discharge
Negative electrode: Li,C = C+xLi*+xe” 2.1
charge
discharge
Positive electrode: Li;_,Co0, + xLit +xe~ =  LiCoO, 2.2
charge

The design and function of the electrochemical cells in ASSBs are closely related to those of
LIBs, whereas an SE substitutes the LE as the lithium-ion conductor. Between the electrodes,
a dense SE layer replaces the microporous separator of a lithium-ion cell to isolate the elec-
trodes electrically and physically (see Figure 2.1, b). Using SEs enables multiple novel battery
chemistries and cell designs (MANTHIRAM ET AL. 2017). Most significantly, SEs are expected
to facilitate metallic lithium as AAM (cf. Subsections 2.1.4 and 2.1.5). Transitioning from in-
sertion materials to LMAs changes the operational mechanism from de-/intercalation to Li*
plating/stripping, which denotes the deposition and dissolution of lithium in the absence of a
host structure (WU ET AL. 2018). Consequently, Li* ions are plated at the anode during charging
and, vice versa, are stripped while discharging (JULIEN ET AL. 2016, p. 29):

discharge
Lithium anode: xLi =  xLit +xe” 2.3
charge

The electrochemical reaction at the cathode is analogous to Equation 2.2 as long as an interca-
lation material is maintained as CAM. To ensure adequate ionic transport, CAMs are usually
integrated with SEs as well as binding and conductive agents within dense composite cathodes.

(a) Lithium-ion battery cell (b) Ceramic all-solid-state battery cell

Anode current collector— [

—Anode current collector
—Lithium metal anode
. | Dense solid electrolyte
. | separator

Porous anode —
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| Dense composite

Porous cathode — cathode

Cathode current
Cathode current —

collector
collector
Cathode active Anode active Conductive Liquid Solid electrolyte
[ . . o - : " -
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Figure 2.1: Schematic illustrations of (a) a lithium-ion battery (LIB) cell and (b) a ceramic all-solid-state battery
(ASSB) cell with a lithium metal anode (LMA) are shown. The electrical connections required for
current flow and the binding additives in the electrodes are not depicted for simplicity reasons. The
figure was adapted from PLACKE ET AL. (2017).
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2.1.2 Performance metrics

In the following, selected battery performance parameters are introduced. To maintain brevity,
an in-depth derivation of equations is omitted here, and the reader is kindly referred to funda-
mental literature, such as NEWMAN & BALSARA (2021), for further information.

Voltage, current, and power

The open-circuit voltage (OCV) is the thermodynamic battery voltage in a state without current
flow (STERNER & STADLER 2019, p. 236) and is determined by the electrochemical electrode
potentials** (HAYNER ET AL. 2012, p. 447). Batteries exhibit characteristic voltage curves dur-
ing discharging and charging, accounting for a shifting potential difference between the anode
and the cathode (HAYNER ET AL. 2012, p. 448). The voltage range during charging and dis-
charging is restricted by upper and lower cut-off voltages depending on the respective cell
chemistry. The cathode potential ¢, and the anode potential ¢, o dictate the cell equilib-
rium voltage Uy (STERNER & STADLER 2019, p. 231):

Up =A@y = @co — Pao 2.4

The practical voltage output of a battery U deviates from the OCV due to polarization by tem-
perature- and current-dependent overpotentials, increasing the cell potential during charging
while lowering it during discharging (GOODENOUGH & PARK 2013). The total polarization com-
prises ohmic, diffusion, and activation overpotentials>> (NYMAN ET AL. 2010).

The electrical current I determines the flow of electrons released by the redox reaction in a
battery (STERNER & STADLER 2019, p. 230). Enabling high currents is one of the main goals in
battery development, as they benefit fast charging and discharging. The power delivered by a
battery results from the current I and voltage U (PINKWART & TUEBKE 2012, p. 21):

P=1-U 2.5

Capacity and energy

The nominal capacity Q, describes the charge quantity stored in a battery and is usually evalu-
ated by discharging at defined conditions between upper and lower voltage limits. The
state of charge (SOC) refers the available battery capacity to its nominal capacity, whereas
fully charged and discharge states correspond to SOCs of 100% and 0%, respectively
(STERNER & STADLER 2019, p. 297). While, for battery testing, discharging is usually per-
formed in a constant current (CC) step, charging often also comprises a constant voltage (CV)
phase. In the CV step, the voltage is maintained at the upper voltage limit while the current
gradually decreases until falling below a predefined threshold (STERNER & STADLER 2019,
p. 298). The electric current is commonly specified as C-rate, allowing to compare the perfor-
mances of differently-sized batteries by relating the current flow to the nominal battery
capacity:
C-rate =1- Q" 2.6

24The electrode potentials are usually specified in relation to the standard hydrogen electrode (SHE), a reference electrode
with a defined potential of zero volts under standard conditions (STERNER & STADLER 2019, p. 231).

25 Activation overpotentials arise from the energy required to initiate electrochemical reactions. Moreover, diffusion overpo-
tentials result from concentration gradients in the electrolyte or solid phase, while ohmic overpotentials are due to limited
charge carrier transport in the liquid and solid media. (NYMAN ET AL. 2010, PINKWART & TUEBKE, p. 19 f)
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The C-rate is the inverse of a battery’s theoretical discharge or charge time and serves as a
metric for determining how quickly a battery can be charged or discharged?® (PINKWART &
TUEBKE 2012, p. 22). As the nominal capacities of laboratory ASSBs are usually not explicitly
known, current densities are sometimes preferred instead of C-rates (RANDAU ET AL. 2020).
The energy of a battery is calculated from its nominal capacity and average discharge volt-
age Uyyg:

E = Qo Usyg 2.7

The energy contents of different batteries are referenced to their mass or volume to allow their
comparison, yielding the specific energy Espec and the volumetric energy density E.,), respec-
tively (BETZ ET AL. 2019)?’. Besides that, battery costs are often provided per unit of stored
energy, enabling to benchmark the economic feasibility of various battery technologies (PINK-
WART & TUEBKE 2012, p. 26).

Cycle and storage lifetime

A battery’s cycle lifetime refers to the charge—discharge cycles which it can undergo until only
80 9% 28 of its initial reversible capacity remain (GOODENOUGH & PARK 2013, p. 22). Life cycle
tests are normally executed at defined temperatures and rates. The Coulombic efficiency (CE)
1. quantifies a battery’s capacity decay, which allows for monitoring the magnitude of side
reactions and predicting battery lifetime (BURNS ET AL. 2013). The CE is defined by the capac-
ity of the n'" discharge Qg5 divided by the capacity of the n'" charge Q., (YANG ET AL. 2018a):

Ne = Qais * Qe - 100% 2.8

While LIBs reach CEs close to 100% (YANG ET AL. 2018a), the CEs of ASSBs are often still
lower (RANDAU ET AL. 2020). Batteries not only deteriorate during operation but also during
storage, which is taken into account by specifying a shelf life (JULIEN ET AL. 2016, p. 17).

Safety

Finally, it is essential to operate batteries without risking fire, explosion, or leakage under both
standard and stressful conditions (PINKWART & TUEBKE 2012, p. 25 f.). For instance, hazards
include thermal runaways and fire propagation to neighboring batteries (BATES ET AL. 2022).
Depending on the intended application, commercial batteries are subject to safety standards that
assess risks related to thermal, mechanical, or electrical abuse (JAGUEMONT & BARDE 2023,
pp. 15 — 17). Incidents can severely damage a cell manufacturer’s reputation (ORENDORFF ET
AL. 2011; WANGET AL. 2019a).

An anticipated advantage of ASSBs is their enhanced safety by replacing volatile and flamma-
ble LEs with thermally stable ceramic SEs (JANEK & ZEIER 2016). Although the extent of these
safety improvements is controversially debated in the literature (BATES ET AL. 2022; INOUE &
MUKATI 2017), diverse studies have demonstrated the safe operation of ASSBs after their delib-
erate exposure to mechanical or thermal stress (BIET AL. 2021; SUN ET AL. 2020).

2For instance, charging at 1 C means that a battery is charged at a current rate that will fully charge it within one hour, while
charging at 0.5 C correlates to a charging time of two hours.

27 As an example, the volumetric energy density and specific energy of a Tesla 4680 cell by 2023 are estimated to be
622 Wh 171 and 233 Wh - kg1, respectively (ANK ET AL. 2023).

28 The employed capacity limit might vary depending on the specific application, with 80 % being the standard for EV use.
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2.1.3 Liquid and solid electrolytes

The primary distinction between LIBs and ASSBs lies in the substitution of LEs by SEs. The
latter are electronically insulating solids with a structure that facilitates the mobility and selec-
tive transport of charged ions (VARZIET AL. 2016). SEs offer several potential advantages over
LEs, such as the elimination of leakage concerns, compatibility with alternative active materi-
als, a broader operational temperature spectrum, and the ability to leverage alternative pro-
cessing technologies (KNAUTH & TULLER 2002, p. 1654). With early works on solid-state ionics
dating back to the 19" century, SEs have since found applications in various electrochemical
devices, including sensors, fuel cells, and batteries (KNAUTH & TULLER 2002, p. 1655).

To suitably replace LEs, SEs must attain ionic conductivities comparable to those of LEs at
working temperatures to facilitate the necessary current flow reaching high battery power out-
puts (XU 2014, p. 11505). Besides that, SEs must possess a wide electrochemical stability win-
dow (ESW)?, a high electronic area-specific resistance, a low ionic grain-boundary re-
sistance *°, chemical compatibility with other cell components, robust thermal stability, and fa-
vorable mechanical properties (FAN ET AL. 2018, p. 3; MANTHIRAM ET AL. 2017, p. 3). Further-
more, attributes like low cost, availability !, ease of processing, and environmental friendli-
ness >? are essential electrolyte characteristics (MANTHIRAM ET AL. 2017, p. 3).

The following paragraphs explore the transport mechanisms of Li* ions in SEs and compare
them to their liquid counterparts. Moreover, the most promising ceramic SEs and their charac-
teristics are delineated, focusing on oxidic SEs as the preferred material system in the context
of this thesis. For a comprehensive review of SEs and their performance characteristics, the
readers are kindly referred to KNAUTH (2009), FERGUS (2010), and MANTHIRAM ET AL. (2017).

Classification of electrolytes

Contemporary electrochemical literature typically classifies SEs into organic polymers and in-
organic ceramics. PEs involve solvent-free salt solutions embedded in a polymer matrix, ex-
hibiting sufficient mechanical stability to be considered solid at a macroscopic level. Polyeth-
ylene oxide (PEO) is the most prominent polymeric basis, with only few viable alternatives
available (MINDEMARK ET AL. 2018). However, PEO-based PEs face diverse challenges, such
as low ionic conductivities at room temperature (AGRAWAL & PANDEY 2008), narrow
ESWs (YANG ET AL.2020c), and poor thermodynamic stability against lithium (LI ET
AL. 2001). Consequently, inorganic ceramic SEs are prioritized in this thesis, as they are more
likely to achieve the ionic conductivities at moderate temperatures necessary for commercial
applications, particularly in EVs (JANEK & ZEIER 2023).

Inorganic ceramic SEs can be further categorized according to their chemical composition or
crystal structure. The specific subgroups in a chemical classification can vary depending on the
literature reference but generally include sulfide-based and oxide-based SEs (REDDY ET
AL. 2020). The sulfidic SE group comprises compounds primarily containing lithium and sul-
fur, often complemented by phosphorus, silicon, germanium, or halides (SCHMALTZ ET

2The ESW of an electrolyte defines the voltage range within which it remains stable without undergoing reduction or oxida-
tion (STERNER & STADLER 2019, p. 288).

39Grain boundary resistances are ionic resistances encountered at crystallite interfaces in polycrystalline SEs, acting as a barrier
for charge carrier movement (FLEIG & MAIER 1998).

31'Some SEs contain critical raw materials featuring potential supply risks (TROY ET AL. 2016).

32For example, life cycle analyses by TROY ET AL. (2016) and SCHREIBER ET AL. (2023) compare the environmental impact of
ASSBs with oxide-ceramic SEs.
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AL. 2022, p. 36). In contrast, oxidic SEs encompass diverse compounds containing lithium and
oxygen, along with phosphorus, titanium, aluminum, lanthanum, germanium, zinc, or zirco-
nium (SCHMALTZ ET AL. 2022, p. 32). From a materials science perspective, inorganic SEs are
technical ceramics>® that can exhibit varying degrees of crystallinity, from fully crystalline to
partially crystalline and amorphous forms (FERGUS 2010). The ceramic nature of inorganic SEs
is critical for their processability using laser radiation. Consequently, the term ceramic is pre-
ferred over inorganic to describe such SEs throughout this thesis (cf. Subsections 2.2.3
and 3.1.3).

The hardness and chemo-mechanical ** of ceramic SEs make it challenging to establish and
maintain intimate interfacial contact with adjacent cell materials (cf. Subsection 2.1.5). As a
potential solution, hybrid solid—solid or solid-liquid concepts, which combine various
electrolyte types, are being explored (JANEK & ZEIER 2023). In almost-solid-state batteries,
adding a small amount of LE to ceramic SEs yields quasi-solid>’ electrolytes. The LE fraction,
typically below 5 wt%, fills residual voids and serves as an interfacial agent that increases the
electrochemically active area (HUO & JANEK 2023). When PEs are mixed with LEs, gel
electrolytes are formed, whereas it is estimated that the resulting semi-solid-state batteries
currently comprise around 10 — 15 wt% of LEs (HUO & JANEK 2023). Finally, hybrid SEs are
composed of at least two distinct lithium-ion conducting solid materials (KELLER ET AL. 2018).
In hybrid battery concepts, some drawbacks of individual electrolytes, such as poor interfacial
contact with ceramic SEs, are mitigated. However, new challenges emerge, particularly
regarding the chemical and electrochemical stability between the different electrolyte types
(RIPHAUS ET AL. 2019). Figure 2.2 displays a potential subcategorization of diverse electrolyte
types, along with the corresponding battery technologies and the liquid weight fractions
contained therein.

Electrolyte type Battery type Liquid fraction
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| : ~ — 0,
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Organic polymer electrolyte |
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. — —p 0,
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Figure 2.2: The leading electrolyte categories are presented, including hybrid types formed by combining elec-
trolytes from different groups. The combination of various electrolyte types gives rise to different
battery technologies. The figure was adapted from illustrations by KELLER ET AL. (2018), VARZI ET
AL. (2016), and HUO & JANEK (2023).

3 Technical ceramics are synthetic compounds of metallic and non-metallic elements. They are usually composed of a defined
set of engineered phases with low impurity levels, resulting in highly controllable properties (SHARMA ET AL. 2023).

34 Chemo-mechanical phenomena are based on the interactions between chemical processes and mechanical responses. A typ-
ical example in the ASSB domain is the explansion of CAM particles during lithium intercalation, which induces mechanical
stress within the electrode (KOERVER ET AL. 2018).

35 The terms semi-solid and pseudo-solid are used alternatively for quasi-solid in scientific linguistics (HUO & JANEK 2023).
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Ionic transport

Regardless of the exact battery chemistry and application, electrolytes serve as the medium for
ion transfer between electrodes (XU 2004, p. 4303). In commercial LIBs, LEs typically consist
of a solution of a lithium salt, such as lithium hexafluorophosphate (LiPF), dissolved in a mix-
ture of organic solvents 3¢ (VUORILEHTO 2018, p. 23). The ionic conduction mechanism of LEs
relies on the migration of solvated ions through the liquid medium (XU 2004, p. 4319). Contra-
rily, ions move through the crystallographic framework of ceramic SEs by hopping between
vacant crystal sites (REDDY ET AL. 2020, p. 3). While idealized crystalline structures do not
offer space for ion diffusion, ceramic SEs exhibit structural disorder that generates point defects
acting as vacancies®’ (REDDY ET AL. 2020, p. 3). In an electric field, charged ions relocate from
one lattice site to neighboring vacancies, resulting in ionic conduction (REDDY ET AL. 2020,
p. 3). Efficient ionic conduction in SEs is facilitated by a high number of available sites for
mobile ions, low migration barrier energies, and continuous diffusion pathways between avail-
able sites (MANTHIRAM ET AL. 2017).

The total conductivity o of a material is given by
o =% q; w), 2.9

with the concentration n;, the mobility u;, and the charge g; of the conducting species j (SUN
ET AL. 2017, p. 364). The total conductivity of a mixed conducting material results from partial
conductivities of both the ionic conductivity g via ionic charge carriers and the electronic con-
ductivity o, via electronic charge carriers (KNAUTH & TULLER 2002, p. 1658):

0 =0j+ 0, 2.10

Ion conduction of LEs arises from the oriented movement of cations and anions, as these ions
can be coordinated by solvents (XU 2004, p. 4318). However, electronic conductivity is un-
wanted in electrolytes because only the cationic current, specifically the movement of Lit ions
in lithium-based batteries, contributes to their functionality.

The ionic transference number t; quantifies the electrochemically applicable conductivity
within a cell (XU 2014, p. 11506):

Oj

t, =
Tt 2.11

A higher transference number indicates that a greater portion of the total charge is carried by
cations, which eliminates concentration gradients and makes ion conduction more efficient in
practical applications (YANG & WU 2022). LEs achieve ionic conductivities of
5—10mS - cm™! at room temperature (XU 2014, p. 11505) with ionic transference numbers
0of 0.2 — 0.5 (FANET AL. 2018). In PE, ion conduction primarily occurs through the segmental
motion of polymer chains, which generates free volumes facilitating the migration of lithium
ions (XU 2004, p. 4406). Due to this mechanism, their ionic conductivities are limited to around
0.1mS - cm™?! at ambient temperatures (JANEK & ZEIER 2023). Since polymer chains exhibit

36 Commonly used solvents involve ethylene carbonate (EC), dimethyl carbonate (DMC), ethyl methyl carbonate (EMC), and
diethyl carbonate (DEC) (VUORILEHTO 2018, p. 23).

37 Frenkel defects and Schottky defects are mainly discussed. Frenkel defects are the displacement of atoms from their lattice
position to an interstitial site, while Schottky defects rely on the creation of vacancies by oppositely charged ions leaving their
lattice sites (YANG & WU 2022).
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greater mobility in amorphous regions, operating them above the glass transition temperature >3
significantly enhances the ionic conductivities of PEs (ZHANG ET AL. 2017, p. 4141). However,
maintaining temperatures of 60 °C or higher may not be practical for many applications (JANEK
& ZEIER 2016).

In ceramic SEs, significant activation energies must be overcome for ion migration, making
their ionic conductivity also temperature-dependent, typically following an Arrhenius-type re-
lation (BACHMANET AL. 2016, p. 144). Nevertheless, ceramic SEs with room-temperature ionic
conductivities surpassing 1mS - cm~?! have been developed (REDDY ET AL. 2020, p. 33), posi-
tioning them as viable alternatives to LEs. The ionic conductivity of ceramic SEs depends on
various factors, including their exact composition, elemental doping, and the specific synthesis
and manufacturing techniques employed (BUCHARSKY ET AL. 2016; MA ET AL. 2022). Unlike
LEs, ceramic SEs are single-ion conductors that selectively transport Li* ions, enabling them
to achieve nearly unity ionic transference numbers (t; ® 1) (REDDY ET AL. 2020, p. 3). This
characteristic is a distinct advantage, making ceramic SEs comparably conductive to LEs with
two to five times as high ionic conductivities (BACHMAN ET AL. 2016, p. 144).

In practice, the performance of ASSBs is not solely determined by the ionic conductivity of the
SE but also by the overall component architecture. For a pure SE membrane without additional
constituents or pores, the area-specific resistance (ASR) R, results from its thickness L and the

material’s ionic conductivity ;3% (SCHNELL ET AL. 2019):
Ry =— 2.12

Therefore, in addition to utilizing SEs with high ionic conductivities, it is also paramount to
minimize the separator layer thickness. Thinner separators are also favorable to achieving
higher energy densities, provided their mechanical integrity is maintained (JIANG ET AL. 2020).

Ceramic solid electrolytes

This paragraph focuses on the main characteristics of sulfide- and oxide-ceramic SEs, using
well-known examples as references. For detailed information on specific materials, the readers
are encouraged to consult the literature reviews by BACHMAN ET AL. (2016) and KiM ET
AL. (2021).

Due to their high room-temperature ionic conductivities of up to 10mS - cm™?, a significant
portion of the scientific discussion focuses on sulfidic SEs (JANEK & ZEIER 2023). The most
important sulfidic SEs involve crystalline thio-lithium superionic conductors (LISICON), such
as ceramic Li;,GeP,S;, (LGPS) and Li;SiP,S;, (LSPS), crystalline argyrodite-type
Lig(P,Sb)S<X (X = halogen) materials, including LigPSsCl (LPSCI), and glass-ceramic
Li;P;S;; (LPS)* (KIMET AL. 2021, p. 9). The moderate Young’s moduli of sulfidic SEs around
20 MPa make them soft and ductile, facilitating easy compaction and ensuring stable contact
with other cell materials by pressurization (SAKUDA ET AL. 2013; SEDLMEIER ET AL. 2022).

A major obstacle for commercializing sulfidic SEs is their poor air stability, as they undergo

38 At the glass transition temperature, the physical properties of polymers are significantly altered as their chain segments be-
come mobile (ZHANGET AL. 2017, p. 4141).

39 Experimentally, the ionic conductivities of battery components can be determined by EIS (REDDY ET AL. 2020, p. 7)

40 Li,P;S;4 is a variant of the general binary system described by (100 — x)Li,S — xP,Ss with 0 < x < 100 (KIMET AL. 2021).
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hydrolysis at ambient conditions, releasing toxic H,S gas (MURAMATSU ET AL. 2011).

Only few oxidic SEs feature ionic conductivities that exceed 1mS - cm™1. Among the most
promising oxidic SEs are Lij;,Al,Ti,_,(PO4)3 (LATP), with a Sodium (Na) Super lonic Con-
ductor (NaSICON) structure, and the garnet-type Li;LazZr,0;, (LLZO) (BALAISH ET
AL. 2021). LATP and LLZO possess a polycrystalline microstructure characterized by grains
and grain boundaries (REDDY ET AL. 2020). Their ionic conductivities at ambient temperatures
range from 0.1 to 1.0mS - cm™?, depending on factors such as composition, elemental doping,
synthesis, and manufacturing parameters (BUCHARSKY ET AL. 2016; MA ET AL. 2022). Further
well-known oxidic SEs are the NaSICON-type Li;,,Al,Ge,_,(PO,); (LAGP) (DEWEES &
WANG 2019) and the perovskite-type LizyLaz/3_,TiO3 (LLTO) (LU & L1 2021).

Oxidic SEs are brittle by nature with Young’s moduli beyond 100 GPa, rendering them prone
to fracturing (WOLFENSTINE ET AL. 2018). Although their stiffness complicates achieving
proper interfacial contact with other cell constituents (KiM ET AL. 2021, p. 15), the mechanical
rigiditiy of oxidic SEs is believed to inhibit lithium dendrite propagation (CAO ET AL. 2020).
Additionally, oxidic SEs generally offer larger ESWs compared to sulfidic SEs, enabling the
pairing of high-voltage CAMs with LMAs (ZHU ET AL. 2015; 2016). Particularly, LLZO re-
mains stable in contact with lithium (MA ET AL. 2016; SHARAFI ET AL. 2017b). A counterexam-
ple is LATP, which experiences a reduction of Ti** ions (HARTMANN ET AL. 2013), decreasing
its ionic conductivity (XIAO ET AL. 2019). Most oxidic SEs, such as LATP and LLTO, exhibit
greater air stability than sulfidic SEs, which simplifies their processing and reduces manufac-
turing costs (KIM ET AL. 2021, p. 12; XIAO ET AL. 2019). In contrast, LLZO requires controlled
production conditions to prevent the formation of passivating compounds, such as lithium hy-
droxide (LiOH) and lithium carbonate (Li,CO3) (CHENG ET AL. 2014; SHARAFI ET AL. 2017a).

The densities of SEs significantly surpass those of LEs, which requires consideration when
targeting high specific energies. While LEs possess densities around 1.2g-cm™3 (BETZ ET
AL. 2019), exemplary densities of SEs are around 1.6g-cm™3, 3.0g-cm™3,5.1g-cm™3 for
LPSCI (SEDLMEIER ET AL. 2022), LATP, and LLZO (MCCLOSKEY 2015), respectively. The per-
formance characteristics of oxidic and sulfidic SEs are comparatively depicted in Figure 2.3.

(a) Oxidic solid electrolytes (b) Sulfidic solid electrolytes
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Figure 2.3: The radar plots qualitatively compare key properties of (a) oxidic and (b) sulfidic inorganic ceramic
solid electrolytes (SEs), where a higher value correlates with improved characteristics. The figure was
adapted from MANTHIRAM ET AL. (2017).
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2.1.4 Electrode active materials

Active materials are essential battery components, as they store electrical energy in chemical
form. Critical properties for active materials include high specific energies, reversible and fast
intercalation reactions, excellent electric and ionic conductivity, as well as thermal, structural,
and electrochemical stability (STERNER & STADLER 2019, p. 283). In the following, the most
important CAMs and AAMs are presented and their peculiarities for integration in electrodes
are discussed.

Cathode active materials

Contemporary CAMs employed in commercial EVs mainly encompass transition metal oxides
like LiCoO, (LCO), LiNi, Mn,Co;_,_,0, (NMC622), and LiNiy gC0g 15Alg 50, (NCA), along
with the phosphate LiFePO, (LFP) (ANDRE ET AL. 2015). The most important electrochemical
characteristics of CAMs are high reversible specific capacities and average de-/lithiation po-
tentials (ARMAND ET AL. 2020), which are listed in Table 2.1 for selected CAMs. Beyond the
mass ratio of the individual components, key design parameters for conventional electrodes
include the thickness and porosity ¢ of the electrode coating as well as the CAM mass loading
mcam (GALLAGHER ET AL. 2015). High mass loadings and low porosities are targeted for high
specific energies and energy densities (GALLAGHER ET AL. 2015). However, these electrode de-
sign parameters also dictate a battery’s electrochemical performance, necessitating careful con-
figuration (CHEN ET AL. 2010; GALLAGHER ET AL. 2015; SUTHAR ET AL. 2015).

Akin to LIBs, intercalation CAMs*! are the primary focus for ASSBs (SCHMALTZ ET AL. 2022,
p. 30). Integrating CAM particles with SEs is necessary to form composite cathodes with ade-
quate ionic conductivity (MINNMANN ET AL. 2021). For optimal electrode performance, the
CAM and SE particle sizes must be carefully matched to enable close packing and efficient
contact between each other (BIELEFELD ET AL. 2019; CLAUSNITZER ET AL. 2023; MINNMANN ET
AL. 2022). Ideal composite cathodes provide efficient ionic and electronic charge transport
pathways, with a low impact of pores and insulating polymer binders (MINNMANN ET AL. 2021).
In ASSBs with LMAs, the composite cathode is expected to dominate the specific energy and
volumetric energy density due to its significant contribution to the overall cell weight and vol-
ume (JANEK & ZEIER 2023, p. 231).

Table 2.1: Based on data from ARMAND ET AL. (2020), this table presents an overview of selected cathode active
materials (CAMs), including their practical specific capacities and mean potentials versus

lithium (Li/Lit).
Chemical formula Acronym Practical specific capacity Q,, Mean potential U,,, versus Li/Li*
LiCoO, LCO ~ 150mAh-g~! ~ 3.90V
LiFePO, LFP ~ 165mAh- g1 ~ 3.45V
LiNig33Mng33€003302  NMC111 ~ 160mAh- g1 ~ 3.70V
LiNig ¢Mn ;Cog 20, NMC622 ~ 170mAh-g~?! ~ 3.70V
LiNipgMng;Cog 4,0, NMC811 ~ 190mAh-g~?! ~ 3.70V
LiNij gC0¢ 15Al5 050 NCA ~ 188mAh- g1 ~ 3.70V

41 Conversion-type CAMs such as sulfur are also investigated but are excluded from consideration within the scope of this
thesis due to the continuing fundamental electrochemical issues of such materials (DOERFLER ET AL. 2020, MANTHIRAM ET
AL. 2013).
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Anode active materials

On the anode side of LIBs, similar design parameters as those used for the cathode are applica-
ble. The industry-dominating AAM is graphitic carbon, offering a decent specific capacity of
around 370mAh - g~1, along with excellent electronic and ionic conductivities (ANDRE ET
AL. 2017). Moreover, its low potential of 0.1V versus Li/Li* contributes to a high energy den-
sity. During initial cell operation, the solvents in LEs decompose reductively on the anode sur-
face and form the solid electrolyte interphase (SEI), a passivation layer with a thickness in the
range of tens of nanometers (VERMA ET AL. 2010; XU 2004). Establishing a proper SEI in the
first battery cycles prevents further secondary reactions during battery usage (cf. Subsec-
tion 2.1.6) (AN ET AL. 2016). Effective SEI films possess electronic insulating properties and
remain impermeable to other electrolyte components besides Lit cations (ARMAND ET
AL. 2020)

The low working potential makes graphite anodes prone to uncontrollable lithium deposition
on their surface, a phenomena known as /ithium plating** (VUORILEHTO 2018, p. 25). Lithium
plating represents a principal degradation pathway in LIBs, contributing to capacity fade by the
irreversible loss of lithium inventory (LLI) (VETTER ET AL. 2005). Additionally, lithium depo-
sition in dendritic form is safety-critical, as these branching peaks might cause short circuits
and thermal runaways when punctuating the separator (VUORILEHTO 2018, p. 25). Lithium plat-
ing is promoted by various factors, including a low negative-to-positive areal capacity ra-
tio (N/P ratio) of the anode to the cathode* (ARORA ET AL. 1999; LIU ET AL. 2014), thick and
dense anodes (SUTHAR ET AL. 2015), low temperatures slowing down lithium-ion kinetics
(PETZL ET AL. 2015; PETZL & DANZER 2014), and high charging currents (BURNS ET AL. 2015;
ZHANG ET AL. 2006). The susceptibility to lithium plating makes graphite anodes a primary
bottleneck for the fast-charging capability of LIBs (WEISS ET AL. 2021).

Li,Tiz0;, (LTO) is another commercially established AAM, delivering superior safety charac-
teristics due to its higher potential of 1.55V versus Li /Li* (ARMAND ET AL. 2020). Yet, its low
specific capacity of 175mAh - g~ restricts its usage to niche markets (ARMAND ET AL. 2020).

Silicon is a promising alloying-type AAM due to its gravimetric capacity of 3579 mAh - g~?
(OBROVAC & CHEVRIER 2014, p. 11448). However, silicon particles experience substantial vol-
ume changes of around 300 % during lithium de-/intercalation (BEAULIEU ET AL. 2001), asso-
ciated with chemical and mechanical electrode degradation. The continuous breaking and refor-
mation of the brittle SEI results in poor cyclability (PELED & MENKIN 2017). Hence, mainly
silicon—graphite blends are employed in commercial LIB applications (KWADE ET AL. 2018).

Intercalation- and alloy-type AAMs, similar to those used in LIBs, can be combined with SEs
and additives to form ASSB composite cathodes (NAM ET AL. 2018; YAMAMOTO ET AL. 2018).
Silicon, in particular, has gained increasing attention for ASSB implementation (HUO &
JANEK 2022) due to the ability of SEs to mitigate excessive SEI growth (LEWIS ET AL. 2022).
Besides that, thin and compact silicon layers without SEs have also shown promising results
(CANGAZ ET AL. 2020; TAN ET AL. 2021).

42 Lithium plating occurs when the anode’s intercalation potential drops below the lithium potential (BUGGA & SMART 2010,
LEGRAND ET AL. 2014), a phenomenon particularly observed in graphite anodes due to their lithium insertion potential being
very close to the thermodynamic potential of Li /Li* (65 — 200 mV) (LEGRAND ET AL. 2014).

43 The areal capacity of the negative electrode is usually dimensioned to exceed that of the positive electrode to prevent lithium
plating (N/P ratio > 1). The N/P ratio in commercial batteries is typically balanced between 1.03 and 1.20. (WU ET AL. 2019b)
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Nevertheless, using LMAs remains the ultimate goal in ASSB research. Among the superior
attributes of LMAs are a theoretic specific capacity of 3860 mAh - g1, the lowest electrochem-
ical potential of —3.04V versus the standard hydrogen electrolyte (SHE), and a low density p
of 0.53g-cm™3, allowing to reach high specific energies and energy densities (CHENG ET
AL. 2017b). Given these advantages, lithium-based primary batteries with LEs were already
developed in the 1970s (TARASCON & ARMAND 2001).

However, incorporating LMAs in secondary batteries with flammable LEs led to hazardous cell
failures due to lithium-dendrite-induced short circuits (GOODENOUGH 2014). Consequently, ef-
forts to commercialize rechargeable lithium metal batteries (LMBs) with LEs were abandoned
after several safety incidents (GOODENOUGH 2014). Interest in LM As was revived by advance-
ments in ceramic SEs, as their mechanical rigidity may inhibit lithium dendrite propagation.
Some SEs also exhibit electrochemical stability with lithium (CHENG ET AL. 2017b), whereas
LEs experience continuous side reactions when in contact with LMAs (NIU ET AL. 2021; WU
ET AL. 2017).

Despite these advancements, long-term evidence of the functionality of LMAs remains limited
(JANEK & ZEIER 2023). Persistent challenges involve volume changes during operation, mor-
phological instabilities at the SE interface, and dendrite propagation (cf. Subsection 2.1.5) (LIN
ET AL. 2017; L1U ET AL. 2019). LMAs can be formed in situ during the first charge cycle by
electrodepositing lithium from the CAM onto a current collector (HEUBNER ET AL. 2021). Such
anode-free cell designs promise high energy densities by omitting space-demanding lithium
layers, but their cycle life is constrained by lithium-consuming side reactions (NANDA ET
AL. 2021). In research, additional lithium is usually added during LMB assembly to compensate
for the LLI, though minimizing these reservoirs is crucial in commercial batteries to reduce cost
and increase energy density (ALBERTUS ET AL. 2018; SCHMUCH ET AL. 2018).

2.1.5 Interfaces and interphases

ASSBs encompass intrinsic and extrinsic interfaces within their structure (DIXIT ET AL. 2019).
Intrinsic interfaces include grain—grain, grain—defect, and grain—void interfaces inherent to the
material itself. Contrarily, extrinsic interfaces form at the junctions of different materials, which
is the focus of the following discussion.

Transporting charge carriers across interfaces presents one of the most significant hurdles for
ASSBs, owing to the heterogeneous chemical, physical, and mechanical properties of the solid
components and complex solid-to-solid interactions (BANERJEE ET AL. 2020). Unlike LEs,
which can intimately connect cell components by infiltrating into voids, SEs cannot penetrate
microstuctural gaps, resulting in imperfect physical contact between particles (BANERJEE ET
AL. 2020). Long-term electrochemical performance is achieved by thermodynamically stable
interfaces or the formation of robust interphases with high ionic conductivity and negligible
electronic conductivity (XIAO ET AL. 2020). However, SEs tend to react with active materials at
extreme potentials, forming non-passivating mixed ionic—electronic conducting inter-
phases (MCls) that continuously decompose the SE (XIAO ET AL. 2020). Introducing artificial
SEls as protective coatings offers a promising solution to this issue (XIAO ET AL. 2020).

The subsequent paragraphs discuss the main physical and electrochemical interfacial issues be-
tween active materials and SEs. For additional information, the readers are kindly referred to
the review articles by CHEN ET AL.(2021a), XTAO ET AL. (2020), and BANERJEE ET AL. (2020).
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Interface between the solid electrolyte and the cathode active material

The interfaces between the various constituents of battery cathodes, such as CAM, SE, and
conductive additive particles, largely govern their electrochemical capability. An efficient cath-
ode microstructure features a low share of non-conductive phases, which enables direct ion and
electron transport (MINNMANN ET AL. 2021). Although elevated CAM fractions and electrode
mass loadings are desirable for creating high-energy cathodes, they reduce the effective ionic
conductivity and, consequently, diminish the power density.

The tortuosity k is a commonly used metric to quantify the impact of complex electrode micro-
structures on charge carrier transport. This parameter characterizes the convoluted pathways
within a porous network and enables the calculation of effective transport properties (THORAT
ET AL. 2009). Geometrically, the tortuosity is defined as the ratio of the actual charge transport
pathway length to the shortest direct distance between two points (SHEN & CHEN 2007). The
tortuosity allows to compute the effective conductivitiy g.¢ within an electrode as a function of
the bulk conductivity o and the volume fraction ¢ of the conducting phase (JANEK &
ZEIER 2023; MINNMANN ET AL. 2021):

¢

Ocff = » ‘0 2.13

In porous LIB electrodes, LEs permeate the voids, forming a percolating network for lithium-
ion transport. In contrast, all-solid composite cathodes feature multiple solid phases, isolated
clusters, and voids, resulting in complex ion pathways (CLAUSNITZER ET AL. 2023; FROBOESE
ET AL. 2019; JANEK & ZEIER 2023). The lithium-ion transfer in composite cathodes is restricted
to regions where direct contact between CAM and SE particles occurs (FINSTERBUSCH ET
AL. 2018). For practical CAM fractions of more than 60 %, the tortuosity of composite cathodes
(MINNMANN ET AL. 2021) significantly surpasses that of LIB electrodes (HILLE ET AL. 2022a),
making its reduction a major determinant for improving ASSB performance. Pores and binders
within SE separators can also cause tortuous ion pathways, though this typically impacts the
overall battery performance less than the composite cathode microstructure (DIXIT ET
AL. 2019).

During battery operation, volume changes from the expansion and contraction of CAMs during
the intercalation and deintercalation of lithium ions result in chemo-mechanical stress
(KOERVER ET AL. 2018; MUKHOPADHYAY & SHELDON 2014). While LEs can effectively ac-
commodate the local volume changes of CAM particles, solid-state composite cathodes face
increased charge transfer resistances due to mechanical degradation by cracking and delamina-
tion (KOERVER ET AL. 2017; KOERVER ET AL. 2018; TSAI ET AL. 2019; WANG ET AL. 2019¢).
This issue is particularly pronounced for oxidic SEs, which exhibit greater mechanical hardness
and brittleness than sulfidic SEs (SAKUDA ET AL. 2013).

Interphase formation between CAM particles and SEs, caused by chemical or electrochemical
reactions, entails increased interfacial resistance and capacity losses (KOERVER ET AL. 2018).
This concern is especially critical for sulfidic SEs, given their narrow ESWs. However, oxide-
type SEs also form interphases when in contact with CAMSs, especially at elevated temperatures
(MIARAET AL. 2016; RENET AL. 2016), such as those encountered during sintering (cf. Subsec-
tion 2.1.6). In the case of LLZO, interphase formation has been observed during sintering and
after actual battery operation (DELLUVA ET AL. 2020; IHRIG ET AL. 2022b). Conversely, evi-
dence of the stability of LATP under similar conditions was provided by YOSHINARI ET
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AL. (2019). Implementing protective coatings that conduct lithium ions while blocking elec-
trons can mitigate diverse decomposition reactions (CULVER ET AL. 2019; OHTA ET AL. 2007).

Interface between the solid electrolyte and the lithium metal anode

The SE-LMA interface features several interrelated obstacles that are also influenced by the
change of the anode volume associated with the buildup and depletion of metallic lithium. The
interfacial chemistry might deteriorate the ion transfer across material boundaries, as in the case
of Li,CO; formation on LLZO (cf. Subsection 2.1.3) (SHARAFI ET AL. 2017b). Moreover, ele-
mental lithium reacts with atmospheric constituents (JEPPSON ET AL. 1978), forming inorganic
native passivation layers (OTTO ET AL. 2021a). The poor electrical conductivity of such layers
alters the thermodynamics and kinetics of reduction processes at the lithium—electrolyte inter-
face (KAMPHAUS ET AL. 2019). Another critical aspect is the limited electrochemical stability
of numerous SEs upon contact with lithium (WENZEL ET AL. 2015; ZHU ET AL. 2015). This phe-
nomenon is particularly evident in sulfidic SEs, although LATP is also chemically reduced in
contact with lithium, diminishing ionic conductivity (HARTMANN ET AL.2013; XIAO ET
AL. 2019). LLZO remains the exclusive SE that combines a satisfactory ionic conductivity with
chemical stability to lithium (MURUGAN ET AL. 2007; ZHU ET AL. 2019a). Similarly to CAMs,
applying protective coatings has emerged as a possibility to mitigate decomposition and reduce
resistances at the SE-LMA interface (QUINTERO CORTES ET AL. 2020).

Inadequate anode—electrolyte contact due to contamination layers, mismatching surface mor-
phologies, or deficiencies in cell assembly increases interfacial impedances (cf. Subsec-
tion 3.2.2) (KRAUSKOPF ET AL. 2020, p. 7760). Additionally, void formation during lithium
stripping results in partial contact loss, raising the effective current density at the remaining
contact points and the interface resistances (KOSHIKAWA ET AL. 2018). The incomplete filling
of such voids during lithium plating can initiate a self-reinforcing mechanism, ultimately cul-
minating in cell failure (KASEMCHAINAN ET AL. 2019).

Although ceramic SEs theoretically exhibit sufficient mechanical stability to resist lithium pen-
etration *4, they remain susceptible to dendrite growth in practical applications (LIUET AL. 2021;
REN ET AL. 2015). Notably, lithium filamentation has been observed along grain boundaries
(CHENG ET AL. 2017a; TSAIET AL. 2016) and within interconnected pores (REN ET AL. 2015;
SHEN ET AL. 2018). In this context, the critical current density (CCD) serves as a descriptor for
the stable operation of LMAs (JANEK & ZEIER 2023). Exceeding the CCD for lithium stripping
and plating leads to pore formation and dendrite growth, respectively (KASEMCHAINAN ET
AL. 2019).

Strategies to augment the CCD involve increasing the stack pressure (DOUX ET AL. 2020; WANG
ET AL. 2019b), the operation temperature (WANG ET AL. 2019d), and the effective LMA-SE
contact area (HITZ ET AL. 2019). Nonetheless, CCDs are typically below 1mA - cm™2, which
curtails the power density of LMBs (CAO ET AL. 2020; KRAUSKOPF ET AL. 2019b). The signifi-
cance of the LMA surface and methods for its targeted alteration are further discussed in Sub-
section 3.2.2.

Figure 2.4 presents a graphical summary of the dominating interface-related phenomena.

# According to theoretical calculations by MONROE & NEWMAN (2005) based on linear elasticity theory, dendrite formation is
suppressed if the shear modulus of the SE separator is at least twice that of lithium, which is around 3.4 GPa. For example, the
shear modulus of LLZO, at around 55 GPa, surpasses this threshold by a significant margin (NI ET AL. 2012).
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Figure 2.4: The schematic highlights selected interface-related issues in all-solid-state batteries (ASSBs) con-
nected to the contact between the cathode active material (CAM) and the solid electrolyte (SE), as
well as between the lithium metal anode (LMA) and the SE. The figure was adapted from
JANEK & ZEIER (2023).

2.1.6 Production chain and processes

Batteries are complex electrochemical systems whose production involves numerous interde-
pendent process steps (TURETSKYY ET AL. 2020; WESTERMEIER ET AL. 2013). Decades of re-
search into the complex interactions between materials, cell designs, and production processes
have driven continuous improvements in LIB technology. Over the years, researchers have in-
creasingly focused on high-throughput manufacturing technologies essential for scaling the LIB
technology for automotive applications (KWADE ET AL. 2018). Recently, rising LIB demand has
driven the announcement and construction of numerous cell factories (DUFFNER ET AL. 2021b;
MAULER ET AL. 2021), making battery manufacturing one of the fastest-growing industries
through 2030 (DUFFNER ET AL. 2021a). Concomitant, LIBs experienced a tremendous price
drop from around 470$ - (kWh)~! in 2013 to around 100$ - (kWh)~! in 2021 (FRITH ET
AL. 2023), with prices expected to fall below 70US$- (kWh)~! by 2030* (MAULER ET
AL. 2022). The reduced battery cost is primarily attributed to economies of scale (MAULER ET
AL. 2021) and advancements in the manufacturing processes (MAULER ET AL. 2022).

Currently, ceramic ASSBs remain limited to niche applications, with no established process
chain or industrial-scale production facilities for large-format ASSBs (FRITH ET AL. 2023). Be-
yond chemical and electrochemical material- and design-related issues, cost-competitive ASSB
fabrication is a major hurdle for their widespread adoption. While polymer-based ASSBs are
considered a drop-in technology for LIBs (SCHNELL ET AL. 2018), the industrial manufacture of
ceramic ASSBs demands modified machinery, process environments, and manufacturing com-
petencies (DUFFNER ET AL. 2021b). The substantial deviations to the established LIB industry

4 Cost forecasts may vary with raw material availability and the pace of technological innovation (MAULER ET AL. 2022).
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necessitate research into production concepts and suitable process chains (HAO ET AL. 2018;
SCHNELL ET AL. 2018).

Automotive LIBs are typically produced as cylindrical cells, prismatic hardcase cells, or
pouch cells, which differ in their internal structure (SCHROEDER ET AL. 2017). Cylindrical and
prismatic hardcase cells incorporate a coiled jelly roll, while pouch cells contain stacked layers
(WOEHRLE 2018, p. 108). In contrast, ASSBs lack standardized housing formats and are mainly
fabricated as small-scale, single-layer laboratory prototypes. Generally, pouch cells are favored
for ASSB development due to their simple assembly. However, pouch cells are also considered
the most promising format for industrial-scale production of ceramic ASSBs, as they omit the
folding of the mechanically brittle components and enable simple external pressurization (XU
ET AL. 2020, p. 24).

In the following, the process steps involved in state-of-the-art industrial LIB production“® are
explicated and compared to the envisioned production chain for oxide-ceramic ASSBs, which
are the primary focus of this thesis. For information on the manufacturing of sulfidic ASSBs,
readers are kindly referred to DUFFNER ET AL. (2021b) and TAN ET AL. (2022). The discussion
uses pouch cell manufacturing as an example, given its high applicability for ceramic ASSBs.
The focus is directed toward electrode production, cell assembly, and cell conditioning, which
are the three main stages of battery manufacturing. Upstream processes such as raw material
production and downstream battery module assembly are excluded from the consideration for
reasons of scope. Figure 2.5 provides a step-by-step comparison of the production chains for
LIBs and ASSBs.

Lithium-ion battery production

The first step in electrode production involves preparing electrode pastes, commonly known as
slurries. These slurries are crafted by combining active material particles with binders, conduc-
tive additives, and solvents through dry and wet mixing (KRAYTSBERG & EIN-ELI 2016; KWADE
ET AL. 2018). The solvent type is contingent upon the binder, with N-methyl-2-pyrrolidone
(NMP) commonly employed for cathodes based on polyvinylidene difluoride (PVDF) and wa-
ter utilized for anodes incorporating carboxymethyl cellulose (CMC) mixed with styrene buta-
diene rubber (SBR) as the binder (KWADE ET AL. 2018). The resultant viscous slurries undergo
continuous or intermittent slot-die coating at line speeds of up to 50m - min~! (KWADE ET
AL. 2018). The coating is applied to both sides of aluminum and copper current collector foils
for the cathode and anode*’, respectively. Typically, copper foil thicknesses range from 6 —
10 um, contrasting with aluminum foil thicknesses of 12 — 20 um (KWADE ET AL. 2018). The
solvents are evaporated by convection or infrared (IR) radiation in a nitrogen or dry air envi-
ronment, leaving behind a porous electrode structure (KWADE ET AL. 2018).

The thickness and porosity of the electrodes are reduced by calendering, a continous mechanical
compaction step, to tune the electrode’s electric and ionic conductivity, energy density, and
mechanical properties (CHEN ET AL. 2010; SCHREINER ET AL. 2019; ZHENG ET AL. 2012). After
calendering, the electrodes are slit to width by laser or knife cutting and dried again, which

46 Although a standardized LIB production chain has been established (KWADE ET AL. 2018), process innovations are continu-
ously transferred to industrial practice (MAULER ET AL. 2022). For example, solvent-free dry coating (AL-SHROOFY ET AL. 2017)
has recently been adopted as substitute for wet coating by Tesla (Musk 2020) after acquiring Maxwell Technologies in 2019
(DUONGET AL. 2018, TESLA, INC. 2019).

4T Despite its higher density and cost, copper is used as anode current collector because aluminum forms lithium—aluminum
alloys at the low potentials of the negative electrode (VUORILEHTO 2018, p. 23).
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present the last steps of electrode production. While mixing is usually performed in batches,
coating, drying, calendering, and slitting are roll-to-roll processes (KWADE ET AL. 2018).

For cell assembly, the electrodes are transferred to dry rooms with typical dew points*® between
—60°C and —40°C at ambient temperatures of around 20 °C (KWADE ET AL. 2018). Shape cut-
ting of the sheet material to single electrodes is performed by die or laser cutting (JANSEN ET
AL. 2019a; KRONTHALER ET AL. 2012), leaving uncoated current collector flags. Subsequently,
the cell stack is assembled into an alternating arrangement of cathode and anode sheets with
separator layers in between. The anodes must overlap the cathodes completely to utilize the
whole cathode area while diminishing the risk of dendrite formation (TANG ET AL. 2009). The
three prevailing processes for producing the cell stack are winding, stacking, and z-folding, but
only the latter two are convenient for manufacturing pouch bag cells (KWADE ET AL. 2018). The
current collector flags are electrically connected and joined with cell tabs by ultrasonic or laser
welding (GRABMANN ET AL. 2021; LEEET AL. 2010). Next, the cell stack is inserted into a pouch
bag and sealed, leaving an opening for electrolyte filling. LE is inserted under a vacuum, before
the pouch cell is entirely closed and stored under controlled temperature and pressure to allow
uniform electrolyte permeation into the electrode and separator pores (GUENTER ET AL. 2019;
KNOCHE & REINHART 2015). A high wetting degree must be achieved before cell conditioning
to avoid cell degradation (HAGEMEISTER ET AL. 2022). Current collector tabs protruding from
the cell enable the external electrical contacting of the battery.

Cell conditioning involves the main steps of formation and aging, during which the cells are
subjected to repeated quality checks to detect production errors and batteries with deficient
properties (KWADE ET AL. 2018). During formation, the cells are electrochemically cycled at
low currents to establish a stable SEI on the surface of the AAM particles (AN ET AL. 2016).
Subsequently, the cells undergo an aging procedure (WOOD ET AL. 2015). While wetting and
formation may take 3 — 7 days, aging may take up to two weeks (WOOD ET AL. 2019) The time
and storage capacities required for these processes present a significant bottleneck in LIB pro-
duction. Thus, improved formation protocols (AN ET AL. 2017; MAO ET AL. 2018) and early
quality prediction (STOCK ET AL. 2022) are targeted to reduce the process time.

Oxide-ceramic all-solid-state battery production

To date, there is no established production chain for ceramic ASSBs available, and various
promising alternatives are being researched in parallel (SCHNELL ET AL. 2019). To this end, this
paragraph presents a selected manufacturing sequence based on the scaffold approach that was
pursued within this thesis. However, the outlined methods for producing LM As apply to diverse
LMB types, and the described cell assembly processes are also valid for other ASSB types.

Electrode production for ceramic ASSBs with LMAs differs significantly from the processes
established for LIBs. Due to the high reactivity of metallic lithium with atmospheric constitu-
ents, including nitrogen, oxygen, water, and carbon dioxide (JEPPSON ET AL. 1978, p. 21),
LMAs must be fabricated and stored under inert gas conditions, typically argon (SCHNELL ET
AL. 2018). Initially, ductile high-purity lithium ingots (ZHANG ET AL. 2020b) are extruded into
a foil shape (ACEBEDO ET AL. 2023). The film is further thinned through multiple high-intensity
calendering steps (BOUCHARD ET AL. 1994; STUMPER ET AL. 2022; STUMPER ET AL. 2023a) and
laminated onto current collector or carrier foils (SCHNELL ET AL. 2018).

4 The dew point is the temperature at which air becomes saturated with moisture and water vapor begins to condense into dew.
It indicates the air’s humidity level with a lower dew point corresponding to less moisture. (LAWRENCE 2005)
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Alternatively, ongoing research explores fabricating ultra-thin lithium coatings via melt-based
(SCHOENHERR ET AL. 2022) and vapor-based (VANLEEUW ET AL. 2014) techniques. To allow
further handling in dry air, lithium foils undergo surface passivation*’ (SCHMUCH ET AL. 2018).
Notably, in addition to reducing the reactivity during processing, coatings are intentionally used
to tailor the electrochemical behavior of LMAs (DUFFNER ET AL. 2021Db).

Ceramic SE substrates are mostly fabricated on a laboratory scale as pellets, typically ranging
in thickness from 300 — 1000 um (BALAISH ET AL. 2021), while thinner layers down to 20 pm
are achieved through tape-casting (DASHJAV ET AL. 2020). The high hardness of ceramic parti-
cles prevents sufficient layer densification by calendering (SCHNELL ET AL. 2019). Thus, pores
remaining after solvent evaporation must be eliminated by high-temperature sintering (OHTA
ET AL. 2014). However, thin separators face distortion and mechanical instability after sintering,
especially if large-area components are targeted (BALAISH ET AL. 2021).

Another issue arises for the manufacturing of cathode composites, as CAMs are susceptible to
thermally-induced reactions when in contact with SEs during sintering °°, forming low- or non-
conductive reaction products that raise interfacial impedances (GELLERT ET AL. 2018; MIARA
ET AL. 2016; ZHANG ET AL. 2018). The conflict of interest between sufficient compaction and
intact interfaces requires a careful selection of the sintering temperature (BEAUPAIN ET
AL. 2021; IHRIG ET AL. 2022a).

Assembling SE layers and composite cathodes to half cells either includes their lamination or
the direct deposition of one layer on the other (DUFFNER ET AL. 2021b). Co-sintering of the
separator and the cathode composite improves the physical contact between the mechanically
rigid layers but complicates controlling the sintering process due to differing shrinkage (ZHANG
ET AL. 2023a).

Manufacturing a cathode-supported half cell relies on fabricating a cathode composite by sin-
tering, which subsequently serves as a substrate for applying an SE film (SCHNELL ET AL. 2019).
Wet-chemical or vacuum-based processes>! allow for the deposition of coatings with nano- or
micrometer-scale thicknesses (BALAISHET AL. 2021). However, the industrial-scale applicabil-
ity of thin-film technologies requires further validation from cost and throughput perspectives
(HAOET AL. 2018; HATZELL & ZHENG 2021).

A promising alternative pathway for producing cathode—electrolyte compounds relies on pre-
sintering of a dense—porous SE bi-layer and its subsequent infiltration with CAM (KRAVCHYK
& KOVALENKO 2022; SCHNELL ET AL. 2019). This scaffold approach bypasses the need for the
mutual high-temperature sintering of CAMs and SEs, mitigating the risk of interfacial degra-
dation. In another variation, the technique relies on manufacturing a porous—dense—porous tri-
layer, whereas the additional porous layer hosts the LMA (XU ET AL. 2018).

The challenges and variations in producing and infiltrating ceramic SE scaffolds for ASSBs are
further discussed in Subsection 3.2.3.

49 Methods for surface passivation of LMAs include fluorination (SHIRAISHI ET AL. 1999), phosphorous coating (WIETELMANN
ET AL. 2013), and gas treatment (WIETELMANN 2010, DOVER ET AL. 1996).

30 Alternative sintering techniques, such as high-pressure field-assisted sintering, are explored to alleviate issues of conven-
tional high-temperature sintering (IHRIG ET AL. 2021a, IHRIG ET AL. 2022b).

31 Potential thin film technologies for fabricating oxidic SE layers, amongst others, involve spray pyrolysis, pulsed layer depo-
sition, sputtering, and atomic layer deposition (BALAISHET AL. 2021).
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Figure 2.5: The process chains for producing lithium-ion batteries (LIBs) and oxide-ceramic all-solid-state bat-
teries (ASSBs) with lithium metal anodes (LMAs) in a pouch cell format are shown comparatively.
The selected manufacturing sequence for fabricating oxidic ASSBs relies on the scaffold approach.
The figure was adapted from DUFFNER ET AL. (2021b) and complemented with results by KWADE ET
AL. (2018) and SCHNELL ET AL. (2019).
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Similar to LIB production, separating the individual components marks the link from electrode
production to cell assembly. Desired electrode geometries are obtained through cutting opera-
tions, with laser cutting emerging as the favored technology due to the mechanical properties
of lithium metal and ceramics (DUFFNER ET AL. 2021b).The susceptibility of ceramic SE sub-
strates to fracture under compressive stress impedes the usage of winding technologies (WOLF-
ENSTINE ET AL. 2018). Consequently, single-sheet stacking must be adopted for cell assembly
(DUFFNER ET AL. 2021b). Handling fragile ceramic SE layers and adhesive lithium foils with
automated mass-production equipment requires redesigning gripping principles that allow for
the damage-free picking and placing of electrodes (FROEHLICH ET AL. 2020; FROEHLICH ET
AL. 2022; KONWITSCHNY ET AL. 2024). The cell stack must be electrically connected similar to
LIBs or in a bipolar manner >2. The vibrational energy input in ultrasonic welding may limit its
applicability for this task, making laser welding the preferred joining technology (DUFFNER ET
AL. 2021b).

After establishing electrical connections, the cell stack is encased in a housing. Electrolyte fill-
ing is unnecessary, and a formation step is only required if an instability between the SE and
the active materials necessitates the in-situ formation of stable interphase. However, an aging
period with quality testing is still anticipated (DUFFNER ET AL. 2021b).

2.2 Laser materials processing

Light Amplification by Stimulated Emission of Radiation (laser)> is a physical phenomenon
enabling the creation of a coherent, convergent, and monochromatic beam of electromagnetic
radiation suitable for information or energy transport (HUEGEL & GRAF 2023, p. 1). 44 years
after Albert Einstein proposed that photons can stimulate the emission of other photons with
identical energy from excited atoms in 1916 (HECHT 2010), Theodore H. Maiman built the first
ruby laser beam source (MAIMAN 1960; MAIMAN ET AL. 1961). Since then, laser radiation has
been established as a tool for materials processing, and nowadays, laser units are applied in
diverse industrial sectors, such as automotive, aerospace, and electronics manufacturing (WILL-
NER ET AL. 2012, p. 1626).

This section concentrates on the fundamentals of laser materials processing, including generat-
ing, shaping, and applying laser radiation. Moreover, relevant parameters describing the char-
acteristics of laser radiation and its interaction with matter are highlighted. Ultimately, the usage
of laser radiation for materials processing with microscale precision is discussed.

2.2.1 System technology

Applying laser radiation in manufacturing requires combining optical, mechanical, and control-
related components to laser units>* (ISO 11145:2018(E), p. 15). The radiation generated by a
laser beam source is shaped and guided to the intended target by a series of optical components.
Finally, a laser unit is complemented by peripheral devices, such as handling, clamping, and

52While the LE ionically connects the individual elementary cells in LIBs in parallel, the SE in ASSBs remains confined within
each cell, enabling their serial connection in a bipolar configuration. This design simplifies cell assembly, as only the current
collector foils of the outermost elementary cells require electrical connections. (SCHNELL ET AL. 2018; JUNGET AL. 2019) How-
ever, due to the need for further investigation into the practicality of the bipolar stack concept, it is not considered in this thesis.
33While the acronym laser is commonly used to refer to the technical device for generating laser radiation (ISO 11145:2018(E),
p. 13), in this thesis, it is used in its original sense to describe the underlying working principle.

34 The term laser system is used alternatively to laser unit in colloquialism.
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safety elements, process media supplies, sensor systems, and control units (HUEGEL &
GRAF 2023, p. 89). The central components of a laser unit are briefly described below.

Laser beam generation

Laser radiation is generated in a laser beam source, which has a laser resonator as the central
component, complemented by an energy pump and other media supplies. The foundational
principle for generating laser radiation relies on stimulated emission. Matter interacts with elec-
tromagnetic radiation through the absorption or emission of photons, where emission can occur
spontaneously or through stimulation. In the latter process, an excited atom is stimulated by a
photon to transition to a lower energy state, releasing the energy difference as an additional
photon (POPRAWE ET AL. 2018, pp. 8 — 12). A population inversion, with excess atoms in ex-
cited energy states, is induced in a solid, liquid, or gaseous laser-active medium through con-
tinuous energy pumping>> (POPRAWEET AL. 2018, pp. 12 —15). Consequently, stimulated emis-
sion dominates over spontaneous emission, as a chain reaction is effectuated. The laser radiation
is amplified and directed by circulating it in the laser resonator, an optical cavity typically com-
prising a fully reflective and a partially transparent mirror (POPRAWE ET AL. 2018, pp. 18 —20).
The partially transparent mirror allows for the decoupling of a monochromatic *°, low-diver-
gent, and coherent laser beam from the laser resonator (HUEGEL & GRAF 2023, pp. 60 — 62).

Industrially, continuous wave (CW) and pulsed laser sources emitting radiation at wavelengths
from the ultraviolet (UV) to the far IR spectrum are applied (WILLNER ET AL. 2012, p. 1626).
CW laser operation is characterized by the continuous emission of laser radiation over periods
greater than or equal to 0.25s (ISO 11145:2018(E), p. 13). In industrial manufacturing, CW
laser radiation with average output powers in the kilowatt regime is preferably used for macro-
processing, such as thick sheet cutting or welding (HUEGEL & GRAF 2023, p. 64). Instead, laser
micro-processing requires precise, localized energy input, which is achieved by using laser
pulses.

Single pulses or pulse trains with durations of less than 0.25s are emitted during pulsed laser
operation (ISO 11145:2018(E), p. 13). Long laser pulses with milli- and micro-second dura-
tions are generated simply by a controlled interruption of the laser operation. Nanosecond pulse
durations, typically between 10ns and 500ns, allow even higher pulse peak powers
(POPRAWE 2011, p. 159). Such laser pulses are produced through quality switching (Q-switch-
ing), where laser energy is accumulated within the resonator before it is released in a single
intense pulse by opening a variable attenuator (HUEGEL & GRAF 2023, p. 64). Nanosecond
pulses are usually referred to as short laser pulses (cf. Subsection 2.2.3). Mode-locking>’ ena-
bles a further reduction in pulse duration to generate ultrashort laser pulses in the pico- or
femtosecond domain. However, the limited pulse energies for mode-locking restrict its appli-
cation for laser materials processing (RACIUKAITIS 2021). Intensive ultrashort laser pulses are
typically generated by chirped pulse amplification (CPA)>® (FERMANN & HARTL 2013).

35 Pumping refers to continuously supplying energy to a laser-active medium through optical stimulation, excitation by electron
collisions, excitation by an electrical field, or chemical processes (HUEGEL & GRAF 2023, p. 56).

36 Monochromatic light is electromagnetic radiation only containing a narrow band of wavelengths.

7 Mode-locking relies on coupling the phases of multiple longitudinal modes within the laser resonator to induce their con-
structive interference, resulting in trains of ultrashort laser pulses (HUEGEL & GRAF 2023, p. 64).

381n the CPA technique, short pulses from an oscillator are stretched in time by a grating, amplified, and then recompressed by
another grating to achieve extreme laser intensities. This temporal pulse extension prevents damage to the optical device from
high intensities (ZHOU 2020). Donna Strickland and Gérard Mourou were awarded the Nobel Prize in Physics in 2018 (THE
ROYAL SWEDISH ACADEMY OF SCIENCES 2018) for inventing the CPA (STRICKLAND & MOUROU 1985).
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The classification into long, short, and ultrashort laser pulses is not standardized and varies
across literature references. Although a seamless transition between pulse regimes exists in
practice, pulses in the nanosecond range are generally designated as short, whereas pulse dura-
tions in the order of picoseconds or below are considered ultrashort (KNOWLES ET AL. 2007).

Beam shaping and guidance

Optical components are required to direct laser radiation to the workpiece and adjust its char-
acteristics, such as the spatial power distribution, polarization, and temporal pulse shape (HUE-
GEL & GRAF 2023, p. 90). Glass fibers are commonly used in industry to transport laser radia-
tion to the focusing optics (HUEGEL & GRAF 2023, pp. 106 — 108). However, the high intensities
in ultrashort-pulsed laser processing can induce non-linear optical effects, which might damage
such fibers (HUEGEL & GRAF 2023, p. 97). Thus, mirrors and lenses are placed into the path of
ultrashort laser pulses to adjust their direction, diameter, and divergence during beam propaga-
tion (HUEGEL & GRAF 2023, p. 95 f.). Fixed optics and scanning optics represent distinct ap-
proaches for focusing and moving a laser beam on a workpiece. Fixed optics utilize stationary
lenses or mirrors to position the laser beam on a target. A relative movement between the laser
beam and the workpiece can be achieved by translating the entire optical system or reposition-
ing the workpiece, often via high-precision linear axes or industrial robots. Contrarily, scanning
optics use two orthogonally arranged mirrors to dynamically steer a laser beam, creating a de-
fined trajectory by superimposing two velocity components (HUEGEL & GRAF 2023, p. 103 f.).
The rapid beam movement and the high positioning accuracy achieved by rotating the mirrors
make scanning optics the preferred choice for micro-machining applications. Alternatively,
polygon scanners, which employ a rotating mirror wheel with multiple reflective facets, allow
for high scanning velocities of several hundred or even thousands of meters per second (ORAZI
ET AL. 2021). The fast beam deflection makes them particularly advantageous for scaling up
ultrashort-pulsed laser processes as they facilitate the application of high pulse repletion rates
and average powers (cf. Subsection 2.2.4). Typically, F-theta lenses are applied after the scan-
ning optics to focus the laser beam and correct imaging errors (OZGA 2018).

Additional components

The components for generating and directing laser radiation are complemented by various pe-
ripheral devices to create a safe and fully functional machine tool. Manual or automated clamp-
ing devices are used to position and secure the workpiece, while suction systems and cross jets
are employed to remove vapor and dust from the process zone (HUEGEL & GRAF 2023, p. 89).
Additionally, various sensors can be integrated for process monitoring and control, including
those detecting electromagnetic (STADTER ET AL.2020) or acoustic signals (TOMCIC ET
AL. 2022). To safeguard personnel and comply with safety regulations, laser radiation at the
intensities required for material processing must be enclosed within designated areas (EICHLER
& EICHLER 2015, p. 447). Moreover, when using ultrashort laser pulses, the emission of haz-
ardous X-rays from laser-induced plasma may require radiation shielding to keep the accumu-
lated dose rate within legal limits>” (LEGALL ET AL. 2018; WEBER ET AL. 2019).

A graphically summary of the main components of a laser unit is presented in Figure 2.6.

9 The dose rate is the energy absorbed from ionizing radiation per unit mass within a defined depth. Regulatory exposure limits
differ between countries. Maximum effective dose rates of 50mSv - a~! on the skin are recommended not to be exceeded
(SMITH 1991, p. 72).
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Figure 2.6: The illustration schematically shows a laser unit and its essential components based on HUEGEL &
GRAF (2023, p. 1) and ISO 11145:2018(E) (p. 15). The system depicted is exemplary and might vary
depending on the specific type of laser unit.

2.2.2 Characteristic parameters

The following discourse discusses the key parameters governing laser processing, specifically
emphasizing pulsed laser operation. For comprehensive definitions of laser technology terms,
readers are directed to ISO 11145:2018(E).

Optical parameters

The distribution of the electric and magnetic fields within a laser cavity can be described by
transverse electromagnetic modes (TEMs), which are positioned perpendicular to the propaga-
tion direction (POPRAWE ET AL. 2018, p. 113). The fundamental TEMqo mode is particularly
well-suited for technical applications, featuring a Gaussian intensity profile in laser resonators
with concave mirrors (EICHLER & EICHLER 2015, p. 224).

The radial intensity distribution I(r, z) of a Gaussian beam is characterized by an intensity
maximum /y(z) along the beam axis z, diminishing as the distance r from the axis increases
(POPRAWE ET AL. 2018, p. 117):

21?2

I(r,z) =1y(2) - e w@? 2.14

Thereby, the beam radius w(z) denotes the distance at which the intensity has decreased to

~ 13.5% of the peak intensity I5(z) on the beam axis. Integrating the radial intensity dis-
tribution yields the power P} contained in the laser beam (POPRAWE ET AL. 2018, p. 117):
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The area within the radius of a Gaussian laser beam encompasses = 86.5 % of the entire laser
power (POPRAWE ET AL. 2018, p. 118).
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Along the propagation path, the laser beam attains its smallest radius w at the beam waist, also
known as the focal plane. The focal length f; corresponds to the distance between the focusing
lens and the focal plane (POPRAWE ET AL. 2018, p. 77).

The Rayleigh length zg delineates the region within which a laser beam of a specific wave-
length A maintains a practical focus before experiencing notable divergence. It represents the
distance along the propagation direction measured from the beam waist, where the beam radius

expands to V2w, and the cross-sectional area doubles compared to the beam waist (EICHLER
ET AL. 2018, p. 212):

2

_ W 2.16
ZR T 1

At a large distance from the beam waist, the expansion of the beam radius follows an approxi-
mately linear pattern, described by the divergence angle 8 (EICHLER ET AL. 2018, p. 213):

6 = 2.17

The beam parameter product BPP is a frequently employed metric to characterize the spatial
quality of a laser beam, as it is invariant under beam transformations, such as those induced by
lenses (EICHLER ET AL. 2018, p. 223):

A
BPP=9-WO=M2-T—[ 2.18

Thereby, the beam quality factor M?* accounts for the deviation of real laser beams from the
ideal Gaussian profile in radius and divergence angle (EICHLER ET AL. 2018, p. 223). Lower
BPP and M? values correspond to a laser beam of higher quality with improved focusing capa-
bilities.

Figure 2.7 summarizes the characteristic features of laser beam caustics.
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Figure 2.7: (a) The propagation of a Gaussian laser beam with a beam waist radius wy perpendicular to the focal
plane is illustrated, whereas f;, zg, and 6 are the focal length, the Rayleigh length, and the divergence
angle, respectively. The figure was adapted from HUEGEL & GRAF (2023, p. 37). (b) The radial inten-
sity distribution of a Gaussian laser beam transverse to the propagation direction is displayed. The
beam radius w is defined by a decline of the maximum intensity I, to e™? ~ 13.5%. Approximately
86.5% of the laser power P, is incorporated within the beam radius. The figure was adapted from
EICHLER ET AL. (2018, p. 211).
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Operation parameters

While CW beam sources are mainly characterized by their uninterrupted power output, pulsed
beam sources emit discrete high-intensity pulses that are separated by periods of no emission.
Thus, additional parameters are required to specify the additional temporal and energy-related
characteristics of pulsed laser processes.

Laser pulses exhibit a characteristic temporal pulse shape, such as rectangular or Gaussian.
Usually, the full width at half maximum (FWHM) pulse duration 7, representing the time during
which the pulse intensity remains above half of its maximum value, is employed to describe the
temporal span between the leading and trailing edges of a laser pulse (see Figure 2.8, a) (EICH-
LER ET AL. 2018, p. 53).

Every laser pulse features a discrete pulse energy E,. Multiplying this energy with the pulse
repetition rate f, allows to calculate the average laser power P (EICHLER ET AL. 2018, p. 53):

1

Pl:Ep'fp:Ep'T_p

2.19

In this context, f, corresponds to the inverse of the time interval between consecutive pulses,
denoted as Tj,. The pulse fluence describes the irradiated energy per unit area on a target surface.
Due to the typically non-uniform energy distribution across the beam width, the peak pulse
fluence F, situated at the center of the spatial power distribution is the commonly employed
metric in pulsed laser processing (RACIUKAITIS ET AL. 2009):

2-E
F0= b

: 2.20
™ W}

In some cases, the average pulse fluence is reported instead of the peak fluence, which for
Gaussian laser pulses is equivalent to half the peak value.

A parameter particularly useful for laser processes exhibiting a continuous trajectory, such as
cutting operations, is the spatial pulse overlap PO. The PO delineates the intersection of two
consecutive pulses and is defined by their spatial distance py and the beam radius w,. Thereby,
the spatial distance can be calculated using the feed rate v and the pulse repetition rate f,, (WIL-

LIAMS ET AL. 2014):

Us -1— DPx

PO=1-—"3_
2'W0'fp 2'W0

2.21

Accordingly, the /ine overlap LO in areal laser surface machining can be calculated based on
the hatch distance py (see Figure 2.8, b) (SASSMANNSHAUSEN ET AL. 2021):

LO = (1 _ ) 222
Z'Wo

Additional parameters, including pulse peak power, power density, and interaction time, can be
computed to characterize pulsed laser processes and facilitate transferring results across various
laser beam sources (BANAT ET AL. 2020).



2.2 Laser materials processing 35

I .1
A = —_—
L " h |
10 4 N g
Iy
71 . Py
Ep

Tt
Figure 2.8: (a) The temporal intensity profiles of Gaussian laser pulses with a full width at half maximum
(FWHM) pulse duration 7, a maximum intensity /o, and a pulse energy E}, are shown. The temporal
distance between consecutive laser pulses T, can also be specified by its inverse, the pulse repetition
rate f,,. The figure was adapted from HUEGEL & GRAF (2023, p. 64). (b) The pulse overlap PO be-
tween multiple laser pulses with a beam radius w, and a spatial distance py in the scan direction x is
depicted. Thereby, py is a function of the feed rate v and the pulse repetition rate f;,. The line overlap
LO can be calculated from the hatch distance py, to account for areal laser processes. The figure was
adapted from SASSMANNSHAUSEN ET AL. (2021).

2.2.3 Laser—matter interaction

This subsection concentrates on the laser—matter interaction phenomena that occur during en-
ergy absorption, heat transfer, and material removal, which are contingent on material and laser
beam characteristics. Moreover, the interplay between successive pulses is discussed.

Energy absorption

The response of a workpiece to an incident laser beam is governed by the absorption, reflection,
and transmission of radiation. The proportion of these effects is influenced by factors such as
the wavelength and polarization of the radiation, the surface condition, and temperature-de-
pendent material properties (HUEGEL & GRAF 2023, p. 127 f.). The primary determinant of the
laser process behavior is the power deposited into the workpiece P,, which depends on the
absorptivity 1, and the incident radiation power P; (POPRAWE 2011, p. 15):

Bo=n,"P 2.23

Losses due to reflected radiation P, and transmitted radiation P, reduce the power available for
the process (HUEGEL & GRAF 2023, p. 127):

The laser beam intensity I that penetrates the absorbing medium undergoes exponential decay
with increasing penetration depth z from its initial intensity I, dependent on the optical atten-
uation coefficient @,y according to the Lambert-Beer law (HUEGEL & GRAF 2023, p. 135):

1(z) = I, - e~ %optZ 2.25

The distance at which the laser beam intensity in the material decreases to e~ of the value at
the surface is referred to as the optical penetration depth 1, (HUEGEL & GRAF 2023, p. 135):

1

ly =

2.26
Topt
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The electron system of a target locally absorbs laser energy through linear and non-linear pro-
cesses, as the heavier ions are unable to follow the rapid oscillations of the electromagnetic
field (L1U ET AL. 1997). Metals with ionization potentials lower than the photon energies pre-
dominantly undergo linear absorption via the excitation of free electrons from their conduction
bands (LIU ET AL. 1997; MISHRA & YADAVA 2015). The resulting high absorption coefficients
of metals limit optical penetration to a surface layer of several tens of nanometers at standard
laser wavelengths, making them practically non-transparent.

Contrarily, ceramics®, which lack free electrons, exhibit low linear absorption (PERRY ET
AL. 1999). This allows optical penetration depths up to millimeters in ceramics, which is why
transmission must be considered in their processing (HUEGEL & GRAF 2023, p. 135 f.). The high
intensities of ultrashort laser pulses can induce optical breakdowns that create a high population
of free electrons by non-linear absorption mechanisms, such as multiphoton ionization and av-
alanche ionization® (LIUET AL. 1997; PERRY ET AL. 1999; SCHAFFER ET AL. 2001). These non-
linear effects diminish the influence of the wavelength on absorption, making virtually any
material machinable by ultrashort-pulsed laser radiation.

Heat transfer

The laser pulse duration critically influences the occurring phenomena of energy transfer within
a material, which is explainable by the two-temperature model (ANISIMOV ET AL. 1974). This
model mathematically relies on coupled heat conduction equations for the temperatures of the
electron system and the lattice phonons (CHICHKOV ET AL. 1996). Upon local absorption of laser
radiation by the electron system, collisions efficiently thermalize the electrons on a time scale
of about 100 fs (BREITLING ET AL. 2004). Subsequently, energy propagates from the electrons
to the atomic lattice by electron—phonon collisions (LIU ET AL. 1997). Thermodynamic equilib-
rium between the electron system and the lattice is attained after a material-specific time, typi-
cally a multiple of the electron—phonon relaxation time on the order of magnitude of picosec-
onds (BREITLING ET AL. 2004; KNOWLES ET AL. 2007).

Short laser pulse durations notably exceed the lattice heating time, entailing classical heat con-
duction mechanisms and homogenous temperature distribution across the electrons and the lat-
tice (BREITLING ET AL. 2004). In this case, the heat penetration due to thermal conduction can
be described by the thermal penetration depth

lin=2Va-t, 2.27

where a denotes the thermal diffusivity (MEUER 2004). Hence, reducing the laser pulse duration
can restrict melt formation, as the thermal penetration depth decreases correspondingly.

In contrast, ultrashort laser pulses rapidly raise the electron’s temperature far above that of the
lattice, which only begins to heat up after several hundred femtoseconds to a few picoseconds
(BREITLING ET AL. 2004). Thermalization is typically achieved after approximately 100 ps,
aligning the electron and lattice temperatures. Consequently, pulses shorter than the electron—
phonon relaxation time effectively inhibit heat transfer to the lattice (CHICHKOV ET AL. 1996).

60 Semiconductors are not classified as dielectrics by definition. However, their behavior under ultrashort-pulsed laser radiation
is comparable to that of ceramics (PERRY ET AL. 1999).

1 Avalanche ionization occurs when electrons collide with enough kinetic energy to overcome the binding energy of bound
electrons, generating secondary free electrons. In multiphoton absorption, a bound electron is ionized by simultaneously ab-
sorbing multiple photons. (LIU ET AL. 1997)
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Nevertheless, melt formation has been observed even for ultrashort laser pulses, as evaporation
initiates and persists for several nanoseconds, maintaining the material in a molten state
(KNOWLES ET AL. 2007). For ultrashort laser pulses, the thermal penetration depth is equal to or
less than the optical penetration depth (MEIER 2004).

Material removal

The material removal mechanism varies distinctly between short and ultrashort laser pulses due
to differing physical phenomena (see Figure 2.9).

Material expulsion by short laser pulses is governed by evaporation from the liquid state, melt
displacement by vapor and recoil pressure, and explosive boiling %* of the superheated melt pool
(FISHBURN ET AL. 2006; LEITZ ET AL. 2011). A plasma plume forms above the process zone
during the pulse and attenuates the incident laser radiation (YAN ET AL. 2019). The fluid dy-
namics result in a rather unstable melt pool (LIU ET AL. 1997). After the process, the workpiece
might feature a heat-affected zone (HAZ), re-solidified melt fractions, recast layers, mi-
crocracks, surface damage caused by shock waves, and debris from ejected material (PETKOV
ET AL. 2008). As significantly less energy is required to melt material than to vaporize it, high
removal efficiencies can be achieved if the processing parameters are selected appropriately
(LEITZET AL. 2011).

In contrast, the high intensities of ultrashort laser pulses heat material locally, transitioning it
directly from the solid to the vapor phase. Accordingly, material vaporization dominates the
process with only minor melt layer formation, making it preferable when high quality and pre-
cision are required (LIU ET AL. 1997). The impact of ultrashort laser pulses gives rise to extreme
pressures, densities, and temperatures due to the acceleration of ionized material to high veloc-
ities. The brief interaction time transfers the material to an overheated liquid state, producing a
mixture of liquid droplets and vapor that rapidly expands from the process zone (LEITZ ET
AL. 2011). Since plasma only forms after the pulse, plasma-induced shielding during the pulse,
1.e., intra-pulse shielding, is avoided. However, residual plasma may still affect subsequent
pulses through inter-pulse shielding (FINGER & REININGHAUS 2014).
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Figure 2.9: The interactions of (a) short and (b) ultrashort laser pulses with matter are comparatively displayed.
The figure was adapted from schematics by LEITZ ET AL. (2011) and LEITZ (2013, p. 13).

2 When a material is heated to its thermodynamic critical point, the overheated liquid matter is ejected from the melt pool. This
phenomenon, known as explosive boiling or phase explosion, represents the most effective thermal laser material removal
process. (MIOTELLO & KELLY 1999, BULGAKOVA & BULGAKOV 2001)
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The minimal fluence for removing material, denoted as the threshold fluence or ablation thresh-
old, depends, among others, on a workpiece’s microstructure and surface morphology. Moreo-
ver, laser parameters, such as the wavelength and the pulse duration, influence the threshold
fluence (MISHRA & YADAVA 2015, p. 92). Finally, the threshold fluence is a function of the
number of pulses applied due to incubation effects (D1 NI1SO ET AL. 2014). The ablated hole
diameter D for spatially Gaussian-shaped laser pulses can be estimated if the threshold fluence
Fiy, 1s known (MISHRA & YADAVA 2015):

F
D= [2wZln (—0) 228
Fin

Contrariwise, the formula can be used to empirically determine threshold fluences by fitting it
to the diameters of drill holes® (LU 1982). For short laser pulses, the threshold fluence is pro-
portional to the square root of the pulse duration (CHICHKOV ET AL. 1996):

However, this relationship does not hold for ultrashort laser pulses, where the ablation behavior
is dictated by the optical penetration depth (BYSKOV-NIELSEN ET AL. 2011). A logarithmic ab-
lation law applies for ultrashort laser pulses, connecting the ablation depth z,, to the fluence F,
via the threshold fluence Fy;, and the energy penetration depth [, (MOMMA ET AL. 1996):
I, In22 230
Zabl = le 1N Fth .

Here, [, = [, at low fluences and [, = [y, at high fluences (CHRISTENSEN ET AL. 2007; D1 MAIO
ET AL. 2012).

Pulse-to-pulse interactions

Machining processes usually rely on a multitude of successive laser pulses, either at a static
position or with a spatial offset (cf. Subsection 2.2.4). The temporal and spatial superposition
of laser pulses results in pulse-to-pulse interactions, with heat accumulation and pulse shielding
being the most important multi-pulse effects (FINGER & REININGHAUS 2014).

Heat accumulation occurs when the thermal energy generated by each laser pulse does not have
sufficient time to dissipate before the next laser pulse is applied. Consequently, the temperature
in the process zone increases gradually, reinforcing thermal effects such as HAZ formation
(BAUER ET AL. 2015). Besides that, heat can accumulate between successive scanning passes or
when multiple laser beams are used simultaneously (FINGER ET AL. 2018). Inter-pulse shielding
effects refer to the attenuation of laser pulses by vapor, particles, or plasma, which are left
behind from preceding pulses (ANCONA ET AL. 2008; DAN & DUAN-MING 2008; KOENIG ET
AL. 2005; MAO & RUSSO 1997).

Pulse-to-pulse interactions depend on the temporal (FINGER & REININGHAUS 2014) and spatial
pulse distance (BAUER ET AL. 2015), which must be considered when process scaling by pulse
repetition rate is targeted (cf. Subsection 2.2.4). Usually, material removal is promoted by heat

%3 Accounting for the difficulty of precisely measuring ablation diameters, the diameter of the molten zone can be used for the
alternative determination of the melting threshold (CHENG ET AL. 2009).
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accumulation but is counteracted by shielding phenomena (SCHILLE ET AL. 2015).

2.2.4 Laser micro-processing

DIN 8590:2003-09 classifies laser material removal as a thermal process, further subcatego-
rized by the underlying physical mechanisms, such as fusion, vaporization, and sublimation.
Laser micro-processing entails generating microscale features by ablating material in liquid or
gaseous form (LIU ET AL. 1997). Laser pulses are typically preferred over CW laser beams for
generating precise features, as their high spatial and temporal power densities promote vapori-
zation while restricting melt formation. Selecting the appropriate pulse duration depends on the
specific material and application. Ultrashort laser pulses, in particular, provide superior quality
due to their vaporization-dominated material removal (cf. Subsection 2.2.3) (CHEN &
Liu 1999). However, considerations of economic viability, throughput, and system integrability
often favor short-pulsed laser processes instead (CHEN & LiU 1999).

The following paragraphs provide a brief overview of laser micro-processing techniques rele-
vant to this thesis, including drilling, cutting, and surface functionalization.

Laser micro-processing techniques

Laser micro-drilling can be performed either statically or dynamically (GAUTAM & PAN-
DEY 2018). In the simplest case, a hole or a blind hole is created by a single pulse. Compared
to single-pulse drilling, increased hole depths can be achieved through percussion drilling by
delivering multiple sequential laser pulses to a fixed location (HU ET AL. 2010). Trepanning
drilling and helical drilling combine a succession of laser pulses with a circular or helical laser
beam oscillation relative to the workpiece to enlarge the drilling diameter (HU ET AL. 2010).

Laser cutting entails moving the laser beam relative to the workpiece along a predetermined
path. In sheet metal cutting, a CW laser beam melts the material, and the liquified material is
expelled by a coaxial gas stream (GABZDYL & BRODSKY 2010). In contrast, laser micro-cutting
prioritizes pulsed laser processes that allow precise control of the heat impact by adjusting the
spatial offset between individual laser pulses. Laser micro-cutting is primarily applied for work-
pieces with thicknesses below 500 um and delicate structures with feature sizes smaller than
200 um (POPRAWE ET AL. 2024, p. 735). High pulse powers are typically applied to increase
the degree of vaporization, with pulse overlaps of 0.5 — 0.9 for generating continuous cutting
kerfs (POPRAWE ET AL. 2024, p. 736). Alternatively to cutting within a single scan cycle, the
material can be ablated layer-by-layer by traversing the cut trajectory multiple times at lower
pulse overlaps (DEMIR & PREVITALI 2014a; GABZDYL & BRODSKY 2010).

Besides that, laser radiation offers a versatile approach to modifying a workpiece’s surface
chemistry and morphology. Laser surface micro-processing can be sub-classified into laser
micro-structuring, laser micro-cleaning, and laser micro-polishing, although these three sub-
types have ambiguous boundaries. Laser micro-structuring involves the selective removal of
material to fabricate defined structures, often forming regular patterns by combining basic ge-
ometries like drillings or grooves. Laser micro-cleaning is used to remove particles
(MOSBACHER ET AL. 2000) and surface contaminants by ablating thin material layers (ZHU ET
AL. 2022). Finally, laser micro-polishing targets a reduction in surface roughness while con-
serving material by only melting a superficial film (SASSMANNSHAUSEN ET AL. 2021; TEMMLER
ET AL. 2020).
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Process scaling

Scaling is one of the main concerns when adapting laser micro-processing in the high-through-
put battery industry. The productivity can be expressed by the ablation rate, which is the pro-
cessed material volume or the achieved ablation depth per time unit. Moreover, the ablation
efficiency denotes the material volume removed or depth progress per energy unit. Generally,
short laser pulses in the nanosecond range deliver higher ablation efficiencies than ultrashort
laser pulses, accounting for the underlying melt-based material removal (cf. Subsection 2.2.3)
(LEITZ ET AL. 2011). In this context, melt expulsion by explosive boiling (BULGAKOVA & BUL-
GAKOV 2001; MIOTELLO & KELLY 1999) is the most efficient thermal ablation mechanism,
achieving a stepwise increase in energy efficiency (FISHBURN ET AL. 2006).

Even though the average power of ultrashort-pulsed laser beam sources has been scaled to kil-
owatt average powers over the last twenty years (BRINKMEIER ET AL. 2022), the major challenge
for adopting picosecond and femtosecond laser processes for industrial applications is increas-
ing their productivity and efficiency (WEBER & GRAF 2021). Ultrashort-pulsed laser processes
can generally be scaled by increasing the pulse energy or the pulse repetition rate (RACIUKAI-
TIS 2021). When disregarding pulse-to-pulse interactions, utilizing an optimum fluence Fp; in-

terrelated to the threshold fluence Fy;, according to
FOpt = ez - Fth =~ 7.4 " Fth 2.31

delivers maximum ablation efficiencies for ultrashort laser pulses with a Gaussian intensity
profile (FURMANSKI ET AL. 2007; RACIUKAITIS ET AL. 2009; ZEMAITIS ET AL. 2019). Equa-
tion 2.31 can be derived from the logarithmic ablation law (cf. Equation 2.30) and was proven
experimentally for a broad spectrum of materials (NEUENSCHWANDER ET AL. 2012; ZEMAITIS
ET AL. 2020). Since the optimum fluences are relatively low, process scaling by a mere increase
of the pulse energy is inefficient, especially when the envisaged structure size constricts the
maximum beam diameter ** (WEBER & GRAF 2021).

The following strategies enable the use of high average laser powers while working at the op-
timum fluence:

e Increasing the pulse repetition rate: The average power can be scaled by increasing
the pulse repetition rate while maintaining a constant pulse energy (cf. Equation 2.19).
However, pulse-to-pulse phenomena need to be considered (cf. Subsection 2.2.3).
Moreover, keeping a constant pulse overlap while increasing the pulse repetition rate
necessitates high scanning speeds (cf. Equation 2.21), eventually requiring the applica-
tion of polygon scanners (LOESCHNER ET AL. 2015; VAN DER STRAETEN ET AL. 2018).

e Beam splitting: Partitioning a laser beam into arrays of distinct non-overlapping sub-
beams reduces the maximum pulse fluence on the workpiece, enabling the utilization of
elevated average laser powers. One method for achieving this beam separation involves
integrating diffractive optical elements (DOEs) into the beam pathway, facilitating the
simultaneous processing of identical structures (BRUENING ET AL. 2020; BUESING ET
AL. 2014; HOFMANN ET AL. 2020).

% For instance, AlS1304 steel shows an optimum fluence of 0.53 ]+ cm™2 at a pulse duration of 10 ps, a wavelength of

1064 nm, a pulse repetition rate of 200kHz, and a beam radius of 16 pm (GAFNER ET AL. 2021). At a pulse overlap of 0.75
and a scanning speed of 30m * s™1, which is near the limit of state-of-the-art galvanometer scanners for a reasonable optical
setup, only an average laser power of 8 W can be exploited when working at the optimum fluence.
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e Pulse burst application: A laser pulse burst consists of a series of several hundred to
thousands of sub-pulses that are emitted rapidly succession. The individual sub-pulses
within each burst are spaced at extremely short time intervals, determined by high intra-
burst repetition rates, typically in the megahertz or gigahertz range (REMUND ET
AL. 2020). The bursts themselves are emitted at lower inter-burst repetition rates, which
defines the time interval between successive bursts. Distributing the pulse energy across
multiple sub-pulses in a burst can increase the ablation efficiency while maintaining a
high surface quality, as the short intra-burst delays between sub-pulses attenuate thermal
pulse-to-pulse effects (FOERSTER ET AL. 2021; KERSE ET AL. 2016).

2.3 Concluding remarks

The preceding subchapters established the theoretical groundwork for this thesis by outlining
the fundamentals of battery technology (cf. Subchapter 2.1) and laser processing (cf. Subchap-
ter 2.2).

First, from a product-side view, the emphasis was placed on the emerging ASSB technology,
highlighting key differences compared to conventional LIBs. Central challenges, such as form-
ing stable solid—solid interfaces and integrating LMAs, were identified. Moreover, the process
chain for ASSB manufacturing was presented, and the necessary adjustments from LIB fabri-
cation were discussed. Secondly, the basis for identifying laser processes suitable for ASSB
production was established. To this end, essential system technologies and parameters of laser
materials processing were presented, focusing on the determinants of pulsed laser material re-
moval. It was shown that short- and ultrashort-pulsed laser processes offer adjustable trade-offs
between productivity and thermal damage, depending on the characteristics of the material. The
properties and process requirements of materials used for ASSBs underscored the need for
novel manufacturing approaches tailored to brittle oxide-ceramic SEs and reactive lithium. La-
ser micro-processing was introduced as a precise, non-contact method practical for machining
sensitive battery components. Common laser micro-processing techniques for drilling, cutting,
and surface modification were described, and the importance of carefully selecting both the
laser system technology and the process design for their industrial-scale implementation was
emphasized.

The foundation laid in this chapter forms the basis for the subsequent discussion on how laser
micro-processing can address specific demands in advanced battery production. Building on
this, the following chapter reviews recent applications of laser micro-processing techniques in
LIB and ASSB fabrication.
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3 State of the Art

Chapter 3 comprehensively explains the relevant literature on laser micro-processing in battery
production, consolidating and extending the state-of-the-art sections from the embedded publi-
cations P1—P9. Sections 3.1 and 3.2 focus on laser-based component separation and surface
modification, respectively. Given the limited literature on the use of laser radiation in producing
ASSBs, relevant references are also drawn from laser applications in traditional LIB produc-
tion. Finally, limitations of the current state of knowledge are identified in Section 3.3 to inform
the derivation of specific ROs in Chapter 4.

3.1 Laser-based component separation

This section provides an overview of battery component separation using laser radiation, be-
ginning with conventional LIB electrodes (cf. Subsection 3.1.1), followed by lithium substrates
(cf. Subsection 3.1.2) and ceramic SE layers (cf. Subsection 3.1.3). The focus is placed on pro-
cess-related aspects, with each subsection divided into a technological classification, the deri-
vation of quality indicators, and process design implications.

3.1.1 Lithium-ion battery electrodes

Separation processes in LIB production encompass electrode coil slitting and shape cutting.
Blade or laser machines achieve continuous slitting speeds of more than 1.6m - s~ when con-
verting master rolls into slave rolls (PETTINGER ET AL. 2018, p. 215). Fine blanking or laser
cutting is employed in a downstream process step to shape electrode contours. This shift from
continuous to batch production requires handling individual electrodes, which elevates cycle
times. Technological advancements necessitated for separation processes include implementing
inline quality assurance and process monitoring, contamination control, cycle time reduction,
and the quality-assured separation of prospective materials (MICHAELIS ET AL. 2023, pp. 89 —
94). Choosing between mechanical or photonic cutting techniques involves considerations of
quality, efficiency, and cost. Although the following discussion primarily focuses on contour
cutting due to its prevalence in the literature, most insights are equally applicable to slitting.

Technological classification

Mechanical separation methods have long dominated industrial battery production due to their
modest acquisition costs and high cycle rates of up to ten strokes per second (MICHAELIS ET
AL. 2023, p. 90). Yet, the narrow gap required between the punch and die, typically less than
4% of the sheet thickness, entails considerable tooling expenses (JANSEN ET AL. 2019a). Adapt-
ing to new cell formats necessitates redesigning the cutting tools, which limits production line
flexibility. Moreover, the punching dies require frequent sharpening, especially when pro-
cessing abrasive materials like silicon, to maintain a high cut-edge quality, which further in-
creases operational expenses (JANSEN ET AL. 2019a).
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Laser cutting has emerged as a viable alternative, offering enhanced flexibility and consistent
quality due to its contactless working principle (MICHAELIS ET AL. 2023, p. 90). To achieve
productivity levels comparable to fine blanking, the feed speeds in laser cutting must exceed
1.0m - s™1% (LUETKE ET AL. 2011). Although laser cutting machines have higher initial costs,
they can achieve financial breakeven relative to blanking systems through lower operational
expenses °°. The prominence of laser cutting over mechanical methods in scientific literature
likely reflects its superior flexibility and adaptability in process design.

Quality considerations

Achieving minimal scrap rates in electrode cutting is crucial for ecological and economical
battery production due to the significant value embodied in the electrodes by the time they are
separated (KWADE ET AL. 2018). Thus, JANSEN ET AL. (2019b) recommend to target reject rates
below 0.09 % to ensure production efficiency. Common quality issues involve particle and melt
contaminations, coating delamination, and HAZ formation (JANSEN ET AL. 2019b). Moreover,
geometric parameters, such as the width and angle of the cut chamfer, characterize the cut edge.

Detached particles or spatters present severe risks as they can trigger cell-internal short circuits
by penetrating the separator, potentially leading to catastrophic cell failures cause (PLAIMER ET
AL. 2016). Besides that, debris can obstruct ion transport by blocking separator pores (LAGADEC
ET AL. 2018). JANSEN ET AL. (2019b) recorded spark ejection from the process zone during laser
cutting using imaging techniques. The authors noticed that the number of sparks depends on
the process parameter choice and they linked the deposition of metal spatters to premature cell
failure in electrochemical experiments. Offline techniques, such as EDX, have been proposed
to quantify spatter contamination (JANSEN ET AL. 2019b; SCHMIEDER 2012), while photo-opti-
cal or thermographic particle detection methods are available for inline application (JUST ET
AL. 2013; KURFER ET AL. 2012; REINHART ET AL. 2013).

However, these methods are often limited in cycle time, field of view, and detectable particle
size. Consequently, process parameter tuning and cleaning operations are essential to minimize
contamination (MICHAELIS ET AL. 2023, p. 92). Cut-edge defects pose additional risks for short
circuits when intruding into the separator (KURFER ET AL. 2012). Mechanical cutting tends to
produce burrs, whereas laser cutting may cause melt protrusions on the current collectors. The
differing ablation thresholds of the current collector foil and the electrode coating result in a
step-like cut-edge geometry with exposed foil sections (SCHMIEDER 2012). Gaussian laser
beams further create a tapering chamfer in the residual coating (KRONTHALER ET AL. 2012). The
HAZ is typically assessed via microscopy methods (BAUMANN ET AL. 2019). However, the
HAZ extent may be underestimated due to the low-temperature evaporation of binder frac-
tions® in the vicinity of the process zone. This phenomenon is challenging to observe using
optical methods, yet it potentially impacts the mechanical integrity of electrodes.

Research has predominantly explored the physical aspects of cutting, with fewer studies dedi-
cated to the electrochemical impacts. Edge defects can reduce the usable electrode material and
cell capacity, especially affecting smaller cells where the modified electrode volume share is
proportionally larger (JANSEN ET AL. 2019a; SCHMIEDER 2015). JANSEN ET AL. (2019a) noted

5 Manufacturers of industrial electrode separation systems claim to achieve cutting speeds of up to 2m - s~ (MaNz AG 2024)
% For example, LUTEY ET AL. (2015) estimated that a laser unit functioning at a cutting velocity of 2.2m - s~ could become
more cost-efficient than mechanical alternatives within two to five years, contingent upon plant operation hours.

87 For instance, the commonly employed binder PVDF evaporates at approximately 178°C (INDERHERBERGH 1991).
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that pouch cells containing laser-cut electrodes outperform those with die-cut electrodes in dis-
charge capability and cyclic lifetime, attributing this to the superior cut-edge quality. Further-
more, JANSEN ET AL. (2019b) observed that contamination plays a more significant role in bat-
tery lifetime than the cut-edge quality obtained by varying laser process parameters. CARBO-
NARI ET AL. (2020) linked cut-edge defects to increased electrical contact resistance. Elevated
cell resistances were detected via EIS when electrodes with poor cut edges received by me-
chanical or suboptimal laser cutting were employed. Electrochemical testing confirmed that
inferior cut-edge quality induced by an unsuitable laser parameter choice diminishes the dis-
charge capacities, underscoring the importance of precise cutting techniques.

Process design

Sizing anodes and cathodes to their desired shape using pulsed and CW laser radiation has been
scientifically explored for over a decade. The process behavior of electrode laser cutting is in-
fluenced by the process design and the electrode composition, with the differing optical and
thermal properties of current collector foils and electrode coatings playing a significant role.
Most research has concentrated on specific types of laser beam sources, with only a few studies,
like that of PATWA ET AL. (2012), comparing alternatives across different wavelengths and op-
erational modes. Thus, the following paragraphs organize relevant process studies according to
the laser operation mode.

Nanosecond-pulsed laser cutting has been the primary focus of scientific interest and is the
industrial standard for laser-based electrode separation. SCHMIEDER (2015) utilized high-speed
imaging techniques and energy budget calculations to improve comprehension of the ablation
mechanism for short-pulsed laser cutting of graphite anodes. The findings indicated that laser
radiation is mainly absorbed by the active material particles as the binder largely transmits in-
frared laser radiation. Subsequently, the heat is disseminated within the surrounding binder ma-
trix, ultimately causing binder evaporation and particle ejection due to the resulting vapor pres-
sure (see Figure 3.1). This thermal material removal model applies to short and long laser pulses
as well as CW laser radiation. Notably, graphite does not undergo a liquid phase transition at
ambient pressure (BUNDY ET AL. 1996), while CAM particles undergo fusion and re-solidifica-
tion, resulting in the deposition of molten material along the cut edge (LUTEY ET AL. 2015;
LUTEY ET AL. 2016).

KRONTHALER ET AL. (2012) recommended settings for cutting graphite anodes and NMC cath-
odes and suggested focusing the laser beam on the current collector between the upper and
lower electrode coating.
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Figure 3.1: The short-pulsed laser ablation process of a lithium-ion battery (LIB) electrode coating is schemati-
cally illustrated in four phases (I — IV). The figure was adapted from SCHMIEDER (2015).



46 3 State of the Art

LUTEY ET AL. (2014) found that shorter pulse durations yielded higher ablation efficiencies for
graphite anodes and LFP cathodes, although the pulse fluence had a more pronounced effect
than the pulse duration. Further experimental studies explored the efficiency and quality of
nanosecond-pulsed laser cutting for NMC (LUTEY ET AL. 2016) and LCO (LUTEY ET AL. 2017).
DEMIR & PREVITALI (2014b) found that applying green laser radiation reduces the clearance
width at the cost of productivity compared to IR wavelengths. Conversely, LUTEY ET AL. (2015)
reported higher efficiencies with green laser radiation due to increased absorption by the current
collectors 8.

JANSEN ET AL. (2019a) observed differences in cut-edge characteristics between laser and die
cutting, with variations based on electrode compaction. Compared to die cutting, laser cutting
produced a smaller HAZ for anodes but not cathodes. JANSEN ET AL. (2019b) linked the cutting
speed and pulse repetition rate to the chamfer width and HAZ by empirical modelling. Moreo-
ver, they suggested that laser pulses are attenuated by plasma formation. BERHE ET AL. (2022)
explored the effects of scanning speed and laser power on silicon anodes, predicting the cut-
edge quality by regression modeling and an analysis of variance (ANOVA)®. Finally, BAU-
MANN ET AL. (2022) proposed increasing the local laser intensity by superimposing two partial
beams through direct laser interference patterning. This innovative approach enhanced separa-
tion speeds for copper current collector foils by a factor of approximately 2.5. However, its
application for electrode cutting has yet to be studied.

CW celectrode cutting mainly targets achieving superior cutting speeds through the excellent
beam qualities and high average powers of single-mode laser beam sources. LUETKE ET
AL. (2011) demonstrated that already a power level of 250 W allows to surpass a cutting speed
of 1m-s™?! for both the cathodes and anodes, while increasing the power to 5SkW enables
speeds exceeding 10m - s™1
fied process windows for CW laser cutting of LCO cathodes and graphite anodes and proposed
paramter sets for reduced kerf and clearance widths. BAUMANN ET AL. (2019) attained single-
scan cutting speeds of up to 6m - s~ for graphite anodes and 3m - s~ for LFP cathodes using
a single-mode CW fiber laser. However, the authors evidenced that multi-pass cutting at lower
laser powers diminishes the formation of spatters and an HAZ. LEE ET AL. (2019) defined five
cutting regimes for compressed and uncompressed LFP cathodes, noting enhanced cut-edge
features for compacted cathodes. Similar categorizations were applied to graphite anodes
(LEE 2018; LEE & Suk 2020) and LCO cathodes (LEE & AHN 2017).

, outperforming nanosecond laser units. LEE ET AL. (2016) identi-

Besides that, a series of studies advanced the understanding of the occurring physical mecha-
nisms during CW laser cutting through numerical modeling. Initial simulations focused on the
interaction of laser radiation with current collector foils, considering heat transfer, fluid dynam-
ics, evaporation, recoil pressure, capillary and thermo-capillary forces, multiple reflections, and
Knudsen layer formation (LEE ET AL. 2012; LEE & MAZUMDER 2018). Later, the three-dimen-
sional mathematical model was extended to simulate the laser processing of entire anodes (LEE
ET AL. 2013).

Research on the ultrashort-pulsed laser cutting of electrodes remains relatively scarce compared
to studies focusing on longer pulse durations. ZHANG ET AL. (2019a) explored cutting graphite

%8 The reflectance of copper significantly decreases for a wavelength of 532 nm compared to 1064 nm (QUERRY 1985, p. 174).
% An ANOVA allows to determine the effect of independent variables on a dependent variable in a regression study (TABACH-
NICK & FIDELL 2007, p. 1).
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anodes with pico- and femtosecond laser pulses, whereas a multi-scan cutting strategy improved
the cut-edge quality compared to separation with a single scan cycle. The authors estimated that
power levels of 162W, 185W, and 296 W are required to achieve a cutting speed of
0.5m - s~ at pulse durations of 250fs, 1ps, and 10 ps, respectively. This high power demand
for reaching competitive cutting speeds may explain why ultrashort-pulsed laser beam sources
have yet to be widely adopted in commercial battery production, despite their potential to create
high-quality cut edges. Thus, HUANG ET AL. (2021) applied picosecond pulse bursts to enhance
the cutting efficiency for copper current collector foils and graphite anodes. Switching from
single pulses to pulse trains with ten sub-pulses doubled the cutting speed for graphite anodes
at equivalent average laser powers.

3.1.2 Lithium metal substrates

The scientific literature on laser processing of lithium substrates is limited. Nonetheless, theo-
retical considerations enable the identification of critical quality parameters, and research on
similar materials provides valuable insights into process design. This subsection summarizes
the most important aspects of cutting lithium layers with laser radiation.

Technological classification

Utilizing lithium as the AAM necessitates adapting the cutting processes used in current battery
production. LIB electrodes typically are porous particle—binder composites coated onto metallic
current collectors, whereas LMAs are available as freestanding films or are coated or laminated
onto current collector foils. The desired LMA thickness is dictated by the targeted lithium ex-
cess and is typically expected to range from 10 — 20 um (cf. Subsection 2.1.4), which is con-
siderably thinner than the 50 — 150 pm standard for LIB electrode coatings (DUFFNER ET
AL. 2021b; SCHMUCH ET AL. 2018). Moreover, the material properties of lithium, including its
adhesiveness (GRADY 1980, p. 133), softness (GARRETT 2004, p. 211), flammability, and reac-
tivity (JEPPSON ET AL. 1978, pp. 21 — 42), pose substantial processing difficulties. While the
challenges in handling the sensitive layers can be managed through careful manual handling
(WU ET AL. 2019a) and by applying exceptionally thick lithium foils or pellets (FRITH ET
AL. 2023; LIU ET AL. 2019) in laboratory settings, they complicate industrial-scale processing.
In experimental setups, LMAs are typically singularized manually from coils using scissors or
hand punches (STUMPER ET AL. 2023b). Frequent tool cleaning is required to counteract the
progressive deterioration of the cut-edge quality by blade contamination from lithium residue
build-up (JANSEN ET AL. 2018). These concerns raise doubts about the suitability of mechanical
cutting techniques, such as fine blanking and roll knife slitting, for large-scale production. Con-
sequently, numerous patents have proposed modified separation processes tailored to the
unique requirements of LMAs.

One proposed method to prevent contamination involves applying lubricants to the blades.
However, in that case, additional cleaning steps are required to remove lubricant residues from
the LMAs prior to battery assembly (BACKLUND 1977). An alternative strategy avoids direct
contact between the cutting tools and lithium by interposing a thin, flexible film, leveraging the
deformability of plastics like polyethylene to withstand cutting stresses (BACKLUND 1977;
BEAUCHAMP & FUSEY 2020). A common challenge of these methods is ensuring the complete
removal of any cutting additives. Other cutting technology innovations include cutting tools
with asymmetric blade geometries (SHANNON ET AL.2020) or lithium-repellent
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coatings ° (WEBER 2019). Nevertheless, the abovementioned techniques have yet to undergo
rigorous scientific investigation or industrial adoption. Recent reviews on LMB production un-
derscored the advantages of contactless laser cutting over traditional mechanical methods
(DUFFNER ET AL. 2021b; SCHNELL ET AL. 2018). While laser cutting is speculated to offer lower
throughput and higher costs compared to mechanical cutting, these assumptions lack empirical
validation (DUFFNER ET AL. 2021b). As with LIB electrode separation, the choice of a cutting
technique for LM As depends on the achievable cut-edge quality and process efficiency, which
is further discussed in the following paragraphs.

Quality considerations

The surface quality of LMAs is critical to the performance of LMBs, particularly in maintaining
uniform lithium stripping and plating during battery operation. Early research on batteries with
LE and PE correlated the growth of lithium dendrites to localized current density variations
caused by surface defects (BRISSOT ET AL. 1999; GIREAUD ET AL. 2006). This concept has since
been extended to ceramic ASSBs, where the distortion and bundling of electric current lines at
discrete contact points along the lithium—SE interface lead to constriction resistances’! that
hinder charge transfer (CAO ET AL. 2020; KRAUSKOPF ET AL. 2019b). Microstructural defects
on the surface of LMAs diminish the effective contact area to the adjacent SE separator, result-
ing in increased interfacial impedances and current focusing (see Figure 3.2, a). Thus, the
initial lithium stripping step after cell assembly is especially influenced by the LMA surface
microstructure, which affects battery performance in subsequent cycles (KASEMCHAINAN ET
AL. 2019). Cutting-induced defects, such as spatters, pits, or areas of melt elevation, alter the
inflow of lithium ions and lead to uneven lithium deposition rates. Figure 3.2 (b) depicts the
surface of an LMA after nanosecond laser cutting, showing typical microstructural defects.
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Figure 3.2: (a) The impact of the interface morphology between a lithium metal anode (LMA) and a solid elec-
trolyte (SE) layer is schematically presented from a top and a side view. The limited contact points
between the two layers result in constriction resistances and the bending of current lines. The figure
was adapted from KRAUSKOPF ET AL. (2019b). (b) An exemplary top view of a laser cut in a free-
standing lithium substrate obtained with scanning electron microscopy (SEM) is shown. Surface de-
fects, such as melt elevations and spatters, are marked. This cut was performed with a nanosecond-
pulsed laser unit under arbitrary process parameters, demonstrating the occurrence of melt elevations
and spatters.

OFor instance, ceramic garnet coatings prevent lithium adhesion by forming lithiophobic Li,CO5 (WEBER 2019, p. 3).

"I Constriction resistances arise from inadequate contact between electrical conductors, leading to current line bundling around
discrete contact points (SLADE 2014, p. 4 £.).

72 Current focusing refers to the formation of current hotspots due to unbalanced Li* ion current distributions (KRAUSKOPF ET
AL. 2020, p. 7766).
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Applying external pressure can leverage the plasticity of lithium to enhance the contact with
adjacent layers (MASIAS ET AL. 2019). However, the risk of short-circuiting and the practical
challenges of applying high pressures question the viability of this approach as a comprehensive
solution for overcoming surface defects (DOUX ET AL. 2020; WANG ET AL. 2019b).

Given lithium’s high reactivity, cutting processes should be conducted in a dry or inert gas
atmosphere to prevent adverse reactions. This aspect is further examined in Subsection 3.2.2,
which is dedicated to the surface characteristics of LMAs.

Process design

In the academic sector, only small quantities of lithium are typically processed for manufactur-
ing prototype LMBs. Consequently, in-depth exploration of individual production processes
has not been a primary research focus, as X1AO ET AL. (2023) noted. The limited emphasis on
lithium processing has resulted in a scarce scientific literature base on its laser cutting. Lithium
exhibits a low thermal conductivity of 85W - (m - K) ™! as well as comparably low melting and
boiling points of 181°C and 1342°C, respectively (GARRETT 2004, p. 211). These thermal
properties are major determinants for its behavior when subjected to laser radiation.

Studies on the laser cutting of magnesium alloy (AZ31) (DEMIR & PREVITALI 2014a) and pure
zinc (CATALANO ET AL. 2018) have revealed dross formation as a critical factor affecting the
cut-edge quality of metals with low melting points ’*. This finding provides an initial indication
of the behavior of lithium under the influence of laser radiation.

HOERDEMANN (2018, p. 52) used spectrometric analyses to show that lithium’s absorption for
typical laser wavelengths is below 10 %, but increases above 60 % for UV wavelengths. More-

over, an ablation threshold of 0.6] - cm™2

at a pulse duration of 10ps and a wavelength of
532 nm was identified, with experiments performed inside an inert gas box to prevent lithium
degradation. Further optical measurements for lithium were presented in a patent by
BOCKSROCKER (2022), illustrating that the absorption can be increased by factors of 2.8 and
10.6 when working at wavelengths of 515nm and 355 nm, respectively. These observations
differ from the previously reported data, especially concerning the absorption at a wavelength
of 532nm (HOERDEMANN 2018, p. 52). Such discrepancies might be due to the relative surface
conditions of the lithium layers, resulting from varying fabrication methods and degradation
levels. According to BOCKSROCKER (2022), the higher absorption allows for higher scanning
velocities, which, in turn, reduces HAZ formation, melt residues, and LiOH accumulation along

the cut edge.

JANSEN ET AL. (2018) utilized a nanosecond laser unit to cut a 50 um thick freestanding lithium
foil in dry atmosphere. The authors observed pronounced melt bulges and emphasized the need
for high pulse overlaps to stabilize the melt pool during cutting. Adjusting the cutting speed
affected the melt width and elevation. Diminishing the pulse duration from 240ns to 26 ns
impeded the formation of a continuous melt pool, which entailed uneven cut edges. After laser
cutting at a dew point of —15 °C, reaction products were detected near the cut edge, while such
contaminations could be prevented by lowering the dew point to —30°C. Laser cutting of de-
graded lithium samples triggered their ignition, showcasing the inherent safety risk of the
process.

3 The melting points of pure zinc and AZ31 are 420 °C and 632 °C, respectively (CATALANO ET AL. 2018).
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3.1.3 Ceramic solid electrolyte layers

Ceramic ASSBs are predominantly fabricated in laboratory settings as small-format, single-
layer prototypes. As a result, ceramic SE layers are commonly prepared manually, limiting
research on their separation. This subsection provides an overview of the technological frame-
work for separating these substrates by integrating potential quality characteristics derived from
battery research with process design insights on the laser machining of ceramics. The focus is
placed specifically on oxide-ceramic SE, as they are the primary materials investigated in this
thesis.

Technological classification

Ceramic SE layers are produced mainly by high-temperature sintering (cf. Subsection 2.1.6).
Prior to sintering, the low hardness of the unfired green tapes facilitates their pre-shaping by
mechanical punching (GROSS ET AL. 2021; JIANG ET AL. 2020). However, the SE layers are sub-
ject to geometric changes during heat-induced densification. For instance, GROSS ET AL. (2021)
and GROSS ET AL. (2022) observed shrinkage of circular LATP samples by 20 — 26 % depend-
ing on the sintering additives employed. Similarly, YANG ET AL. (2018c) reported volume re-
ductions of 8 — 10% for LLZO pellets. Thus, a secondary cutting step post-sintering is essen-
tial to obtain precisely shaped SE layers (SCHNELL ET AL. 2018).

Once sintered, oxidic SE layers become extremely brittle, with a fracture toughness around
1MPa - m®®°, which is at the lower end for ceramics and far below the values of metals, which
range from 20 — 100 MPa - m®> (WOLFENSTINE ET AL. 2018). The low ductility poses chal-
lenges for the mechanical processing of thin SE layers. Conventional cutting methods, such as
mechanical scribing and breaking, wire saw cutting, or abrasive wheel cutting, are likely to
induce fractures, micro-cracks, and edge-chipping, similar to what has been observed for other
technical ceramics (RAKSHIT & DAS 2019). In contrast, contact-free cutting techniques, such as
wire electrical discharge machining and abrasive water jet machining, provide benefits in re-
ducing mechanical damage. However, laser beam machining stands out from these methods
due to its high cutting rates (RAKSHIT & DAS 2019; SAMANT & DAHOTRE 2009).

Quality considerations

Knowledge regarding laser material processing of ceramic SEs and the implications of cut-edge
characteristics on the performance of ASSBs remains limited. The following discussion aims
at linking the attributes of thin ceramic substrates’* after laser processing to electrochemical
theory to conclude on potential quality-relevant cut-edge characteristics.

During ceramic laser processing, various defects might be introduced into the material. Firstly,
melt formation has been observed across diverse ceramics and pulse durations, leaving behind
a characteristic rim when liquid material fractions are displaced by pressure-induced hydrody-
namic motion (BEN-YAKAR ET AL. 2007; NIETO ET AL. 2015; RUNG ET AL. 2022). Secondly,
cracking and chipping due to thermal stresses are well-documented effects when machining
ceramics with laser radiation (NARAZAKI ET AL. 2020; SUN ET AL. 2016; WLODARCZYK ET
AL. 2016). Based on these findings, especially for SEs that exhibit anisotropic thermal expan-
sion, like LATP (JACKMAN & CUTLER 2012), fracturing can be anticipated in case of excessive
heat generation within the process zone. Thirdly, high-density free electrons excited by

74To facilitate comparisons with SE layers intended for use as separators, studies focusing on the laser processing of ceramic
layers with thicknesses significantly less than 1 mm are prioritized.
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ultrashort laser pulses can lead to needle-like cracks due to electronic damage’ (SUN ET
AL. 2013; SUNET AL. 2016).

The anticipated damage profiles occurring during laser processing can be correlated with the
mechanical requirements for SE layers and known degradation mechanisms in ASSBs. On the
one hand, mechanical integrity is essential for the damage-free assembly and reliable operation
of ASSBs. Microstructural irregularities along the cut edges diminish the mechanical strength
of SE components, as these irregularities serve as points of concentrated mechanical
stress (BADDING ET AL. 2011).

On the other hand, inhomogeneous physical contact between the LMA and the SE separator is
electrochemically detrimental, as discussed in Subsection 3.1.2. Alongside defects in the LMA,
protrusions and cracks in the SE layer can also trigger current focusing (KRAUSKOPF ET
AL. 2020, p. 7767). Imperfections at the LMA—SE interface may fill with lithium during elec-
trodeposition. Then, rising current densities at crack tips lead to stress accumulation, ultimately
causing brittle fracture of the SE layer (see Figure 3.3, a). It has been speculated that the local-
ized creep of lithium from cracks relates to stress development and impacts the CCD (KAZYAK
ET AL. 2020; LEPAGEET AL. 2019). BUCCI & CHRISTENSEN (2019) corroborated this assumption
through continuum modeling, showing that the driving force for lithium plating at crack tips
increases with crack length.

Besides that, micro-cracks are suspected to cause non-uniform current densities due to locally
reduced ionic conductivity in SE substrates (JACKMAN & CUTLER 2012). PORZ ET AL. (2017)
demonstrated crack propagation across four ceramic SE types with varying surface grades in
electrodeposition experiments coupled with microscopy. Their study included the development
of an electrochemical model that highlighted the critical importance of minimizing SE surface
defects, as these defects propagate beyond a CCD under mechanical stress. In addition,
KRAUSKOPF ET AL. (2019a) monitored the initial stage and propagation of lithium penetration
into LLZO in operando. The growth of lithium dendrites was observed by in-situ and ex-situ
microscopic methods and the local current densities at the whisker roots were estimated to be
as high as several hundred mA - cm~2. Consequently, the authors argued that mechanical dam-
ages at the SE layer surface serve as preferred sites for lithium nucleation’®, further stressing
the need for defect-free SE layers in ASSB applications.

Beyond mechanical damage, chemical degradation induced through the heat impact during la-
ser processing can impact the SE layer characteristics. For instance, the release of aluminum
ions from AIPO, and the reduction of Ti** to Ti3* are triggered when heating LATP to 900 °C
(GELLERTET AL. 2018). The reduction of titanium manifests itself as a blue coloring (Cut 2018,
p. 133 f.), which, together with other cutting defects, is depicted in Figure 3.3 (b).

Besides that, ZHANG ET AL. (2019c) recognized the localized transition from an amorphous to
a crystalline phase when creating nano-gratings in glass substrates by ultrashort-pulsed laser
radiation. Such a transition may lead to inhomogeneous charge transfer, given that the crystal-
linity affects the ionic conductivity of SEs (ZHANG ET AL. 2019b).

75 Electronic damage is a known mechanism of crack formation for materials processing of dielectrics with ultrashort laser
pulses induced by refractive index modifications through high-density free electrons (SUN ET AL. 2013, SUN ET AL. 2016).

76 Lithium nucleation refers to the aggregation of lithium atoms to nuclei during the primary stage of lithium metal deposition
when lithium ions from the electrolyte gain electrons and are reduced to metallic lithium (PEIET AL. 2017).
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Figure 3.3: (a) The initiation of solid electrolyte (SE) layer penetration at lithium-filled surface defects due to
current focusing and stress accumulation at the tip of a surface flaw is illustrated. The highlighted
detail exhibits the localized viscous flow away from the tip. The figure was adapted from depictions
by LEPAGE ET AL. (2019) and KRAUSKOPF ET AL. (2020). (b) A laser scanning microscopy (LSM)
image of a nanosecond-pulsed laser cut in an LATP layer is presented, revealing various defects,
including cracks, melt bulges, and traces of blue coloring due to chemical alterations along the
cut edge.

Process design

Given the limited scientific literature on the laser processing of ceramic SEs, an initial exami-
nation of the general behavior of ceramics under laser radiation is presented below to derive
insights applicable to SE processing. Due to their dielectric nature and lack of free electrons,
ceramic materials exhibit low linear absorption across most wavelengths (cf. Subsection 2.2.3).
Material removal of ceramics with CW laser beams and short laser pulses relies on thermal
mechanisms. However, with boiling points usually exceeding 1000 °C, the thermal stresses and
shocks induced during the process often result in poor cut-edge quality (PERRY ET AL. 1999). In
contrast, the non-linear absorption mechanisms and localized heat impact associated with pico-
and femtosecond laser pulses enhance ceramic machinability (IHLEMANN ET AL. 1995; SCHAF-
FER ET AL. 2001). Consequently, contemporary studies have primarily focused on using ultra-
short laser pulses for processing of technical ceramics, such as alumina (Al,03) (HAN ET
AL. 2023; RUNG ET AL.2022), zirconia (ZrO;) (ACKERL ET AL.2021; ACKERL & WE-
GENER 2019), and aluminum nitride (AIN) (NARAZAKI ET AL. 2020; 2021).

Structural defects, impurities, and grain boundaries influence the laser absorption in dielectric
materials (ARMBRUSTER ET AL. 2018), suggesting that similar microstructural features in SE
layers may affect their laser processing behavior. Moreover, the low thermal conductivity
within ceramic materials promotes heat accumulation during laser processing (KIMET AL. 2009;
NARAZAKIET AL. 2020; 2021). This is particularly relevant for NaSICON ceramics, which have
comparably low thermal conductivities’’ of less than 2W - (m - K) ™!, depending on substrate
density (BUCHARSKY ET AL. 2016; ROHDE ET AL. 2020). Consequently, scaling up laser cutting
of ceramics is challenging (cf. Subsection 2.2.4). Stepwise material ablation offers a viable ap-
proach to mitigate breakage due to excessive thermal impact. Unlike LIB electrodes and lithium
substrates, which are typically separated within a single scan cycle, ceramic components may
require multiple scan cycles to achieve complete separation. Since stepwise ablation usually

77For example, the popular ceramics Al,05 and AIN possess room-temperature thermal conductivities of 230 W - (m - K)~*
and 32W - (m - K)™1, respectively (NARAZAKI ET AL. 2021).
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reduces the absolute cutting speeds, a primary objective in ceramic machining is to optimize
material removal efficiency to enable process scaling. To this end, one promising approach to
enhance the specific material removal rates for ceramics involves applying mega- and gigahertz
pulse bursts (HODGSON ET AL. 2020; METZNER ET AL. 2022; REMUND ET AL. 2020).

Although scientific studies on laser cutting of ceramic SEs remain limited, BADDING ET
AL. (2019) patented a method for the micro-machining of SE membranes. Therein, potential
laser parameter sets ’® for cutting LATP membranes are proposed, though no experimental val-
idation is provided. The authors suggested that multiple laser scan cycles may be needed to
fully ablate SE sheets, depending on their thickness and the laser parameter choice. Further-
more, they noticed that laser-ablated membranes might exhibit characteristics of liquid-phase
sintering. Relative to the uncut sheet, the laser-generated cut edge might appear flatter, wrinkle-
free, thinner, pore-free, and fine-grained, with enhanced mechanical strength, density, and her-
meticity. The improved mechanical strength of laser-cut samples compared to shrink-to-fit sam-
ples was demonstrated in a three-point bending test.

It shall be noted that XU ET AL. (2021) and YAN ET AL. (2022) demonstrated the laser fabrication
of micro-structures in LLZO and LAGP pellets, respectively. However, both publications fo-
cused on the electrochemical benefits of three-dimensional interface modification rather than

on process design specifics, which is why they are discussed in greater detail in Subsec-
tion 3.2.3.

3.2 Laser-based surface modification

This section concentrates on surface modification of battery components using laser micro-
processing techniques. Initially, electrode laser structuring is reviewed as a reference process
from LIB production (cf. Subsection 3.2.1). Building on this foundation, two approaches for
modifying the surface structure of ASSB components are examined. Subsection 3.2.2 addresses
the treatment of LM As aimed at enhancing their morphological and chemical surface charac-
teristics. Subsection 3.2.3 then explores methods for fabricating SE scaffolds, detailing how
laser ablation can be utilized to manufacture scaffolds with a directed microstructure. Overall,
a product-focused perspective is adapted, emphasizing potential improvements to ASSBs
through the introduced laser techniques. However, given that the same materials are covered as
in Section 3.1, many of the insights into the process behavior also apply here.

3.2.1 Electrode laser structuring

Laser structuring is a prominent method for modifying the interface between the LE and the
active material particles within LIB electrodes, which presents significant promise for industrial
implementation (PFLEGING 2020). The following paragraphs provide an overview of the theo-
retical concept alongside relevant process- and product-related research. For a comprehensive
understanding, readers are encouraged to explore doctoral theses on electrode laser structuring
by PROELL (2014), KOHLER (2014), MANGANG (2019), and HABEDANK (2021).

78 The recommended laser units included a picosecond laser beam source with a pulse repetition rate of 1 MHz operating at a
wavelength of 355 nm, a femtosecond laser beam source with a pulse duration below 700fs, a pulse repetition rate of 1 MHz,
and a pulse energy of 10 pJ operating at a wavelength of 1560 nm, and a nanosecond laser beam source with a pulse repetition
rate of 0.1 MHz operating at a wavelength of 1560 nm. (BADDING ET AL. 2011)



54 3 State of the Art

Underlying concept

The microstructural design of electrodes is critical to the performance of LIBs, directly affect-
ing their energy and power densities. Key design parameters, such as the electrode’s loading,
thickness, and porosity, are mainly established during the coating, drying, and calendering pro-
cesses depending on the material choice and process specifics (BUQA ET AL. 2005; ZHENG ET
AL. 2012). To achieve high energy densities, minimizing the passive material content within a
battery is essential, which requires thick and densely packed electrodes with high areal capaci-
ties. However, low-porosity electrodes suffer from high tortuosities, which hamper ion
transport (THORAT ET AL. 2009; ZACHARIAS ET AL. 2013). This issue is further exacerbated as
electrode thickness increases (GALLAGHER ET AL. 2015; SINGHET AL. 2015). The elongated ion
diffusion pathways through the LE contained within the pore structure result in lithium-ion
concentration gradients and electrochemical overpotentials under high current loads. These fac-
tors limit the battery’s capacity and promote the risk of lithium plating when the anode potential
locally falls below 0V versus Li/Li* (cf. Subsection 2.1.4) (GALLAGHER ET AL. 2015; SUTHAR
ET AL. 2015). Therefore, techniques to enhance ion transport within electrodes are of interest to
achieve high energy and power densities simultaneously.

To overcome diffusion limitations within the complex pore network of LIB electrodes, a pa-
tented method by SAUTER (2012) relies on introducing cavities perpendicular to the electrode
surface. These engineered pores, typically organized periodically in grid, line, or hole patterns,
act as shortcuts for lithium ions, effectively reducing the through-plane tortuosity within elec-
trodes by curtailing the ion diffusion pathways (see Figure 3.4, a) (NEMANI ET AL. 2015). Ac-
cording to a taxonomy presented by HUNG ET AL. (2022), electrodes featuring a secondary pore
network (SPN)” are classified as structured electrodes, a subset within three-dimensional bat-
tery designs.

Various manufacturing techniques have been explored to adjust the electrode pore morphology,
including co-extrusion (BAE ET AL. 2013), magnetic particle alignment (BILLAUD ET AL. 2016;
SANDER ET AL. 2016), multi-layer coating (BITSCH ET AL. 2016), pore-forming agent evapora-
tion (JANG ET AL. 2021), micro-embossing (KEILHOFER ET AL. 2023; SANDHERR ET AL. 2023),
and freeze-casting (HUANG ET AL. 2019; HUANG & GRANT 2018). Laser radiation was also in-
vestigated for the subtractive creation of cavities shortly after the initial patent disclosure (PRO-
ELL ET AL. 2014).

Laser structuring offers several advantages, including the ability to produce precise structures
with micrometer-sized features and to alter the electrode surface without mechanical impact,
preserving the material surrounding the induced structures. Additionally, laser structuring can
be seamlessly integrated into existing roll-to-roll electrode manufacturing lines as a drop-in
technology. Finally, laser structuring has already been applied in other industries, which, to-
gether with the ever-increasing average laser powers (BRINKMEIER ET AL. 2022), makes it a
promising candidate for industrial implementation.

Figure 3.4 (b) exemplarily depicts the surface of a laser-structured graphite anode with the drill-
ings arranged in a hexagonal pattern.

79 USSEGLIO-VIRETTA ET AL. (2020) define an SPN as a structure in which additional engineered pores are selectrively intro-
duced to complement rather than substitute the existing pore network within an electrode. These SPNs are also commonly
referred to as dual-pore networks.
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Figure 3.4: (a) The cross section of a graphite anode with laser-induced structures is schematically depicted. Ex-
emplary lithium-ion transport pathways through the native electrode structure and a laser-induced
pore are comparatively delineated. The figure was adapted from HABEDANK ET AL. (2018a). (b) A
scanning electron microscopy (SEM) top view of a laser-structured graphite anode with drillings ar-
ranged in a hexagonal pattern is shown. The microscopic drillings were introduced by using a pico-
second-pulsed laser process.

It is worth noting that three-dimensional thin-film electrode designs have been proposed for
micro-batteries ® (FERRARI ET AL. 2015) and implemented using laser methods (KOHLER ET
AL. 2013; PROELL ET AL. 2011; PROELL ET AL. 2013). However, due to the significant differ-
ences in functionality and applications between micro-batteries and the battery types discussed
in this thesis, such studies are not further considered. Additionally, research has been conducted
to counteract the clogging of electrode pores with binder—additive fractions (SCHMIDT ET
AL. 2018), employing a quasi-two-dimensional surface treatment (BOLSINGER ET AL. 2020;
ENDERLE ET AL. 2020; KLEEFOOT ET AL. 2022; SANDHERR ET AL. 2022). However, as this ap-
proach focuses on minimal active material removal and resembles laser cleaning rather than
structuring, it is detailed further in Subsection 3.2.2.

Process design, scale-up, and integration

This paragraph addresses essential considerations for integrating electrode laser structuring into
industrial practices. Initially, research focused on laser process design, with later efforts shifting
towards scaling the process for inclusion in LIB production lines. The fundamental mechanism
of laser structuring involves removing entire active material particles by evaporating the sur-
rounding binder (PROELL 2014, p. 182), akin to laser cutting (cf. Subsection 3.1.1). The need
for fine features and structure geometries arranged in various patterns has led to a focus on
pulsed laser beam sources, primarily in the ultrashort pulse regime.

MANGANG ET AL. (2016) explored nano-, pico-, and femtosecond laser pulses for structuring
LFP cathodes, asserting ultrashort pulses are particularly effective for achieving both structures
with high depth-to-width aspect ratios and high ablation rates. HABEDANK ET AL. (2018a) ob-
served that higher binder contents in graphite anodes resulted in lower ablation depths for
femtosecond laser pulses. PARK & LEE (2021) employed nanosecond laser pulses to create
grooves in LFP cathodes, identifying distinct partial, full, and excessive ablation regimes. SEM,
EDX, and XRD analyses by DUNLAP ET AL. (2022) showed that ultrashort-pulsed laser struc-
turing can be performed without significant chemical or structural damage to the electrodes.

2.,

80 Micro-batteries are characterized by volumes of < 0.1.cm3, energy densities of < 1]-cm™2 - um™1, and electrode coating

thicknesses of < 10 um (FERRARI ET AL. 2015).
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MEYER ET AL. (2023) conducted ablation experiments on graphite and silicon—graphite anodes
using femtosecond laser pulses, focusing on the impact of pulse-to-pulse interactions on struc-
ture geometry, defect formation, and volume ablation rate. HILLE ET AL. (2023a) introduced a
threshold-based segmentation algorithm for automated topographic characterization of laser-
structured electrodes in LSM images, improving accuracy and efficiency in analyzing large data
sets. The software enabled the assessment of 1897 parameter combinations in a separate study
using a picosecond-pulsed laser unit (HILLE ET AL. 2023c). Amongst others, the finding re-
vealed that wavelengths of 532 nm and 355 nm, combined with pulse bursts, are advantageous
for achieving high aspect ratios in graphite anodes. SIKORA ET AL. (2024) showcased that femto-
second pulse bursts could reduce processing time to nearly 25% by splitting the single-pulse
energies in trains of 32 pulses.

Scaling up electrode laser structuring poses significant challenges for industrial implementa-
tion. Two main approaches identified in the literature are the combination of high-speed scan-
ning systems with high pulse repetition rates and multi-beam processing. HABEDANK ET
AL. (2020) outlined requirements for inline electrode structuring and conceptualized a polygon
scanning unit achieving precise spatial pulse positioning at deflection speeds of several thou-
sand meters per second. HILLE ET AL. (2023¢) demonstrated a reduction to almost 10 % in pro-
cessing time for picosecond-pulsed anode structuring by generating 21 sub-beams with a DOE.
Model calculations based on their experimental findings suggested the need for kilowatt-level
laser powers to meet industrial throughput, with estimated process cost around
2US$ - (kWh)~1. YAMADA ET AL. (2023) introduced a roll-to-roll system capable of creating
1 - 10° through-holes per second by transferring electrodes across a hollow cylinder with open-
ings allowing for guiding a laser beam onto the substrates from within the cylinder.

As a drop-in technique to the conventional LIB production chain, laser structuring impacts both
upstream and downstream processes. Additional channels in structured electrodes facilitate
faster cell wetting by enabling rapid LE percolation. PFLEGING ET AL. (2014) and PFLEGING &
PROELL (2014) provided evidence of an accelerated electrolyte uptake of structured cathodes
through capillary rise testing, significantly reducing the wetting period before cell formation.
HABEDANK ET AL. (2019b) monitored the wetting of pouch cells via neutron radiography *'.
Employing electrodes with a laser-induced grid structure reduced the LE permeation time from
hours to minutes.

DUNLAP ET AL. (2022) confirmed that structuring one electrode also enhances electrolyte im-
pregnation in the opposing electrode. Further evidence of improved electrolyte uptake in laser-
structured electrodes was provided by BERHE ET AL. (2023), employing optical imaging, contact
angle measurements, and capillary rise testing. Associated analytical modeling allowed the sim-
ulation of wetting rates for LFP cathodes with various groove geometries.

In addition to the works concentrating on cell wetting, HILLE ET AL. (2023b) investigated feasi-
ble integration positions for laser structuring in the LIB production chain. Implementing laser
structuring after the coating, drying, and calendering step highlighted individual advantages for
geometrical, mechanical, and electrochemical electrode characteristics at each integration
point.

81 Neutron radiography is a non-destructive imaging technique that uses neutrons for high-resolution imaging of internal object
structures. Unlike X-rays, neutrons do not interact with electrons but with the atomic nucleus, rendering neutron radiography
effective in imaging dense materials. (STROBL ET AL. 2009)
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Electrochemical characteristics

This paragraph reviews the beneficial impact of electrode laser structuring on the electrochem-
ical performance of LIBs, as reported in the literature. Initial studies investigated combining
structured and standard electrodes to identify the sources of electrochemical improvement. In-
dependent research groups have consistently demonstrated improved current rate capabilities
for LIBs with laser-structured cathodes (BRYNTESEN ET AL. 2023; MANGANG ET AL. 2016; PRO-
ELL ET AL. 2014; SMYREK ET AL. 2016; ZHU ET AL. 2019b; ZHU ET AL. 2021) and anodes
(DUBEY ET AL. 2020; HABEDANK ET AL. 2018a; KIM ET AL. 2018). The increased accessible ca-
pacities, especially at high current rates, were attributed to reduced tortuosities and superior
lithtum-ion diffusion kinetics within the electrodes.

Building on this, HILLE ET AL. (2022a) suggested that coordinating primary porosity after cal-
endering with additional directional pores can mitigate the conflicting demands of high energy
and power densities. Further research examined the structuring of both electrodes. HILLE ET
AL. (2021) used EIS to derive ionic resistances and effective tortuosities of hole-patterned cath-
odes and anodes, ascertaining that laser modifications enhance the electrochemical performance
of'both electrode types. However, the effect was more pronounced for anodes due to their higher
initial tortuosities. Thus, the authors suggested that for cost-sensitive industrial use cases, only
structuring the anodes may be preferential, a conclusion later supported by DUNLAP ET
AL. (2022).

Several studies have explored laser-structured electrodes in fast-charging applications, focusing
on anodes, given their critical role in LIB charging behavior (cf. Subsection 2.1.4). KIM ET
AL. (2018) analyzed the coloration of electrode cross-sections to conclude on local SOCs, find-
ing that patterned anodes exhibited a more uniform charge distribution than standard ones.
HABEDANK ET AL. (2019a) identified voltage plateaus during rest periods after low-temperature
fast charging. They correlated the lower voltage relaxation in cells comprising laser-structured
anodes with reduced lithium plating. At high charging current rates of 4C and 6C, CHEN ET
AL. (2020) demonstrated improved capacity retention of multi-layer pouch cells with laser-
structured graphite anodes compared to reference cells. Post-mortem studies pinpointed the
omission of lithium plating as a probable cause for the prolonged lifetime of LIBs comprising
laser-structured anodes.

Finally, some publications have explored the benefits of structured electrodes in specialized
applications. WATANABE ET AL. (2019) showed enhanced direct-contact pre-lithiation®* using
through-holed electrodes. Moreover, ZHENG ET AL. (2017), MEYER ET AL. (2021), and ZHENG
ET AL. (2022) proposed the introduction of grid and line patterns in silicon—graphite anodes to
decrease cell degradation by alleviating mechanical stress stemming from particle volume ex-
pansion (cf. Subsection 2.1.4).

The empirical insights concerning electrode laser structuring were further supported by elec-
trochemical modeling. NEMANI ET AL. (2015) developed a two-dimensional model indicating
that channels perpendicular to the electrode surface enhance the C-rate-capability of LIBs, par-
ticularly for fine structures tapering toward the separator. HABEDANK ET AL. (2018b) and CHEN
ET AL. (2020) employed three-dimensional models to simulate lithium-ion concentration pro-
files, linking current-dependent capacity improvements in LIBs with perforated electrodes to

82 Pre-lithiation methods aim to compensate for lithium losses during SEI formation or over a battery’s lifetime by implement-
ing an additional lithium source during cell production (HOLTSTIEGE ET AL. 2018).
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lower through-plane concentration gradients in the LE. To boost the computational efficiency
compared to three-dimensional models, KRAFT ET AL. (2020) implemented a pseudo-two-di-
mensional Newman model (DOYLEET AL. 1993; FULLER ET AL. 1994). They identified electrode
tortuosity as a key factor in reducing overpotentials, with numerically obtained discharge ca-
pacities aligning well with experimental outcomes. Besides that, the ability of laser-structured
anodes to maintain their electrochemical potential above the lithium plating threshold was re-
vealed. LAURIET AL. (2021) established a microstructure-resolved model to investigate pattern-
ing effects on the capacity, temperature evolution, and degradation of batteries. The authors
emphasized the decreased risk of lithium plating for perforated electrodes in fast-charging ap-
plications.

USSEGLIO-VIRETTA ET AL. (2020) conducted an analytical investigation on the design of SPNs,
finding that a marginal addition of directed pores to the inherent pore structure of standard
electrodes enhances electrochemical performance. These results were supported by a two-di-
mensional physics-based model, which indicated that coarser secondary pores are more suitable
for fast-charging applications (MAIET AL. 2020). Later, GOEL ET AL. (2023) confirmed the ben-
efits of structured electrodes for high-current operation via continuum-scale modeling. They
revealed that small inter-channel spacings improve fast charging up to a certain threshold be-
yond which lithium-ion diffusion is no longer a limiting factor for LIB performance.

3.2.2 Lithium metal anode modification

This subsection outlines the critical role of LMA surface characteristics in determining their
electrochemical behavior. It explores various techniques discussed in the literature for modify-
ing the chemistry and topography of lithium substrates. Additionally, it reviews existing studies
on the laser-based surface modification of related materials, laying the groundwork for trans-
ferring these processes to LMAs.

Underlying concept

The chemical and morphological state of LMAs is critical to the electrochemical performance
of LMBs. Depending on their manufacturing (cf. Subsection 2.1.6), commercial lithium foils
contain micro-scale surface defects and metallurgical non-uniformities, such as pits, inclusions,
grain boundaries, and slip lines (see Figure 3.5, a) (GIREAUD ET AL.2006). Research by
AURBACH & GOFER (1989), later corroborated by GIREAUD ET AL. (2006), asserted that lithium
dendrite growth tends to initiate at sites of stress or micro-cracks. Thus, minimizing surface
roughness and surface defects on LMAs is essential for homogenizing the current density dis-
tribution and decreasing dendrite formation (GIREAUD ET AL. 2006).

Due to lithium’s high reactivity (JEPPSON ET AL. 1978), foil substrates usually develop bi-lay-
ered inorganic passivation films with thicknesses of a few tens to hundreds of nanometers. The
inner layer primarily consists of lithium oxide (Li,0), while the outer layer comprises mainly
Li,CO; and LiOH (see Figure 3.5, b) (ETXEBARRIA ET AL. 2020; ISMAIL ET AL. 2001; SHIRAISHI
ET AL. 1999). The environmental conditions encountered during the production, transportation,
storage, and processing of LMAs influence the initial composition of this passivation layer
(OTTO ET AL. 2021b), subsequently affecting surface reactions within the battery (KAMPHAUS
ET AL. 2019; SHIRAISHI ET AL. 1999).
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Figure 3.5: (a) A scanning electron microscopy (SEM) image of the surface of a commercial lithium foil showing
microscale defects is displayed. (b) The schematic illustrates the bi-layered chemical composition of
a lithium passivation film, with layer thicknesses not shown to scale. The figure was adapted from
OTTO ET AL. (2021a).

In an operational battery, this passivation layer dictates the thermodynamics and kinetics of
reduction reactions at the lithium—electrolyte interface (KAMPHAUS ET AL. 2019). Moreover,
heterogeneous ionic conductivity across the surface film can promote lithium dendrite
growth (CHO ET AL. 2022; HEET AL. 2019). Therefore, controlling the surface morphology and
chemistry of LMAs through interfacial engineering is regarded as essential for fabricating
LMBs with consistent electrochemical performance (LINET AL. 2017; XIAO ET AL. 2023). How-
ever, a deficiency in reproducible methodologies for adjusting the surface conditions of LMAs
has limited the understanding of their impact on battery performance.

Modification of the anode—electrolyte interface

In prototype battery manufacturing, surface contaminants are commonly eliminated mechani-
cally using hand tools, such as spatulas (SCHMITZ ET AL. 2012), scalpels (BRON ET AL. 2017),
abrasive paper, adhesive tape (GIREAUD ET AL. 2006), or toothbrushes (LIANG ET AL. 2019).
While these manual techniques work for robust lithium pellets (thicknesses = 250 pm) as usu-
ally applied on a laboratory scale (CHEN ET AL. 2019), they are unsuitable for the industrial
processing of thin, mechanically sensitive lithium foils. Only a few publications have addressed
scalable processes for the targeted chemical and morphological surface alteration of lithium
substrates, as presented below.

BECKING ET AL. (2017) applied roll-to-roll calendering to reduce the surface roughness and to
make the native surface film of a 500 um thick lithium substrate thinner. A smoother surface
with a reduced Li, CO5 concentration after roll-pressing was confirmed by atomic force micros-
copy (AFM), SEM, and X-ray photoelectron spectroscopy (XPS). Roll-pressed lithium foil re-
vealed lower interface resistances and decreased overpotentials in symmetric LE cells during
initial electrochemical cycles compared to non-treated counterparts. Additionally, post-mortem
SEM investigations demonstrated more homogeneous lithium depositions on calendered sub-
strates, accounting for fewer surface defects. WOLF ET AL. (2021) suggested abrasive blasting
with glass beads for introducing three-dimensional structures into a lithium foil and for remov-
ing surface contaminants. This technique demonstrated the potential for diminishing overvolt-
ages and interface resistances in symmetric LE cells. Besides that, it was shown that sandblast-
ing could restore the surface of a lithium foil degraded by ambient air exposure. Both BECKING
ET AL. (2017) and WOLF ET AL. (2021) emphasized that the high-purity lithium surface after
cleaning provides a suitable basis for applying artificial passivation coatings to tune the
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electrochemical stability and interface contact within LE and SE batteries (DELAPORTE ET
AL. 2019; KIMET AL. 2021; XU ET AL. 2019).

In addition to chemical alterations, research has investigated the targeted adaption of the lithium
surface morphology as a determinant for the plating—stripping behavior (WOOD ET AL. 2017).
One research direction, particularly for liquid-electrolyte LMBs, concentrates on maximizing
the active surface area to reduce the effective current densities, lowering the risk of lithium
dendrite formation. Lithium powder electrodes, which provide higher surface areas than those
made of standard lithium foils, have shown potential for improved CEs and reduced overpoten-
tials (HEINE ET AL. 2014; KIMET AL. 2010). However, lithium’s reactivity raises concerns about
safety and degradation when handled as a powder. Therefore, several techniques aim to enlarge
the surface area of lithium substrates without using powder material.

RYOU ET AL. (2015) proposed a micro-needle treatment with a mechanical roller to generate
three-dimensional lithium surfaces with patterned hole arrays. The enlarged surface area en-
hanced the rate capability and cycling stability while reducing interfacial resistance in LE-based
LMBs. Furthermore, the formation of high-surface-area lithium was suppressed by directing
lithium deposition toward the created cavities. L1 ET AL. (2018b) confirmed these results by
improving the electrochemical performance of LMBs with hexagonally arranged hole arrays
fabricated via mechanical pressing. AHN ET AL. (2019) further advanced this approach by intro-
ducing continuous and discontinuous surface reliefs on ultra-thin 20 pm lithium foils using soft
lithography. The imprinted patterns boosted the cycling stability of both symmetric and full
cells by promoting selective lithium deposition within the cavities. PARK ET AL. (2016) exam-
ined the current distribution across various three-dimensional morphologies of surface-pat-
terned LMAs using the Finite Element Method (FEM). The simulations showed that pyramid-
like indentations feature higher current densities at the relief tips, rendering them preferential
for lithium deposition. Based on the modeling results, the authors used stainless-steel stamps to
create textured patterns on 450 um thick lithium pellets, which improved the electrochemical
performance of symmetric LMBs. Moreover, post-mortem studies showed that the introduced
textures were reversibly filled and emptied with lithium during plating and stripping. In a sub-
sequent study, PARK ET AL. (2018) designed structures optimized for preferential lithium depo-
sition based on their model, which prolonged the cycle lifetime of full cells with LE.

In contrast to surface enlargement strategies, another approach focuses on eliminating superfi-
cial imperfections, such as cracks and stress lines, to mitigate the formation of high-surface-
area lithium (AURBACH & GOFER 1989; GIREAUD ET AL. 2006; STORELLI ET AL. 2021). Several
techniques have been proposed to create flat and smooth lithium surfaces. BECKING ET
AL. (2017) applied AFM to demonstrate that roll-pressing reduces surface roughness and elim-
inates defects. GIREAUD ET AL. (2006) achieved surface smoothing by mechanically treating
lithium with silicon carbide paper in an acetone environment. Electrochemical polishing meth-
ods have further enabled the production of atomically flat lithium surfaces through sequential
potentiostatic stripping and galvanostatic plating (GU ET AL. 2018; GU ET AL. 2019). Elec-
tropolished LM As exhibited enhanced cycling stability over 500 cycles under high current den-
sities of 10mA - cm ™2 (GU ET AL. 2018).

In essence, the chemical and physical surface properties both impact the plating and stripping
behavior of LM As. However, scalable techniques to precisely establish the desired surface con-
ditions in thin lithium foils are still missing. Given that this dissertation introduces a novel laser-
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based surface treatment method for lithium foils, the following paragraph explores established
laser treatment methods from related fields to provide foundational insights.

Laser surface micro-processing

The laser-based surface treatment covers a wide range of industrial applications, especially at
the microscale, and is increasingly implemented in diverse fields. Laser micro-polishing, for
instance, has been applied for creating antibacterial surfaces (GIORGI ET AL. 2016; 2017), en-
hancing the wettability of magnesium alloys for biomedical implants (DEMIR ET AL. 2014; FUR-
LAN ET AL. 2015), and refining the aesthetic finishing of stainless steel (TEMMLER ET AL. 2020).
Similarly, laser micro-cleaning is used to remove paint (MADHUKAR ET AL. 2013; RODE ET
AL. 2008), rust (WANG ET AL. 2003), oxides (SHIET AL. 2019), biofouling (LUET AL. 2021), and
particles (MOSBACHER ET AL. 2000).

In contrast to that, applications of laser surface micro-processing in battery production are rel-
atively few but show promising outcomes. BOLSINGER ET AL.(2020) and ENDERLE ET
AL. (2020) suggested that nanosecond-pulsed laser ablation could selectively remove excessive
binder residues and additives from dense LIB cathodes to expose surface pores. This treatment
improved the cathodes’ electrochemical performance by facilitating LE access to the CAM par-
ticles. SANDHERR ET AL. (2022) extended this approach to graphite anodes and demonstrated an
improved rate capability, amongst other benefits. Wetting tests by KLEEFOOT ET AL. (2022)
confirmed that the decomposition of binder compounds on the surface of graphite anodes im-
proves LE uptake. PARK ET AL. (2021) similarly used short laser pulses to rework the dense
surface of nanoparticle-based silicon anodes. Removing agglomerates present after drying in-
duced physicochemical changes in the surface region, including altered SEI formation, en-
hanced ionic diffusion, and mitigated bulk cracking, ultimately improving the anodes’ electro-
chemical behavior.

KHOSLA ET AL. (2023b) counteracted Li, CO3 formation on nickel-rich cathodes caused by ex-
posure to ambient air using nanosecond-pulsed laser annealing. Moreover, laser treatment in-
troduced nanostructures that enhanced lithium-ion diffusion kinetics, improving the rate per-
formance and capacity retention of the cathodes. In a related study, KHOSLA ET AL. (2023a)
adopted the same technique to remove disordered carbon and inactive PVDF binder from graph-
ite anodes while intentionally creating surface steps to facilitate lithium-ion diffusion. This na-
nosecond-pulsed laser treatment increased the accessible capacity and the cycle peformance of
the anodes.

Laser cleaning has also proven advantageous for ASSB components. CHENET AL. (2021b) used
nanosecond laser pulses to remove insulating Li,CO3 from garnet-type SEs. Thus, the wetting
behavior towards lithium was improved, and the lithtum—garnet interfacial resistances were re-
duced. Removing the surface contaminants enhanced the cycling performance of symmetric
cells and full cells with LMAs.

3.2.3 Fabrication of scaffold-based electrodes

As outlined in Subsection 2.1.6, infiltrating active materials into a ceramic SE scaffold stands
out as a promising method for manufacturing ASSBs. The following discussion covers the fun-
damental aspects, manufacture, and electrochemical performance of scaffold-based electrodes,
highlighting the potential of laser micro-structuring in their fabrication.
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Underlying concept

WACHSMAN ET AL. (2014) patented SE compounds featuring a porous region on one or both
sides of a dense central layer, serving as platforms for infiltrating active materials. Scaffold-
based electrode designs address several production-related and electrochemical drawbacks in-
herent to conventional SE cell configurations, as outlined in the following.

The fragility of free-standing ceramic SE membranes generally limits their minimum thickness.
Adding porous layers provides mechanical support to SE separators and enables their thinning,
which reduces their ionic resistance (cf. Equation 2.12) (WACHSMAN ET AL. 2014). Infiltrating
pre-sintered porous ceramic SE layers with CAMs mitigates interfacial degradation by elimi-
nating the need for high-temperature co-sintering of the two components (cf. Subsection 2.1.6).
Furthermore, the porous layers’ three-dimensional microstructures can be tailored based on the
scaffold production technique. Thereby, methods that allow the creation of directional micro-
structures are particularly promising, as the tortuosity of ASSB composite cathodes exceeds
that of LIB electrodes (cf. Subsection 2.1.5) (MINNMANN ET AL. 2021).

On the anode side, transitioning from a planar to a three-dimensional interface increases the
contact area between the LMA and the SE, reducing interfacial resistance (HITZ ET AL. 2019;
YANGET AL. 2018b). Embedding the LMA within the SE scaffold also buffers volume changes
during lithium plating and stripping (HITZ ET AL. 2019).

SE scaffolds can be classified according to their pore structure into those with directed and
those with unoriented pore structures, as schematically shown for bi-layer configurations in
Figure 3.6. While scaffolds with an unoriented pore structure are prevalent in the literature,
their tortuous microstructure, isolated volumes, and closed surface pores constrain the pore-
filling degree and complicate infiltration processes. As an alternative, directed microstructures
have been proposed, offering not only improved manufacturability but also electrochemical
advantages. A patent by SAUTER ET AL. (2016) suggests that directed pores facilitate charge
carrier transport into the active material, drawing parallels with structured electrode concepts
developed for LIBs (cf. Subsection 3.2.1).

(a) Unoriented pore structure (b) Directed pore structure

| Solid electrolyte |
scaffold

| Solid electrolyte |
separator

Figure 3.6: Solid electrolyte (SE) bi-layers comprising a dense separator layer and porous scaffold with (a) unor-
iented and (b) directed pore structures are schematically displayed. The scaffolds serve as substrates
for infiltrating active materials in the fabrication of oxide-ceramic all-solid-state battery (ASSB) elec-
trodes. The subfigures (a) and (b) were adapted from HITZ ET AL. (2019) and XU ET AL. (2021), re-
spectively.
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Multiple simulation works have underlined the anticipated benefits of controlled composite
cathode microstructures. Geometric modeling by SHEN ET AL. (2019) showed that CAM depo-
sition in cylindrical pores perpendicular to the layer surface could shorten the equivalent lith-
ium-ion diffusion pathway through the SE. Although this model assumes full channel infiltra-
tion, the authors stressed that additional factors, such as the SE-CAM contact area and the
relation between channel size and CAM particle diameters, also determine the electrochemical
performance. In another study, DIXIT ET AL. (2019) showcased tortuosity reduction through an
aligned microstructure based on Computational Fluid Dynamics (CFD) modeling. Similarly,
BIELEFELD ET AL. (2022) conducted electrochemical simulations using the FEM to illustrate the
effects of an optimized microstructure, finding advantages for smaller structure dimensions.
Most recently, CLAUSNITZER ET AL. (2024) employed three-dimensional continuum simulations
to show that SE-filled channels can enhance the energy density of ASSBs.

While the densities of ceramic SEs exceed those of LEs (cf. Subsection 2.1.3), ASSBs with
thick scaffold-based electrodes and thin separator layers can theoretically surpass the specific
energies and energy densities of LIBs. Although laboratory prototypes have yet to meet these
energy targets, calculations by ZHANG ET AL. (2023a) and KRAVCHYK ET AL. (2021) suggest
that ASSBs with scaffold-based anodes and cathodes hold significant potential. A meticulous
design of the cell parameters is required to achieve high energy and power densities, as
KRAVCHYK ET AL. (2022) highlighted by simulating ASSBs with scaffold-based cathodes.

Fabrication of scaffold-based electrodes

This paragraph reviews techniques for producing ceramic SE scaffolds, joining them with ad-
jacent battery components, and infiltrating them with active materials. Scaffold manufacturing
methods can be categorized by the resulting microstructure, distinguishing between unoriented
or directed pore generation®®. The microstructural properties of the produced layers, such as
pore size, geometry, orientation, arrangement, and interconnection, vary depending on the pro-
duction method and influence the electrode porosity and tortuosity.

One class of manufacturing techniques generates non-directed, arbitrarily arranged pores. The
prevalent approach relies on the pyrolysis of pore-forming agents like starch (VAN DEN BROEK
ET AL. 2016), polymethyl methacrylate (PMMA) spheres (FU ET AL. 2017; HITZ ET AL. 2019;
L1U ET AL. 2018; SHEN ET AL.2022; ZHANG ET AL. 2023a), or graphite powder (REN ET
AL. 2017). These additives are blended into slurries with SE precursors, which subsequently are
drop- or tape-cast. During sintering, the pore formers burn out, leaving behind scaffolds with
porosities of up to 70 % (KiM & RUPP 2020). A limitation of this method is that fine pores may
close during conventional sintering, setting a lower limit on the achievable pore sizes. Thus,
ZHANGET AL. (2024) combined small acrylic pore formers with ultrafast sintering ** to generate
narrow pores with average diameters of 2.3 um. In an alternative method, GONG ET AL. (2018)
and LIET AL. (2019) impregnated organic templates in SE precursors, yielding SE matrices with
a microstructure mirroring the sacrificial template after its pyrolysis. In an intermediate-stage
sintering approach, OKUR ET AL. (2023) fabricated LLZO membranes with 40% porosity
through the targeted interruption of the thermal process before completed densification. More-
over, deep protonation of pre-sintered layers in de-ionized water, followed by thermal

83 A table summarizing the main design characteristics of unoriented and directed SE scaffolds according to the fabrication
method can be found in the supplementary data of publication P9 (cf. Subsection 5.2.7) (KRIEGLER ET AL. 2024a).

84 The ultrafast sintering technique employs high heating and cooling rates of up to 50K per second to preserve the pores
obtained by small pore formers, also reducing the sintering time to 20 seconds (ZHANG ET AL. 2024).
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deprotonation, was employed to create porous surface layers with thicknesses of several tens of
micrometers (GRISSA ET AL. 2022).

The second category comprises methods for creating directed pores oriented perpendicular to
the layer surface. Early attempts concentrated on manufacturing three-dimensionally-arranged
microporous structures through colloidal crystal templating® (DOKKO ET AL. 2005; HARA ET
AL. 2009; KOTOBUKIET AL. 2011; NAKANO ET AL. 2008). SHOJIET AL. (2016) proposed the fab-
rication of hole-patterned SE layers with structure dimensions of several hundred micrometers
by mechanical embossing of SE powder before sintering. MCOWEN ET AL. (2018) selectively
deposited SE ink onto tape substrates using 3D printing to create micrometer-scale features,
such as lines, grids, or columns. Freeze tape casting ®® enables the production of low-tortuosity
scaffolds with porosities over 70 % and unidirectional, open pore structures (SHEN ET AL. 2019;
SHEN ET AL. 2020; Y1 ET AL. 2020). Other works demonstrated the growth of vertical finger-
like microchannels by phase inversion®” (JIET AL. 2022; JIANG ET AL. 2018; SHEN ET AL. 2022).
Finally, laser radiation was suggested for subtractive ablation of three-dimensional microstruc-
tures in SE layers. XU ET AL. (2021) introduced patterns spanning over a few hundred microm-
eters in LLZO pellets using nanosecond laser pulses at a UV wavelength. Similarly, YAN ET
AL. (2022) employed a femtosecond laser beam source operating at an IR wavelength to gener-
ate variable-spaced grid textures in LAGP pellets.

For battery manufacturing, SE scaffolds must be integrated with dense separator membranes to
form either porous—dense bi-layers (ZHANG ET AL. 2023a) or porous—dense—porous tri-layers
(ALEXANDER ET AL. 2023). In tri-layer designs, both electrode active materials are embedded
within the porous structures, whereas bi-layers combine a planar and a three-dimensional elec-
trode. Multi-layer arrangements can be fabricated by heat-pressing miscellaneous green sheets
(Hitz ET AL. 2019) or through sequential tape casting of individual coatings on top of each
other, followed by sintering (ZHANG ET AL. 2023a). However, inhomogeneous shrinkage of the
stacked membranes during sintering can entail corrugation that deteriorates the layer contact.
This issue is more pronounced in bi-layers due to their asymmetric geometry, while tri-layers
exhibit reduced distortion due to structural symmetry (YTET AL. 2020; ZHANG ET AL. 2023a).

Some techniques, such as laser ablation (XU ET AL. 2021) or thermal protonation (GRISSA ET
AL. 2022), avoid layer distortion by circumventing the mutual sintering of laminates. Connect-
ing the porous and dense layers increases the mechanical strength of the layer compounds. HITZ
ET AL. (2019) demonstrated the increased breaking force of tri-layer structures compared to
freestanding dense SE membranes. Levaraging these findings, multi-layer compounds with sep-
arator membranes as thin as 10 um have been fabricated (ZHANG ET AL. 2023a). Such low-
thickness SE separators boost the specific energy and volumetric energy density and shorten
the lithium-ion diffusion pathways. Although most of the described techniques have been
demonstrated only for small-scale samples, HITZET AL. (2019) successfully manufactured unor-
iented LLZO porous—dense—porous tri-layers with areas of up to 30 cm?.

8 Colloidal crystal templating is a method for fabricating porous materials. Colloidal particles are arranged into a closely
packed crystalline structure, and the interstitial voids are filled with a fluid precursor. Once the template is removed, an inverse
replica of the structure remains. (STEIN & SCHRODEN 2001)

8 Fabricating scaffolds with a unidirectional pore structure by fieeze tape casting relies on the controlled growth and sublima-
tion of crystals through cooling an SE slurry with dedicated solvents, such as tert-butyl alcohol (SHEN ET AL. 2019).

87 The phase-inversion process involves creating a ceramic slurry using a solvent. The slurry is then cast and exposed to a non-
solvent, miscible with the solvent but not the polymer binder, to induce phase separation, forming finger-like microchannels.
After drying and removing organic components, sintering produces a ceramic with controlled porosity. (SHEN ET AL. 2022)
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In the final process step, the electrode active materials must be integrated into the porous scaf-
folds to establish intimate contact with the SE matrix. Three-dimensional LMAs are typically
produced by saturating SE scaffolds with molten lithium (MCOWENET AL. 2018). Alternatively,
cold isostatic pressing (ZHANG ET AL. 2024) or hot pressing (XU ET AL. 2021) can introduce
lithium into the porous SE layers. Besides that, lithium can be electrochemically plated from a
counter electrode into the ceramic host (YANG ET AL. 2018b). The wetting behavior of the SE
scaffold with lithium can be enhanced by changing the surface energy through the superimpo-
sition of functional interlayers. For example, coatings of aluminum oxide (Al,03) (HAN ET
AL. 2017) and zinc oxide (Zn0) (XU ET AL. 2018) have been deposited via atomic layer depo-
sition (ALD)®® to improve the wettability of garnet scaffolds. Contrarily, scaffold-based com-
posite cathodes are fabricated either by wet-chemical infiltration of CAM precursors, followed
by low-temperature annealing (KiM & RupPpP 2020), or by filling the scaffold pores with pre-
synthesized CAM particles (ZHANG ET AL. 2020a).

Electrochemical characteristics of scaffold-based anodes

Research on scaffold-based anodes primarily aims at raising the CCDs by expanding the lith-
ium—electrolyte interface area. Building upon foundational patents (WACHSMAN ET AL. 2014;
WACHSMAN ET AL. 2020), several studies from the University of Maryland have concentrated
on the reversible plating and stripping of lithium within garnet-based matrices. LIU ET
AL. (2018a) achieved stable cycling of a lithium-infused LLZO bi-layer and validated its func-
tionality in a full cell with a planar NMC cathode enriched with gel electrolyte and LE additives.
XU ET AL. (2018) further advanced this approach by developing an MCI within the LLZO scaf-
fold pores through carbon nanotube coatings, achieving CCDs of 3mA - cm™2. YANG ET
AL. (2018b) and MCOWEN ET AL. (2018) fabricated LLZO tri-layer scaffolds, which were infil-
trated with molten lithium. Both studies showcased the dendrite-free lithium plating and strip-
ping within the ion-conducting host. Both publications reported improved current densities and
cyclable areal capacities over previous benchmarks. HITZ ET AL. (2019) achieved low ASRs of
2—10Q-cm™2 and CCDs up to 10mA - cm™~? by maximizing the lithium—electrolyte inter-
face area forty-fold using a three-dimensional SE scaffold instead of a planar separator. ALEX-
ANDER ET AL. (2023) even surpassed these results with an MCI garnet scaffold, achieving a
CCD of 100 mA - cm™2 and sustained cycling at a current density of 60 mA - cm™2 without the
need for excessive cell pressure. They further demonstrated the long-term operation of a tri-
layer scaffold in a hybrid full cell with an NMC622 cathode over 500 cycles.

The findings by the Wachsman group have been replicated by other independent researchers.
ZHANG ET AL. (2023a) and ZHANG ET AL. (2023b) tested lithium-filled LLZO tri-layer mem-
branes, reaching CCDs of 6mA - cm™2 and 1.7 mA - cm™2, respectively. Both works validated
the scaffold-based anode concept in LE hybrid full cells with planar LFP cathodes. Symmetric
cells with laser-patterned LLZO separators manufactured by XU ET AL. (2021) enabled stable
cycling over 500 hours at a current density of 0.5mA - cm™2 and a low stack pressure of 1 MPa.
Furthermore, the authors provided evidence of void-free interfaces after lithium plating and
stripping, along with increased CCDs attributed to the magnified active surface area. Electro-
chemo-mechanical modeling corroborated the results, indicating that coarser scaffold structures
favor higher CCDs. Similarly, YAN ET AL. (2022) attributed reduced interfacial resistances in

8 Atomic layer deposition is a vapor-based method for thin-film production (JOHNSON ET AL. 2014), which shows promise for
producing ceramic ASSBs (BALAISH ET AL. 2021).
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symmetric hybrid cells to the usage of laser-structured LAGP separators instead of planar ones.
GRISSA ET AL. (2022) and OKUR ET AL. (2023) verified higher cycle stability of symmetric cells
with porous LLZO layers over those with planar LMA—-LLZO interfaces. Finally, ZHANG ET
AL. (2024) illustrated through phase-field simulations that smaller scaffold pores improve the
cycle stability.

In summary, scaffold-based LMAs offer higher CCDs and cyclable capacities than alternative
concepts, surpassing current fast-charging benchmarks (ALBERTUS ET AL. 2018).

Electrochemical characteristics of scaffold-based cathodes

While scaffold-based anodes were shown to enable outstanding CCDs during lithium plating
and stripping, high interfacial resistances at the cathode—electrolyte interface continue to be an
issue, necessitating innovative design and fabrication strategies. This paragraph discusses the
electrochemical performance of scaffold-based composite cathodes across various cell chemis-
tries and designs®. While ceramic scaffolds have also been used for conversion-type CAMs
like sulfur (FU ET AL. 2017; HITZ ET AL. 2019; XU ET AL. 2018), this discussion will focus on
intercalation-type CAMs relevant to this thesis (MANTHIRAM ET AL. 2013).

In initial work, NAKANO ET AL. (2008) impregnated a three-dimensionally-ordered porous
LATP layer with LiMn,0, (LMO), while HARA ET AL. (2009) extended this method to LLTO
scaffolds, achieving up to 80 % pore occupation through multiple infiltration steps. KOTOBUKI
ET AL. (2011) created a dense LLTO honeycomb structure containing porous regions for LMO
precursor infiltration. All three studies showcased the basic operability of full cells with planar
LMAs. In another study, KOTOBUKI ET AL. (2010) demonstrated the functionality of an LLTO
matrix with a honeycomb-like structure containing an LCO cathode and a Li4Mn30;, anode,
successfully completing three charge—discharge cycles. Infiltrating with CAM precursors in-
stead of particles has shown to improve the electrochemical performance by enhancing the
CAM-SE interface.

In later studies, SHOJIET AL. (2016) filled arrays of holes in an LLZO layer with LCO particles,
while REN ET AL. (2017) and KiM & RupP (2020) impregnated LCO precursors into LLZO bi-
layers, all confirming the basic functionality of the obtained composite cathodes. KiM &
Rupp (2020) further reported reduced interfacial resistances in scaffold-based cathodes com-
pared to co-sintered composites and highlighted the advantages of LCO precursors over LFP
particle slurries. JT ET AL. (2022) manufactured composite cathodes and anodes by repeatedly
infiltrating LLTO tri-layers with LCO and LTO precursors, achieving C-rates of up to 3C and
stable operation over 500 cycles in full cell tests.

In several studies, LEs or PEs were added to fill remaining voids, diminish electrode tortuosity
(HLUSHKOU ET AL. 2018), and ameliorate the interfacial contact between the CAM and ceramic
SE (IHRIGET AL. 2021b; IHRIGET AL. 2022a; ZHANGET AL. 2020a). SHEN ET AL. (2019) inserted
NMC622 particles in freeze-cast LLZO bi-layers, achieving decent specific capacities and cycle
stability in hybrid cells using LE. JIANG ET AL. (2018) incorporated PEO as a filler material in
lithium—LLTO-LFP full cells with vertically aligned microchannels. The authors attributed the
high specific capacity of 125 mAh - g~ after 50 cycles with a capacity retention of 98 % to the
expanded interfacial area from the scaffold and enhanced CAM-SE contact via the PE.

8 A tabulated summary of quantitative data from the literature, including mass loadings, discharge capacities, and applied
current densities, was provided in P8 (cf. Subsection 5.2.6) (KRIEGLER ET AL. 2023b).
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ZHANG ET AL. (2020a) infiltrated LAGP bi-layers with NMCS811 particles and improved the
interfacial adhesion using polymer SE. Their ASSBs with cathode loadings of up to 19mg -
cm™2 and LMAs exhibited improved electrochemical performance over planar configurations.
In a related attempt, YI ET AL. (2020) reached over 80% pore occupancy by infiltrating
NMC622 particles into an LLZO framework with unidirectional pores. Discharge capacities
comparable to LE cells were achieved by adding a flexible polymer SE, mediating the interface
between the CAM particles and the garnet SE. GRISSAET AL. (2022) assembled lithium—LLZO-
LFP full cells with PE additives in the cathode, finding that tri-layer configurations significantly
enhanced rate capability compared to planar setups.

Overall, the fabrication of ceramic composite cathodes using the scaffolding approach presents
a broader range of objectives and remains less explored compared to the production of scaffold-
based LMAs. However, initial studies have demonstrated promising potential, particularly
when a high degree of pore filling is achieved and PE is incorporated as an ionic conductive
additive to enhance the interfacial contact.

3.3 Research gaps

Building on the critical review of laser radiation applications for cutting and interfacial modi-
fication of battery components in Sections 3.1 and 3.2, this section is dedicated to deriving
existing research gaps.

In recent years, laser cutting has gained prominence as an alternative to traditional mechanical
methods in LIB production. Scientific literature encompasses experimental and simulation stud-
ies on electrode cutting over an ample parameter space. In contrast, research on separating
ASSB components remains relatively limited. The production-related publications by SCHNELL
ET AL. (2018) and DUFFNER ET AL. (2021b) have underscored the challenges of mechanically
separating LMAs and ceramic SE layers due to their material properties. Although laser cutting
has been proposed as an alternative, there is no experimental evidence to support its feasibility
for industrial production. Thus, insights from laser process design on related materials must be
adapted and combined with an understanding of the quality-relevant properties of battery com-
ponents.

Laser micro-machining for the interfacial modification of battery components has been exten-
sively studied, with experimental and simulation-based studies dedicated to enhancing LIB per-
formance by integrating laser-structured electrodes. Moreover, attention has been directed to-
wards process design and scaling to facilitate the incorporation of laser structuring into indus-
trial practice. Yet, it remains unclear whether cell manufacturers have adopted this technique.
The surface properties of the individual layers play a crucial role in determining ASSB perfor-
mance, given the limited solid—solid contact and persistent chemical instabilities (cf. Subsec-
tion 2.1.5). Various researchers have explored laboratory-scale methods for altering the inter-
facial conditions of ASSB components. For instance, manually scraping contamination layers
from LMAs is common practice in prototype production, but industrial settings demand au-
tomatable and efficient methods that yield reproducible results. Furthermore, enlarging the sur-
face area of ceramic SEs to improve the interfacial contact with active materials has shown the
potential to tune the electrochemical capability of ASSBs. Several techniques have been pro-
posed to create SE scaffolds for active material infiltration, but most of them result in unoriented
pore structures, which hinder active material infiltration and raise electrode tortuosity.



68 3 State of the Art

Based on the outlined state of the art, six distinct research gaps (RGs) can be identified:
RG1 Laser cutting of lithium-ion battery electrodes (cf. Subsection 3.1.1)

Researchers have explored both pulsed and CW laser sources for separating LIB electrodes,
facilitating the transition of laser cutting into industrial applications. However, selecting suita-
ble process parameters and strategies proves challenging due to the wide range of available
options. Moreover, variations in electrode compositions, thicknesses, and porosities make it
challenging to compare results across different studies. Finally, establishing standardized meas-
urement techniques and quality criteria is essential for effectively categorizing the reported
data.

RG2 Laser cutting of lithium substrates (cf. Subsection 3.1.2)

Although laser cutting is considered a promising method for separating lithium substrates, ex-
perimental validation has been limited to a single study by JANSEN ET AL. (2018). This scarcity
may partly be due to the lack of system technology capable of material processing under con-
trolled atmospheric conditions. Consequently, there is no comprehensive understanding of the
relationship between the process parameters, key process phenomena, and resulting cut-edge
quality. Additionally, uncertainties persist regarding whether adequate cutting speeds for in-
dustrial production can be achieved. The absence of standardized criteria and methods for a
quantitative quality evaluation further exacerbates the knowledge gap in this field.

RG3 Laser cutting of ceramic solid electrolyte layers (cf. Subsection 3.1.3)

While BADDING ET AL. (2019) addressed laser ablation of ceramic SEs in a patent, the topic
remains unexplored in scientific publications. The impact of the process parameters on material
removal rates and the cut-edge quality of ceramic SE layers remains unknown, whereas their
dielectric properties likely complicate their efficient, defect-free processing. Electrochemical
studies suggest that surface defects negatively affect ASSB functionality, highlighting the need
to understand how laser ablation influences the substrate characteristics. Furthermore, process
scalability to industrial throughput levels is uncertain, as obtaining the desired component prop-
erties may require a sequential ablation process with incremental material removal per scan
cycle.

RG4 Laser structuring of lithium-ion battery electrodes (cf. Subsection 3.1.1)

Although electrode laser structuring is known to enhance LIB performance, it has yet to be
adopted in commercial production. So far, laser-structured electrodes have primarily been em-
ployed in manually assembled, small-scale laboratory cells with milliampere-hour capacities.
Therefore, demonstrating the manufacturability of industry-relevant, multi-layer configurations
with laser-structured electrodes using automated processes is essential to prove the scalability
from both product and production perspectives. Furthermore, the reported performance im-
provements have been confined to specific cell properties tested within narrow operating
ranges. Thus, comprehensive cell testing across broader use cases, such as low-temperature
operation, fast charging, and cyclic aging, is needed to validate the efficacy of structured elec-
trodes.

RGS5 Laser surface treatment of lithium metal anodes (cf. Subsection 3.2.2)

The morphological and chemical surface conditions of LMAs determine their electrochemical
functionality but are difficult to control due to the material’s sensitivity and reactivity.
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Intentional surface modification of LMAs can enhance LMB performance and mitigate degra-
dation phenomena. While mechanical removal of contamination films is standard in manually
producing LMB prototypes, scalable methods for industrial-scale throughputs remain largely
unexplored (BECKING ET AL. 2017; WOLF ET AL. 2021). Laser radiation is widely used for sur-
face cleaning and polishing across various industries, yet its application for LMA treatment has
not been scientifically documented.

RG6 Fabrication of scaffold-based electrodes using laser ablation (cf. Subsection 3.2.3)

Infiltrating porous SE membranes with active materials holds promise for producing ASSB
electrodes. Directed channels within these scaffolds facilitate pore filling and reduce electrode
tortuosity compared to random pore structures. While the CCDs for LMAs have been aug-
mented by enlarging the surface area through three-dimensional SE hosts, the manufacturing
and testing of scaffold-based composite cathodes have received less attention. Although laser
structuring has proven effective in improving the SE-LMA contact (XU ET AL. 2021; YAN ET
AL. 2022), it has not yet been applied to cathode manufacturing, leaving its technical feasibility
uncertain compared to alternative scaffold fabrication methods.

The shortcomings identified in the scientific literature present opportunities to apply laser pro-
cesses in LIB and ASSB manufacturing. Based on the explicated state of the art, the subsequent
chapter outlines the adopted research approach and defines a set of distinct ROs.
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4 Research Approach

This chapter presents the scientific approach which was pursued to address the overarching
RQs outlined in Section 1.2. In response to the gaps identified in the literature (cf. Section 3.3),
a global thesis objective (GTO) is articulated, and specific ROs are postulated in Section 4.1.
Section 4.2 then details how the nine scientific publications comprising the research findings
in Chapter 5 correlate with these ROs.

4.1 Research objectives

Despite extensive research in electrochemistry and materials science, ceramic ASSBs have yet
to achieve widespread commercial availability. Scaling novel battery technologies from the la-
boratory to industrial production requires fundamental changes to the process chain, fabrication
methods, and equipment currently employed in LIB fabrication. While laser micro-processing
is already utilized in LIB production lines, the unique materials and designs of ASSBs require
adaptions of these laser-based processes. Consequently, the GTO is defined as follows:

GTO Identifying the potential of laser micro-processing techniques to produce and function-
ally enhance ceramic all-solid-state batteries featuring a lithium metal anode

Five ROs are derived from the GTO to close the existing RGs (cf. Section 3.3):
RO1 Assessment of laser micro-processing techniques in lithium-ion battery production

The initial RO1 focuses on advancing laser micro-processing for LIB manufacturing, establish-
ing a basis for innovations in ASSB production. This involves identifying critical process de-
terminants and product parameters for the laser-based separation and interfacial modification
of electrodes. Alternative process designs and strategies for electrode laser cutting must be ex-
plored using suitable quality and efficiency metrics. Furthermore, RO1 involves demonstrating
laser structuring as an effective technique for interfacial modification of LIB electrodes in com-
mercial production contexts. Increasing the technological maturity of electrode laser structuring
entails verifying its suitability for industry-relevant cell formats in a pilot production setting as
well as comprehensive electrochemical investigations. These efforts collectively intend to ena-
ble the transfer and adaptation of established LIB manufacturing techniques to the requirements
of ASSB production, advancing scientific understanding and the industrial adoption of laser
micro-processing techniques.

RO2 Quality-controlled laser cutting of lithium substrates

Scenarios for employing lithium in battery production must be identified to establish boundary
conditions for the laser processing of lithium. Subsequently, pulsed laser radiation is to be qual-
ified as a tool for separating lithium substrates through experimental studies. Given the mate-
rial’s sensitivity to atmospheric conditions, it is critical to implement controlled production en-
vironments to ensure safe and degradation-free processing. The fundamental process phenom-
ena have to be understood to determine feasible process windows. Additionally, to facilitate
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process design and quality control, a reproducible and automated method for evaluating the cut-
edge properties of LMAs must be developed to enable the quantification of pertinent quality
and productivity metrics.

RO3 Laser-based surface reconditioning of lithium metal anodes

The critical role of the surface properties of LMAs calls for developing surface reconditioning
techniques compatible with roll-to-roll processing. Therefore, laser radiation should be evalu-
ated with respect to its potential to modify the microstructure and composition of LMAs. As in
RO2, material degradation must be prevented through special protective atmospheres. Laser
parameters that achieve precise alterations to the surface layer must be identified to establish
effective process strategies. Moreover, the relationships between the laser parameters and re-
sulting surface characteristics should be clarified. The effectiveness of laser treatment in re-
moving degradation products must be validated through electrochemical testing to prove its
utility for battery applications. Ultimately, evaluating the scalability of this technique and con-
textualizing it with existing methods is crucial to ensure its feasibility for industrial implemen-
tation.

RO4 Efficient laser ablation of ceramic solid electrolytes

Closing the RG in the laser machining of ceramic SEs requires a clear understanding of key
cause—effect relationships from empirical studies. To this end, the scalability of ceramic laser
processing must be thoroughly evaluated to meet the requirements of industrial production. An
approach for identifying optimum pulse fluences should be implemented to facilitate high ma-
terial removal rates. This theoretic framework can then be leveraged to explore process scaling
strategies, including the application of short wavelengths, high pulse repetition rates, and pulse
bursts. Concurrently, the quality of the machined surfaces must be evaluated and correlated
with the applied process parameters. Finally, production scenarios for ablating ceramic SE lay-
ers must be defined to calculate potential material throughputs and discuss scaling challenges.

ROS5 Manufacturing of scaffold-based composite cathodes

The laser-based manufacturing of scaffold-based composite cathodes with a three-dimensional
microstructure requires a demonstration of its technical feasibility. Process qualification entails
selecting appropriate process parameters to create directed micropores with defined geometries
in SE substrates. Besides that, infiltrating these structures with cathode slurries necessitates
assessment. Electrochemical testing of the composite cathodes within suitable ASSB configu-
rations is indispensable to prove the approach’s usefulness for enhancing battery performance.
It is also important to evaluate the industrial relevance of laser structuring by comparing it with
alternative scaffold fabrication techniques from a production perspective. Eventually, linking
the cathode design to the energy content at both the electrode and the cell level will permit the
development of guidelines for integrating the developed method into practical applications.

The five ROs are centered around two pivotal fields identified as critical in the RC phase. RO1
was addressed by analyzing the initial situation as part of the initial PS phase, pinpointing laser-
based component separation and surface modification as central fields of action. Building on
this foundation, the ROs2—5 were tackled during the subsequent main part of the PS, focusing
on concrete challenges related to the design and manufacturing of ASSBs. Figure 4.1 provides
a graphical representation that schematically assigns the ROs to the relevant ASSB components.
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Figure 4.1: Following research objective (RO) 1 on laser micro-processing within lithium-ion battery (LIB) fab-
rication, the remaining ROs 2—5 are depicted at the hand of a ceramic all-solid-state battery (ASSB)
elementary cell. ROs 2 and 4 are assigned to the laser-based component separation (Field of action I),
while ROs 3 and 5 are related to the laser-based surface modification (Field of action II).

4.2 Integration of the publications

To achieve the ROs formulated in the preceding section, nine scientific publications (P1—-P9)
were issued. All contributions fall within the production engineering domain and include inter-
disciplinary aspects overarching mechanical and electrical engineering, electrochemistry, and
materials science. Figure 4.2 provides an overview of the research approach, assigning the pub-
lications to the ROs and correlating the main applied scientific methods with each publication.
Most research efforts concentrated on experimental laser studies (process-focused) or electro-
chemical investigations (product-focused), supplemented by literature reviews, modeling, pro-
totyping, and technological assessments (cf. Section 1.3). The process-focused investigations
in P1, P3, P4, P6, and P7 primarily advanced the knowledge of laser materials processing while
considering product-related requirements. P2, PS5, P8, and P9 specifically targeted manufactur-
ing functionally improved batteries, emphasizing product-related aspects. The context and con-
tributions of the individual publications to the ROs are detailed below.

Contribution of publications P1 and P2 to RO1

RO1 was addressed by two publications that focused on LIBs, specifically examining laser
micro-processing of graphite anodes as a case study. In P1, feasible process alternatives for
electrode laser cutting were experimentally investigated. P2 documented the production and
testing of industry-relevant LIB prototypes with laser-structured anodes. A comprehensive
evaluation of electrochemical performance criteria, such as rate capability and cyclic aging,
provided a deeper assessment of the potential of laser structuring compared to previous studies
that used laboratory cell types. Both publications offered technological benchmarks for laser
micro-processing in ASSB production.
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Contribution of publications P3 and P4 to RO2

Theoretical considerations regarding the usage of LM As in future battery technologies provided
the framework for empirically examining their laser process behavior in P3. Melt expulsion
was identified as the predominant material removal process, and the extent of the melt bulge
along the cut edge was quantified as a quality measure. P4 introduced an automated approach
to overcome laborious and inaccurate manual quality assessment. This method utilized ML
models to categorize topography images, providing reliable and precise metrics, such as the
melt seam height and width. Understanding process phenomena and developing quality assur-
ance techniques for lithium substrates contributed to resolving RO2.

Contribution of publication PS5 to RO3

P5 on the surface reconditioning of LMAs correlated directly with RO3. A holistic research
approach was employed in this first scientific exploration of laser surface treatment of LMAs,
starting with a thorough literature analysis. An encapsulated prototype laser unit was con-
structed and implemented to facilitate experiments in an argon atmosphere. The effects of laser
surface treatment were analyzed using microscopy techniques and by integrating the processed
LMAs into battery prototypes with LEs and SEs. Furthermore, the industrial practicability of
the proposed method was examined by conceptualizing a roll-to-roll production scenario and
calculating potential throughput rates.

Contribution of publications P6 and P7 to RO4

RO4, which focused on efficiently machining oxide-ceramic SEs, was explored in two scien-
tific studies. A semi-empirical modeling approach based on experimental studies was employed
to optimize various ablation metrics as described in P6, creating a basis for selecting suitable
laser parameters. Initial process studies were conducted, and the feasibility of using pulse bursts
to increase the material removal rate was assessed. Building on this, P7 further examined the
scalability and achievable surface quality of laser ablation. As part of the investigations, differ-
ent radiation wavelengths were compared for their effectiveness in processing oxide SEs. In-
sights gained were contextualized with examples from ASSB production, whereby processing
times were calculated using the experimentally derived metrics, and scaling strategies were
evaluated.

Contribution of publication P8 and P9 to RO5

Leveraging the insights gained from solving RO4 on laser processing of oxide-ceramic SEs, a
novel laser-based approach for manufacturing scaffold-based composite cathodes was explored
within ROS, qualifying an according process chain. For P8, laser-structured SE layers were
infiltrated with CAM, and the obtained separator—cathode bi-layers were analyzed using diverse
material characterization techniques. ASSBs with different CAM types were manufactured and
tested, demonstrating a superior performance of three-dimensional composite cathodes com-
pared to counterparts with a planar design. P9 assessed various manufacturing methods for
scaffold-based electrodes, facilitating a technological categorization of the introduced laser-
based concept. Additionally, an energy model was developed to assess the impact of key cell
design parameters on achieving industry-relevant energy densities and specific energies.
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Figure 4.2: Starting from the global thesis objective (GTO), the research approach during the prescriptive study
(PS) of this thesis is holistically shown. The nine embedded publications (P1—P9) together with the
employed scientific methods are allocated to the five research objectives (RO1—-ROS5) within the two
fields of actions.
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S5 Research Findings

As the centerpiece of this thesis, Chapter 5 showcases the original research findings by sum-
marizing each publication and outlining the contributions of the respective authors. First, Sec-
tion 5.1 details the results on selected laser applications in LIB production, followed by the
research on laser micro-processing in ASSB production in Section 5.2.

The research findings are distributed over nine peer-reviewed journal publications (P1—P9),
with the thesis author holding the first authorship for all embedded papers (see Table B.1, Ap-
pendix B). Scopus-listed *° journals specializing in materials science, laser technology, electro-
chemistry, and production technology were selected as platforms depending on the subject mat-
ter of each publication (see Table B.3, Appendix B).

An authorship contribution statement is included for every publication according to the Con-
tributor Roles Taxonomy (CRediT) (ALLEN ET AL. 2019; BRAND ET AL. 2015), implemented by
numerous journals and publishers to guarantee transparency concerning the author roles. The
CRediT systematizes a high-level terminology for research contributions, including 14 author-
specific roles °! that describe the scholarly output. For most publications, the CRediT statement
was reproduced from the original manuscript (P2, P3, P4, P5, P7, P8, P9). For publications
without a CRediT statement enclosed in the original manuscript (P1, P6), author roles were
complemented after clearance with the co-authors. Student research projects substantially con-
tributed to this dissertation’s scientific outcome, and a list of the 21 supervised theses is given
in Table A.1 in Appendix A.

5.1 Results on lithium-ion batteries

The first two publications of this dissertation investigated potential applications of laser micro-
processing in LIB production. Key findings from these studies are summarized below.

5.1.1 P1: Process strategies for laser cutting of electrodes in lithium-ion battery
production

P1 (KRIEGLER ET AL. 2021b) contributed to the first phase of the PS by evaluating the state of
the art of electrode laser cutting as a core process in LIB production. To this end, the separation
of graphite anodes was experimentally investigated by comparing CW and pulsed laser
processes. The results of P1 were presented at the 39" International Congress on Applications
of Lasers and Electro-Optics (ICALEQO) 2020 and published in a corresponding special issue
of the Journal of Laser Applications (JLA).

%0 Scopus is a comprehensive bibliographic research database of peer-reviewed, high-quality literature, which is maintained by
the scientific publisher Elsevier.

I'The 14 author roles defined in the CRediT involve conceptualization, data curation, formal analysis, funding acquisition,
investigation, methodology, project administration, resources, software, supervision, validation, visualization, writing — orig-
inal draft, and writing — review & editing. Detailed explanations are provided by BRAND ET AL. (2015).
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Article overview

Relevant material characteristics, productivity metrics, economic viability measures, and cut-
edge quality criteria were collected from the existing literature on electrode separation to estab-
lish a framework for the conducted experimental studies. Moreover, the implementation of elec-
trode laser cutting in contemporary battery production was discussed, highlighting the predom-
inance of nanosecond-pulsed laser sources in industrial battery production and the limited com-
parability of process alternatives. The experimental studies of P1 addressed this literature deficit
by comparing the processing of double-sided coated graphite anodes using nanosecond-pulsed,
picosecond-pulsed, and CW IR laser radiation.

A comparative analysis between a nanosecond-pulsed and a CW laser unit was conducted by
exploiting a single-pass scanning strategy in a first test series. The clearance width at the max-
imum cutting speed for a respective parameter set was measured via LSM and employed as a
quality criterion. Moreover, SEM was utilized to permit qualitative statements about the cut-
edge quality and the underlying material removal mechanism. When applying nanosecond laser
pulses, the maximum cutting speed increased with the pulse repetition rate and the laser power.
The maximum laser power (100 W) and pulse frequency (500kHz) tested reached the highest
cutting speed of 0.8 m-s~! and the lowest clearance width of 42 pm. In contrast, CW laser ra-
diation with average powers of up to 3kW allowed to attain cutting speeds of up to 10m-s™1.
A favorable parameter set combining process efficiency with a low clearance width of 45 um
was identified at a laser power of 1.8kW and a cutting speed of 8m-s~. However, more ho-
mogenous cut edges were observed for the pulsed laser process, accounting for a less thermally

dominated ablation mechanism (cf. Subsection 2.2.3).

Another approach explored multi-pass strategies to minimize the thermal energy input through
layer-by-layer material ablation. Initially, constant laser parameters for both nanosecond-pulsed
and CW laser processing were applied throughout all passes. By incrementally increasing the
number of scan cycles until complete anode separation, a linear relationship emerged between
the number of iterations and the scanning speed. Notably, an augmented effective processing
speed of 0.9m-s~! was achieved for the nanosecond-pulsed laser system through five scan cy-
cles, accompanied by a 14 % reduction in clearance width (36 um). Meanwhile, the CW laser
system achieved a 54 % reduction in clearance width (41 pum) at the expense of productivity,
as the cutting speed of 2.0 m-s~* was markedly below the single-pass velocity.

Secondly, a strategy that comprised two scan cycles with customized parameters was investi-
gated, considering the individual ablation thresholds of the copper current collector and the
graphite coating. The upper electrode coating was ablated in a first scan cycle at a lower line
speed, while the current collector and the lower coating were cut in a second scan cycle. No
further improvement in clearance width was achieved for the nanosecond-pulsed laser system,
while for the CW laser system, a reduction to 34 pm was accomplished at an effective cutting

speed of 0.83m-s™ 1.

Thirdly, a preliminary experimental series on picosecond laser cutting was executed to improve
the cut-edge quality by reducing the thermal impact on the electrode material. While material
removal was solely based on the ejection of whole particles for longer pulse durations and CW
radiation, the high laser fluences of ultrashort pulses led to the cutting of individual particles.
The low heat input resulted in small cutting gaps and clearance widths. However, the compara-

bly low maximum laser power of 50 W restricted the cutting speed to 0.2m-s™ 1.
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5.1.2 P2: Enhanced performance and lifetime of lithium-ion batteries by laser
structuring of graphite anodes

P2 (KRIEGLER ET AL. 2021a) comprises comprehensive electrochemical investigations of LIBs
with laser-structured anodes, targeting an improvement of various battery KPIs. Thus, P2 fo-
cused on the surface treatment of LIB electrodes, serving as a foundation for improving the
performance of ASSBs by a laser-based interface modification in the main part of the PS. The
journal Applied Energy was selected for publication due to its focus on bridging the gap be-
tween research and implementation in energy storage.

Article overview

Unlike previous studies on small-format laboratory batteries, this research used multi-layer
pouch cells to ensure industrial relevance. Micro-drillings in a hexagonal pattern were intro-
duced into graphite anodes using short laser pulses, diminishing the AAM mass by 7.8 %. Six
LIBs with laser-structured anodes (structured batteries) were assembled using semi-automated
production equipment *2. Moreover, six LIBs containing conventional anodes, otherwise iden-
tical in construction, were fabricated to serve as a benchmark (reference batteries).

A subset of three structured and three reference batteries underwent discharge rate testing at
25°C, 0°C, and —10°C. The voltage of the references collapsed more severely at higher C-
rates, particularly at low temperatures. Their structured counterparts consistently outperformed
the references, achieving up to 35 % higher discharge capacities. The improved rate capability
was attributed to decreased lithtum-ion concentration gradients, resulting in lower battery over-
potentials. The facilitated lithium-ion transport was traced back to a reduced anode tortuosity
by the laser-induced migration pathways ** (cf. Subsection 3.2.1).

Higher average discharge voltages and capacities, together with the mass reduction by material
removal, improved the specific energies of structured batteries compared to the references.
Transient voltage plateaus when discharging the reference batteries at —10 °C indicated lithium
plating during the preceding charging phase, with no such plateaus evident for structured bat-
teries. The re-intercalation of lithium depositions into the anode induced a voltage, superim-
posing the discharge voltage curves **.

In a fast-charging test, the references reached the upper cut-off voltage earlier than the struc-
tured batteries, as higher polarizations shortened the CC charging phases and restricted the
SOCs. Moreover, smaller voltage drops of the structured batteries after charging were ascribed

92 The batteries with an anode footprint of ~ 79 cm? were assembled on the battery pilot production line of the iwb at the TUM
(REINHART ET AL. 2013). Apart from laser structuring, the manufacturing routine involved electrode separation, cell stacking,
contacting, packaging, vacuum drying, electrolyte filling, and cell finishing.

% Evidence on the reduced tortuosity of laser-structured electrodes was provided through EIS in a study by HILLE ET AL. (2021)
under the participation of the author of this thesis.

% The voltage relaxation of LIBs with laser-structured anodes after charging was investigated in a preceding publication to
which the author of this thesis contributed as a co-author (HABEDANK ET AL. 2019a).
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to lower transport overpotentials due to reduced concentration gradients in the electrolyte.

To understand the effects of laser structuring on LIB aging under demanding conditions, a fast-
charging life cycle test was conducted with a second subset of six LIBs. The references exhib-
ited a sharp decline of the CC charge capacity, settling at 18 % of the nominal capacity after 50
cycles, indicative of increased cell polarizations, potentially due to surface layer formation or
pore-clogging. In contrast, structured batteries featured a gradual decline in the CC charge ca-
pacity, retaining 41 % of their initial capacity after 500 cycles. Moreover, structured batteries
still achieved average SOCs of 68 % within 15 min after 500 cycles, showcasing their sustained
fast-charging capability over time. Both battery types demonstrated a capacity fade that decel-
erated with ongoing cycling. However, the reference batteries experienced a more rapid capac-
ity decline to 52 % of the initial capacity after 50 cycles, while structured batteries maintained
a 74 % capacity retention after 520 cycles.

The rapid capacity decay in reference batteries was traced back to the LLI by lithium plating in
the initial cycles. This effect became self-limiting over time, leading to a stabilization in capac-
ity curves and constant CEs. Structured batteries exhibited lower overpotentials and a more
sustained capacity due to facilitated lithium-ion transport despite a reduced N/P ratio, which
typically promotes lithium plating. An ICA was undertaken to discern between the dominant
aging mechanisms, showing typical signs of lithium plating for the references, and ordinary
aging behavior for the structured batteries.

The electrochemical findings were substantiated by post-mortem analyses of graphite anodes
after cycling. Visual inspection demonstrated that the structured anodes retained their original
appearance, whereas the reference anodes had developed a metallic gold-like surface film that
quickly changed to silver/black upon exposure to air, indicative of lithium depositions. Moreo-
ver, SEM revealed a homogenous surface layer covering the reference anodes and only minor
deposits on the structured counterparts. Finally, carbon and fluorine ** were uniformly mapped
on the structured electrodes by EDX, while the absence of these elements on the references
evidenced not-detectable lithium accumulations °°.

The insights of P2 underline the effectiveness of laser structuring in enhancing the performance
and longevity of LIBs, particularly in fast-charging applications. Thus, the publication rein-
forces the potential of laser micro-processing to advance energy storage solutions by the tar-
geted alteration of electrode surfaces.

CRediT authorship contribution statement

Johannes Kriegler: Conceptualization, Methodology, Investigation, Visualization, Formal
analysis, Data curation, Validation, Writing — original draft, Writing — review & editing;
Lucas Hille: Investigation, Validation, Writing — review & editing; Sandro Stock: Formal
analysis, Writing — review & editing; Ludwig Kraft: Investigation, Writing — review & editing;
Jan Hagemeister: Investigation, Writing — review & editing; Jan Bernd Habedank: Writing —
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editing

%5 The detection of carbon and fluorine on the anode surface indicates the uncovered presence of the AAM (graphite) and the
binder (PVDF), respectively.

% Conventional EDX cannot detect lithium due to its low atomic number (BURGESS ET AL. 2013). However, the presence of
lithium can be indirectly confirmed by the extenuation of the counts of other elements compared to a reference sample or area.
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5.2 Results on all-solid-state batteries

The core focus of the PS in this thesis is the application of laser radiation for micro-processing
ASSB components. The outcomes of the related publications are summarized below.

5.2.1 P3: Processing of lithium metal for the production of post-lithium-ion bat-
teries using a pulsed nanosecond fiber laser

In the scope of P3 (KRIEGLER ET AL. 2022a), the laser cutting of lithium foils, a crucial compo-
nent for producing high-energy ASSBs, was experimentally investigated. As such, the publica-
tion constituted a milestone in the PS. Due to the shortage of studies on lithium processing, P3
was issued in the material science journal Results in Materials.

Article overview

Prior to conducting experimental investigations, model calculations were performed to deline-
ate an appropriate layer thickness range for LMAs in diverse LMB configurations, including
ASSBs. The required lithium film thickness was determined as a function of the intended cath-
ode areal capacity and lithium excess (cf. Subsection 2.1.4), indicating the necessity of pro-
cessing layers thinner than 50 pm. A cell model was established to study the impact of the foil
thickness on the energy density and specific energy of ASSBs comprising different SE types.
In the ensuing experimental part of the publication, a 50 pm thick free-standing lithium foil was
selected, striking a balance between representing a realistic application and being commercially
available at the time of the study.

A nanosecond-pulsed fiber laser beam source with a maximum average power output of 200 W
was used for the experiments, consistent with systems employed for electrode separation in LIB
production (cf. P1 in Subsection 5.1.1). A mobile gas-tight process chamber comprising a win-
dow transmissive for laser radiation was constructed. This box mitigated material degradation
during the experiments by enclosing the sample material in a dry-air atmosphere (dew point
< —40°C). For the first time, multi-pulse ablation thresholds of lithium were determined, using
an established analytical relationship (cf. Equation 2.28). Conforming to the theory for short-
pulsed laser radiation, a square root dependence of the ablation threshold on the pulse duration
(cf. Equation 2.29) was demonstrated across five pulse durations ranging from 13 ns to 261 ns.
Comparing the lithium ablation thresholds to those of other metals revealed minor values, which
was attributed to lithium’s low thermal conductivity and melting temperature.

After these preliminary tests, cutting experiments were conducted, manipulating pulse fre-
quency, fluence, and duration to ascertain dominating process effects, maximum cutting speeds,
and relevant quality metrics. SEM images were analyzed to link the process parameters to ma-
terial expulsion effects, identifying melt displacement as the primary mechanism for material
removal. When a pulse-duration-specific critical fluence was exceeded, explosive boiling oc-
curred, facilitating high cutting speeds of up to 6.6 m - s~ but resulting in numerous melt drop-
lets along the cut edge. Utilizing low fluences, high frequencies, and short pulse durations
proved advantageous, avoiding explosive boiling while maintaining high cutting speeds by pre-
venting plasma shielding.

In a second set of experiments, the shape of the melt superelevation, a critical cut-edge quality
criterion (cf. Subsection 3.1.2), was examined using LSM. With the laser power fixed at 100 W,
the influences of the pulse duration and frequency were systematically tested. Through-cuts
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necessitated pulse overlaps greater than 90 %, although lower overlaps and, consequently,
higher cutting speeds could be enabled using lower pulse frequencies combined with higher
fluences. Lowering the pulse overlap was important for decreasing the width and height of the
melt superelevation, which, by appropriately selecting the laser parameters, could be reduced
to values below 40 um and 10 pm, respectively.

Overall, this study identified crucial process phenomena in nanosecond laser processing of lith-
ium metal, confirming the technical suitability of laser sources already deployed in producing
LIBs. Melt displacement was revealed as the primary material removal mechanism for short
laser pulses, leaving behind a characteristic, quality-critical melt superelevation along the cut
edge. The results highlighted the quantitative evaluation of this melt rim as an essential measure
for quality assessment in LMB production, a pursuit further explored in P4.

CRediT authorship contribution statement
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5.2.2 P4: Automated quality evaluation for laser cutting in lithium metal battery
production using an instance segmentation convolutional neural network

P4 (KRIEGLER ET AL. 2023a) built upon P3, where the imperative for an automated and repro-
ducible method to assess the cut-edge quality of LM As was identified. The absence of pertinent
scientific literature precluded directly adapting a methodology from related fields, such as LIB
production. Thus, an innovative ML approach using a Convolutional Neural Network (CNN)®7
was selected, accounting for its recognized robustness, flexibility, and scalability. P4 was pub-
lished in a dedicated special issue of the JLA on Laser Manufacturing for Future Mobility.

Article overview

Within this paper, a deep-learning computer vision °® methodology was utilized to automatically
detect, segment, and evaluate the cut edges of lithium foils. Due to its high accuracy proven in
other applications, a pre-trained version of the Mask Region-based Convolutional Neural Net-
work (Mask R-CNN) (HEET AL. 2017), a state-of-the-art ML algorithm for object classification
and pixel-level instance segmentation, was selected.

Lithium samples with different cut-edge shapes were manufactured through varying the laser
process parameters. A total of 246 associated color and topographic LSM images were rec-
orded, constituting the primary dataset. Following a common procedure, the dataset was aug-
mented to 984 images by creating mirrored and rotated versions of the original images. Fol-
lowing this, a human expert sorted the images into two categories, distinguishing between those
illustrating defective and successful cuts.

97 CNNs are deep-learning algorithms particularly well-suited for computer vision tasks (LECUN ET AL. 2015).

9% Computer vision involves the automatic extraction of features from visual data, such as images. Common sub-methods of
computer vision include image classification, object detection, semantic segmentation, and instance segmentation. (LIN ET
AL. 2014)
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Then, the melt superelevations were manually annotated using polygonal lines to obtain
ground-truth *° labels. Subsequently, diverse datasets were created to train the algorithm, and
its performance was evaluated based on standard ML metrics '®°. Notably, hyperparameters,
such as the learning rate and the number of training epochs, were intentionally left unoptimized,
as the primary emphasis of the study rested on assessing the algorithm’s industrial applicability.

Initially, the algorithm’s precision in classifying the images in successful and defective cuts
was investigated, exploring its dependence on the number of training images. With an increas-
ing quantity of the training images, a discernible rise in classification accuracy was observed,
concomitant with a reduction in deviation across distinct training iterations. The peak classifi-
cation precision of 98.3 % was accomplished with the most extensive training dataset, encom-
passing 700 images. A validation experiment affirmed that incorporating synthetic images
through data augmentation only indiscernibly deteriorated the results compared to the mere
application of primary images. This observation is significant for practical implementation,
considering the laborious and costly nature of generating training images.

Secondly, the intersection over union (IoU) was computed as the ratio of the intersecting area
to the union area of predicted and ground-truth segmentation regions. An loU of 87.9 + 0.1%
was achieved when training with 700 images, which was only slightly below the human repro-
ducibility. The test time per image was only 850 ms, which is noteworthy given the utilization
of a standard personal computer and the omission of specific efficiency optimization measures
in the processing pipeline.

In the third phase, quantitative assessments of the melt superelevation geometry were obtained
by overlaying topography images with their corresponding binarized segmentation masks. Pa-
rameters, including average kerf widths and melt dimensions, were extracted, along with their
associated standard deviations. The derived values corresponded well with manual measure-
ments, facilitating a further sub-classification of the images displaying successful cuts into such
featuring regular and such featuring irregular melt superelevations. Executing the entire test
sequence required 1.3 s per image, which signifies a substantial reduction when compared with
manual evaluations. This holds promise for the future application of the procedure in industrial
scenarios.

To summarize, the computer vision approach offers an automated and reproducible means of
evaluating the cut-edge quality of LMAs. The algorithm’s high adaptability allows easy exten-
sion to diverse materials and applications. The method demands only a modest number of train-
ing images and exhibits short execution times, underscoring its suitability for comparative test
series during process design and integration into industrial production environments.

CRediT authorship contribution statement
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ology, Validation, Visualization, Writing — original draft, Writing — review & editing;
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%1n image segmentation, the ground truth refers to the correctly labeled pixels, serving as a benchmark to evaluate the perfor-
mance of an algorithm.
100 A summary of ML metrics is provided by PADILLA ET AL. (2020).
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5.2.3 PS5: Surface reconditioning of lithium metal anodes by laser modification

In P5 (KRIEGLER ET AL. 2024Db), the effectiveness of a laser-based surface modification in fine-
tuning the chemistry and morphology of LM As was showcased, addressing the lack of a precise
and scalable production method (cf. Subsection 3.2.2). Since the goal was to modify only the
uppermost material layer, a melt-dominated nanosecond laser process, as applied for cutting as
described in P3 and P4, was avoided, and instead, picosecond laser pulses were employed.

Concentrating on the chemical and physical alteration of lithium as an emerging battery mate-
rial, P5 was published in the journal Advanced Functional Materials'®'. To the author’s
knowledge, the targeted surface modification of lithium by laser radiation was neither scientif-
ically described nor patented before its publication in the context of this thesis.

Article overview

P5 covered various topics, including laser trials, surface property analyses, electrochemical
tests, and an industrial practicability study to research the laser micro-modification of LMAs.
Experiments required execution in an inert gas atmosphere to prevent unintended reactions of
the samples (cf. Subsection 2.1.6). For this purpose, a pulsed laser assembly was incorporated
into a glovebox environment, advancing the shielding gas box developed in P3. This prototype
laser unit ensured a controlled atmosphere with water and oxygen levels maintained at less than
1ppm during the process. Additional details on the laser unit, integrated within a research-
grade, semi-automated production system for ASSB prototype assembly, were disclosed in a
separate publication, which was co-authored by the author of this thesis (KONWITSCHNY ET
AL. 2024).

Initially, the behavior of lithium under the influence of picosecond laser pulses was examined.
Based on the pulse-number-dependent threshold fluence determined for the given pulse dura-
tion, the areal processing of lithium foils was investigated in a process study across 180 param-
eter combinations, varying the pulse fluence, repetition rate, and overlap as well as the hatch
distance. The generated surfaces were characterized by SEM and assigned to one of four cate-
gories (no ablation, ablation-dominated, melt-dominated, cratering) based on their morphology.
LSM measurements of the processed samples affirmed the potential to increase or reduce the
surface roughness based on the specific requirement. As only the uppermost material layer was
to be modified, a parameter set from the ablation-dominated process regime was selected as a
reference for the remaining investigations, avoiding excessive melting.

The efficacy of the reference parameter set in eliminating contaminants from the lithium surface
was assessed by applying up to four consecutive laser cycles with varying scan directions. SEM
demonstrated a gradual reduction in microstructural surface imperfections with increased
scanning cycles. Additionally, the method’s capability to restore the surface properties of
degraded lithium was investigated by targeted exposing of samples to ambient air before
processing. Photographic evidence and SEM imaging illustrated that laser treatment effectively
removed the distinct passivation layer formed upon contact with ambient air, restoring a planar
surface.

EDX mappings were employed to validate the reduction in oxygen and carbon fractions on both
degraded and non-degraded lithium substrates after further processing. EDX count maps for

101 A related patent that was co-filed by the author of this thesis focuses on the industrial application of the proposed method
for processing lithium (BALLMES & KRIEGLER 2024).
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oxygen and carbon were generated to quantify this effect, progressively increasing the acceler-
ation voltage from 1 — 5kV to control the measurement depth. After laser cleaning, traces of
oxygen and carbon were decreased in most configurations, with count intensity reductions for
both elements typically ranging from 60 — 80 % within the laser-processed regions.

Laser-treated lithium metal electrodes were incorporated into symmetrical ASSBs with LLZO
and LPSCI SE separators to evaluate their performance under electrochemical testing
conditions. Interfacial cell resistances of the ASSBs were measured by EIS at OCV conditions,
and an equivalent circuit model was fitted to the data. The analyses demonstrated reduced
interfacial resistances by approximately 44 % for LLZO-based and 35% for LPSCI-based
ASSBs with laser-modified anodes compared to those with pristine lithium metal electrodes.
The reduced resistances were attributed to the removal of the passivation layer through laser
treatment.

Additional experiments with liquid-electrolyte LMBs were performed to mitigate the imperfect
electrode—electrolyte interfacial contact inherent to ASSBs. In these tests, lithium was alter-
nately plated and stripped (symmetrical cycling) in cells with lithium metal electrodes on both sides.
The LMBs with laser-treated electrodes demonstrated lower and more consistent overvoltages com-
pared to their pristine counterparts. Nyquist plots !°? revealed that the impedance of the liquid-
electrolyte LMBs with laser-treated electrodes remained almost constant throughout the cycles,
indicating potential benefits in terms of enhanced electrochemical performance and extended
cell lifetime.

In a final step, a concept for incorporating laser micro-cleaning in the manufacturing chain for
LMAs was proposed. Furthermore, model calculations based on the previously determined pro-
cess parameters substantiated the approach’s potential for integration into roll-to-roll industrial
production scenarios. Process costs of 0.93 US$ - m~2 were estimated for a material throughput
of 0.42m? - min~1, constituting less than 9% and 4 % of the total price for 20 pm and 50 um
thick lithium foils, respectively. Thus, the economic viability of laser-based surface treatment
in LMB production was corroborated.

To sum up, P5 introduced a novel method for modifying the surface of lithium foils through a
laser approach, proving the electrochemical advantages of processed LMAs in SE and LE
LMBs. The results indicated significant potential for integrating laser micro-cleaning as an ad-
ditional process step before LMB assembly.
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102E1S results are typically displayed using a Nyquist plot, where the imaginary part of the impedance is plotted on the ordinate
and the real part on the abscissa (VADHVA ET AL. 2021).
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5.2.4 P6: Pulsed laser ablation of a ceramic electrolyte for all-solid-state batteries

As part of the investigations on RO3, the efficient material removal of ceramic SEs was exam-
ined in P6 (KRIEGLER ET AL. 2022b) using LATP as exemplary material. The study was pre-
sented at the 12 Collége International pour la Recherche en Productique (CIRP) Conference
on Photonic Technologies (LANE) 2022 and published in the corresponding journal
Procedia CIRP.

Article overview

Adopting SEs in battery production necessitates a shift in laser process design due to altered
material properties compared to porous LIB electrodes (cf. Subsection 5.1.1). The uncertainties
regarding achievable laser processing rates for ceramic SEs at the initiation of P6 prompted
questions about its suitability for industrial ASSB production. Consequently, this study adopted
a framework for determining material removal metrics for ceramic SEs based on established
empirical modeling approaches (NEUENSCHWANDER ET AL. 2012; ZEMAITIS ET AL. 2020).

Experimental laser studies were conducted for battery-grade LATP to compare the suitability
of pico- and nanosecond laser pulses for processing ceramic SEs. Initial experiments involved
identifying multi-pulse ablation thresholds for pulse durations of 8 ps, 1ns, and 5 ns according
to Liu’s method (L1U 1982), revealing a proportional relationship to the square root of the pulse
durations (cf. Equation 2.29). Thus, reducing the pulse duration from nanoseconds to picosec-
onds significantly decreased the pulse fluence required for material removal.

Subsequently, trenches were manufactured using nano- and picosecond pulses. Their depths
and volumes were measured by LSM to calculate ablation efficiencies and rates based on the
depth progression and the volume of material removed (cf. Subsection 2.2.4). The ablation rates
increased almost linearly with the pulse fluence for nanosecond laser pulses. Instead, the abla-
tion efficiencies remained virtually unaffected at 2 um3 - uJ =1 and 3 um3 - pJ = for pulse dura-
tions of 5ns and 1ns, respectively. SEM images revealed slight melt traces along the cutting
kerfs at high fluences, particularly for the longer pulse duration of 5ns. A complementary ex-
periment for a pulse duration of 8 ps and varying pulse repetition rates raised distinct peaks in
the ablation efficiencies, which confirmed the existence of optimum pulse fluences.

A semi-analytical model for ultrashort laser processes was adapted from the literature and im-
plemented for the underlying use case. The Lambert—Beer law (cf. Equation 2.25) constituted
the physical foundation of the modeling approach (FURMANSKI ET AL. 2007). This principle,
which describes the attenuation of light, allowed the derivation of analytical formulas describ-
ing the energetic efficiency and material removal rate considering a Gaussian intensity distri-
bution. The functions were calibrated with empirical data to describe the material removal be-
havior over a wide fluence range and to derive optimum pulse fluences. For example, the opti-
mum fluence for a pulse repetition rate of 100kHz was around 10] - cm™2 and yielded the
material removal of approximately 35 um?3 - pJ~1. Notably, picosecond pulses achieved up to
ten times as high ablation efficiencies compared to nanosecond pulses while maintaining a
nearly melt-free surface quality when working at optimum fluences. The material removal per
time unit increased with higher repetition rates but at the expense of energetic efficiency. This
behavior was attributed to shielding effects dominating heat accumulation with the decreased
temporal distance between incoming laser pulses.

Exploring the potential of enhancing ablation efficiency through megahertz bursts of two to
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five picosecond laser pulses revealed a detrimental impact on both material removal efficiency
and surface quality. SEM imaging illustrated pronounced melt depositions around trenches that
intensified with the number of pulses per burst, suggesting intra-burst heat accumulation.

In conclusion, P6 introduced a systematic approach for evaluating material removal efficiency
and quality in machining ceramic SEs, serving as preparatory work for subsequent experimental
laser studies described within P7 and PS.
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5.2.5 P7: Scaling up picosecond laser ablation of an LATGP-type glass-ceramic
solid electrolyte for all-solid-state battery production

Building on the theoretical foundation established in P6, an extensive experimental investiga-
tion into the ablation behavior of a commercial SE under high-energy picosecond laser pulses
was conducted for P7 (KRIEGLER ET AL. 2023d). The results were contextualized within cutting
and structuring application scenarios to assess the process capability for industrial ASSB fabri-
cation. P7 was published in the Journal of Manufacturing Processes, accounting for its contri-
bution to improved fabrication processes.

Article overview

As part of an extensive process study, a picosecond laser unit with tunable wavelengths of
1064 nm (IR), 532nm (green), and 355nm (UV) was utilized to process the oxide-ceramic
SE LAGTP ', Ablation thresholds, efficiencies, and rates were determined by fabricating per-
cussion drillings, trenches, and cavities, employing different wavelengths, pulse fluences, and
pulse repetition rates. A focus was placed on the disparities and constraints associated with the
various geometric structures, underscoring the need to tailor experimental approaches to spe-
cific application scenarios.

For the IR wavelength, the ablation threshold of LAGTP considerably exceeded that of LATP,
as reported in P6. This difference was attributed to the manufacturing of the LAGTP samples
by melt quenching, which resulted in a glass-ceramic material structure with fewer defects than
for sintered LATP. The enhanced absorption of short-wavelength radiation by inorganic mate-
rials resulted in lower ablation thresholds for the green and UV wavelengths.

LSM analyses of cavities and trenches created through laser ablation allowed the calculation of
volume and depth ablation efficiencies and rates. Short-wavelength pulses exhibited superior
performance at low fluences, peaking at a volume ablation efficiency of 36 um?3 - pJ~* for green
radiation, while IR wavelengths excelled at high fluences benefitting from heat accumulation.
Scaling the pulse repetition rate from 10kHz to 1000 kHz altered the volume ablation efficien-
cies owing to heat accumulation and the attenuation of incoming laser pulses by shielding

103 L ithium aluminum germanium titanium phosphate (LAGTP) with the chemical formula Li; 4 4 3,AL, (Ti, Ge)5_,Siz,P;_, 01,
is a Germanium-doped NaSICON-type LATP derivate that is commercially distributed (OHARA CORPORATION 2024).
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effects. However, exploiting a higher power at the elevated pulse repetition rate amplified the
volume ablation rates to 26 mm?> - min~1. Trench manufacturing typically exhibited lower vol-
ume ablation efficiencies compared to cavities, likely due to increased reflections along the
trench walls and a larger irradiated surface area.

Moreover, depth ablation efficiencies were calculated, revealing reduced efficiencies for
trenches relative to cavities, aligning with volume ablation behavior. Maximum depth ablation
efficiencies were 371nm - pJ ! for cavities and 214nm - pJ 1 for trenches, with low fluences
and short wavelengths proving advantageous. Trench depth progression varied depending on
the wavelength, reaching its maximum with IR radiation. The limited depth achieved with green
and UV wavelengths was attributed to the projected fluences falling below the ablation thresh-
olds and potential redeposition of ablated material. A decline in trench depth with higher scan
repetitions was associated to the closure of the cutting kerf by melt reflow.

Microscopy techniques were utilized to analyze the surfaces of the fabricated cavities and
trenches, providing insights into the attainable quality. LSM demonstrated a rougher cavity
surface with increasing pulse fluence across all tested wavelengths. However, green and UV
laser radiation yielded surface roughness values below 500 nm, particularly at low fluences and
pulse repetition rates. SEM imaging revealed distinct melt residues at the cavity bottoms when
working at high fluences and pulse repetition rates, especially at shorter wavelengths. For
trenches, micro-pitting occurred with the IR wavelength, whereas lower wavelengths resulted
in more uniform cut edges. SEM cross-sections evidenced a modified material structure around
the machined area, with needle-like cracks extending radially from trenches produced with IR
radiation, indicating electronic damage '*.

In the final step, the obtained ablation metrics and insights into surface quality were assessed
for cutting and structuring use cases. A separator geometry (123.4cm circumference,
517.0 cm? surface area, 20 um thickness) was specified to estimate process times. The model
calculations showed that multi-pass ablation cutting of the defined separator could be executed
in under one second. Laser surface structuring, as demonstrated in P8 (cf. Subsection 5.2.6),
was evaluated as a second application. Processing times for introducing a defined surface pat-
tern were computed based on structure depth and volume ablation rate, indicating that structur-
ing at optimum fluences could take over 10 minutes due to low power utilization. To reduce
cycle times below one minute, strategies for exploiting high average powers, such as increasing
the focal diameter, pulse repetition rate, or the number of laser sub-beams, were discussed

In summary, P7 established a link between the laser ablation of ceramic SEs and potential ap-
plications by conducting thorough process studies that were followed by model calculations.
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104 Electronic damage is a known mechanism of crack formation for materials processing of dielectrics with ultrashort laser
pulses induced by high-density free electrons (SUN ET AL. 2013, SUN ET AL. 2016).
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5.2.6 P8: Design, production, and characterization of three-dimensionally-struc-
tured oxide-polymer composite cathodes for all-solid-state batteries

P8 (KRIEGLER ET AL. 2023b) extended the concept of three-dimensional electrode structuring
from LIBs, as explored for P2 (cf. Subsection 5.1.2), to ceramic ASSBs. For this purpose, a
production route for oxide-based composite cathodes with a tailored microstructure was pro-
posed and experimentally implemented. The laser micro-processing techniques employed for
P8 were informed by the insights from P6 (cf. Subsection 5.2.4) and P7 (cf. Subsection 5.2.5),
enabling large-area, damage-free structuring of oxide-ceramic SE substrates for inserting ho-
mogenous patterns of directed micropores. P8 was published in the multidisciplinary journal
Energy Storage Materials, which focuses on technological advances in material research for
improved energy storage.

Article overview

While most methods for producing scaffold-based composite cathodes involve infiltrating non-
directional pore structures (cf. Subsections 2.1.6 and 3.2.3), this study centered on a novel tech-
nique for creating oxidic SE layers with a directional design. An innovative process chain was
introduced, involving laser ablation to form aligned structures in pre-sintered oxidic SE layers,
followed by infiltration with cathode slurry. The article details each step of the process sequence
and characterizes the intermediate and final products through selected analytical methods, with
LATP as the exemplary SE.

First, investigations using a picosecond laser unit demonstrated the versatility of laser ablation
in creating structures of various shapes and sizes. The two pattern types generated were
boreholes in a hexagonal arrangement created via helix drilling and a checkerboard-like
configuration of trenches with defined spacing. SEM analyses showed damage-free sample
surfaces with negligible melt residues, while XRD measurements confirmed that the phase
composition and lattice parameters of the SE remained unchanged after laser structuring.
Geometric analyses of trench and borehole structures by LSM revealed lateral structure
dimensions of 45 — 80 um and structure depths of up to 115 pm. After the material removal,
the generated bi-layer components featured a separator region with thicknesses below 45 pum
and a scaffold part with directional pore structures, exhibiting porosities of up to 50 %.

Second, the structures were infiltrated with various cathode slurries containing single-
crystalline NMC622, polycrystalline NMC622, or LFP, along with a minor PE fraction serving
as an ion-conducting adhesive. Cross-sectional SEM images visualized the percolation of the
CAM nparticles down to the structure bottoms, suggesting a high pore-filling degree. EDX
elemental mappings evidenced a homogenous distribution of slurry constituents within the
structures. Weight measurements of samples before and after infiltration yielded theoretical

areal capacities of up to 4.7 mAh - cm™2 1%,

Coin-cell ASSBs with LMAs were prepared and electrochemically tested by galvanostatic
cycling at current densities of 25pA - cm™2. An ASSB based on polycrystalline NMC622
exhibited considerable initial specific charge and discharge capacities of 150mAh - gt and
120mAh - g1, respectively. The extractable capacities declined at higher areal currents due to
increased cell polarization. In addition, a gradual capacity decrease over the battery lifetime

105 The areal capacities of commercial LIBs are around 3 — 5mAh - cm™2 (STOCK ET AL. 2023, ANK ET AL. 2023), whereas
research-grade ASSBs usually feature lower areal capacities (RANDAU ET AL. 2020).
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was ascribed to chemo-mechanical effects (cf. Subsection 2.1.5). The ASSB with a structured
composite cathode achieved up to 16 % higher specific discharge capacities than a comparable
cell with a planar cathode, likely due to shortened ion-diffusion pathways. Electrochemical
testing was also conducted on ASSBs with single-crystalline NMC622 and LFP as CAMs
within the three-dimensionally-structured composite cathodes for validating the cell design.

The results were compared to related concepts from the literature, contextualizing
electrochemical data, such as mass loadings, current densities, and cycle numbers. Finally, the
energy content of one manufactured ASSB was calculated, and a pathway for achieving a

specific energy of 272Wh - kg~! and an energy density of 722 Wh - 17! was outlined.

Conclusively, P8, for the first time, showed the manufacture of oxide-based composite cathodes
by infiltrating CAMs into directed laser-generated structures. Thus, the publication paved the
way for further investigations on scaffold-type ASSBs with carefully designed microstructures.
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5.2.7 P9: A perspective on the design, manufacturing, and energy content of all-
solid-state batteries with scaffold-based composite cathodes

P9 (KRIEGLER ET AL. 2024a) provides an in-depth review of the design and manufacturing of
scaffold-based composite cathodes alongside a calculation model for estimating the energy con-
tents of related ASSB concepts. Within this thesis, P9 functions as a technological assessment,
comparing the laser-based approach introduced in P8 with alternative methods for fabricating
oxidic SE scaffolds. Given the challenge of achieving high energy contents due to the relatively
high density of oxidic SEs (cf. Subsection 2.1.3) and because of production-related limitations
(cf. Subsection 2.1.6), model calculations were conducted to assess the commercial feasibility
of the scaffold design. The choice of the Journal of Power Sources for publication reflects the
study’s objective to bridge the gap between the technological implementation and practical ap-
plication of the proposed cell concept.

Article overview

P9 is organized into two main sections. The first section overviews available methods for fab-
ricating SE scaffolds with unoriented and directed pore structures, including pore former de-
gassing, template casting, colloidal crystal templating, 3D printing, laser structuring, and freeze
casting (cf. Subsection 3.2.3). Compiling scaffold data from the literature underscored the need
to validate the scalability of the diverse techniques. Moreover, infiltration techniques for active
materials in SE scaffolds are also recapitulated, demonstrating the compatibility of a broad
range of CAMs by avoiding co-sintering (cf. Subsection 2.1.6) and magnifying the SE—lithium
interface (cf. Subsection 2.1.5).

The second section introduces a computational model for predicting the volumetric energy
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densities and specific energies for different scaffold-based ASSB designs under defined
technical constraints that emerged from the technology review. Initial top-down energy content
calculations, based on published experimental data, revealed a notable gap between theoretical
and experimental values at both the cathode and the stack level 1%,

A subsequent bottom-up analysis examined the effects of individual design parameters. The
tunability of the cathode areal capacity by adjustments in layer thickness, scaffold porosity, and
infiltration constituents was discussed. The calculations projected the achievability of cathode
areal capacities exceeding 5mAh - cm™2 with an initial scaffold porosity of 70 %. Following
this, energy densities above 1500 Wh - 17! and specific energies beyond 500 Wh - kg1 at the
cathode level were predicted, with LATP demonstrating advantages over LLZO due to its lower
density. These results were translated to a stack level by comparing four technically viable
configurations of LLZO- and LATP-based composite cathodes with LLZO and PE separators.
The calculated effects of separator and composite cathode thickness suggested the potential for
energy content improvements over LIBs.

Finally, the impact of seven major cell design parameters was evaluated through a sensitivity
analysis using two selected LLZO-based and LATP-based cell concepts. Therefore, baseline,
pessimistic, and optimistic scenarios that relied on the technical implications from the literature
review in the publication’s first part were formulated. It turned out that even with baseline
parameters, scaffold-based ASSBs can surpass the energy content of state-of-the-art LIBs.
Discussing the influences of individual factors on the specific energy and volumetric energy
density yielded design guidelines for future research efforts.

In conclusion, P9 affirmed the potential of scaffold-based oxide ASSBs for industrial imple-
mentation from both a production and a product perspective.
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196 BTz ET AL. (2019) explicate the different steps in energy content calculation. Thereby, stack-level calculations refer to a
unit cell’s energy content, incorporating binders, conductive additives, current collectors, and a separator layer with the elec-
trode active materials and the electrolyte.
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6 Discussion and Critical Reflection

Chapter 6 outlines the contributions of the research findings to the state of research and tech-
nology. To this end, the scientific novelty is contextualized within the existing body of litera-
ture, demonstrating how the initial RGs were addressed (cf. Section 6.1). Moreover, the results
undergo a technical evaluation to support their practical application in battery production.
Therefore, the incorporation of the considered technologies into the respective process chains
for battery production and the advancements of their technological maturity are discussed
(cf. Section 6.2).

Along with the technical evaluations of the individual publications, this chapter constitutes the
DS-II of this thesis, evaluating the success in fulfilling the ROs.

6.1 Scientific interpretation of the results

This section underscores the relevance and impact of the scientific findings by positioning them
within the existing literature to emphasize contributions and discrepancies. A complete repre-
sentation of the available literature is beyond the scope of this thesis. Instead, the objective is
to position the publications in the research landscape using selected studies on specific topics.
Following the framework established in Figure 4.2, P1 — P9 are categorized by their fields of
action and the battery components they address (see Figure 6.1). Research on component sep-
aration primarily advanced laser process design and its industrial application, whereas the stud-
ies on surface modification significantly impacted battery design and production.

Publications 1 and 2

Several studies, including those by JANSEN ET AL.(2019a, 2019b) and CARBONARI ET
AL. (2020), have provided evidence of the critical impact of electrode edge quality on battery
performance, identifying electrode cutting as a key production process. Thus, existing research
on the laser-based separation of LIB electrodes was reviewed in P1 to establish a comparative
framework for ASSB component cutting. This analysis revealed the need for consistent evalu-
ation of different beam sources and process designs (cf. Subsection 3.1.1), which was addressed
by comparing various process alternatives in terms of quality and throughput. Graphite-based
anodes were used as the reference material due to their prevalence in contemporary LIBs (AN-
DRE ET AL. 2017), while the diversity of CAMs (ANDRE ET AL. 2015) complicates to reach uni-
versal conclusions on the cathode side. Prior studies focused on either CW (BAUMANN ET
AL. 2019), short-pulsed (LUTEY ET AL. 2017), or ultrashort-pulsed (ZHANG ET AL. 2019a) laser
cutting, which resulted in limited result comparability due to inconsistent quality metrics. In
contrast, process alternatives were directly compared in P1 to evaluate their feasibility from
different perspectives. Moreover, multi-pass cutting strategies, as proposed by BAUMANN ET
AL. (2019), were refined by benchmarking them against single-pass approaches.

In P2, laser micro-structuring of electrodes, a second reference technology from LIB
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production, was explored beyond the scope of typical studies, which often concentrate on im-
proving individual electrochemical properties like discharge rate (DUBEY ET AL. 2020;
HABEDANK ET AL. 2018a) or fast-charging capability (HABEDANK ET AL. 2019a) in small-for-
mat laboratory cells. However, these battery types only provide limited significance about the
cyclic lifetime (BRIDGEWATER ET AL. 2021; SON ET AL. 2024). Thus, this critical metric and the
complex degradation effects involved are often overlooked. A recent work by CHEN ET AL.
(2020) provided electrochemical analyses of multi-layer LIBs but lacked statistical validation.
Besides that, HABEDANK ET AL. (2019b) accelerated the filling of multi-layer pouch cells with
LE by employing laser-structured electrodes but disregarded electrochemical testing. Notably,
much of the earlier research prioritized structured cathodes over structured anodes. These gaps
were addressed in P2 by manufacturing multi-layer pouch cells with laser-structured anodes
and conducting comprehensive electrochemical evaluation. The processability of surface-mod-
ified electrodes with semi-automated manufacturing equipment was demonstrated to affirm
their viability in industrial settings. Thus, the groundwork for subsequent manufacturing-cen-
tered studies on process scaling (HILLE ET AL. 2023c; ZWAHR ET AL. 2023) and integration
(HILLE ET AL. 2023b) of laser structuring was laid. Furthermore, the extensive evaluation of
electrochemical metrics under various operational conditions has enriched the understanding of
how the altered product properties can be leveraged in practical applications, such as EVs. The
understanding of the impact on cyclic lifetime and aging mechanisms was particularly enriched
by combining ICA with post-mortem SEM and EDX analyses. Overall, the investigations un-
derscored the potential of laser-structured anodes to improve battery performance and longevity
while substantially contributing to the production engineering domain.

Together, P1 and P2 assessed the status of laser micro-processing techniques in LIB production,
fulfilling RO1.

Publications P3 and P4

SCHNELL ET AL. (2018) and DUFFNER ET AL. (2021b) highlighted challenges in lithium pro-
cessing and proposed laser cutting as the preferred separation method. Although laser cutting
of lithium was experimentally demonstrated by JANSEN ET AL. (2018), further scientific explo-
ration has been limited, with only a few patents addressing laser-based (BOCKSROCKER 2022)
and mechanical (BEAUCHAMP & FUSEY 2020; SHANNON ET AL. 2020) cutting techniques. The
laser experiments conducted as part of P3 expanded the parameter space beyond that of JANSEN
ET AL. (2018), exploring a broader range of laser powers and pulse durations. The predominance
of melt-based material removal observed by JANSEN ET AL. (2018) was confirmed, and the pro-
cess behavior was linked to findings on other metals with similar thermal properties (CATA-
LANO ET AL.2018; DEMIR & PREVITALI 2014a). Explosive boiling at high pulse fluences
(FISHBURN ET AL. 2006; PORNEALA & WILLIS 2009) was identified as the most effective mate-
rial removal mechanism, allowing for high cutting speeds but resulting in poor cut-edge quality
due to the deposition of melt residues (see Figure 3.2).

Thus, an ML-based computer vision method for the automated extraction of quality features
from topographic laser cut-edge images was developed in P4. The comprehensive image pro-
cessing pipeline encompassed data preparation, model training, and the application of algo-
rithm-generated segmentation masks to compute quantitative metrics. Deep-learning computer
vision, previously proposed for semantic segmentation tasks across the production (HARTL ET
AL. 2019), laser (WANG ET AL. 2022), and battery (YANG ET AL. 2020a; YANG ET AL. 2020b)
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domains, was applied for the first time to identify cut-edge features in battery production. More-
over, integrating segmentation masks with topographic data from LSM images introduced a
novel image analysis approach.

By combining process investigations in P3 with the automated determination of quality metrics
in P4, RO2 was successfully met.

Publication P5

The critical influence of the surface condition of LMAs on their electrochemical performance
is well-documented (OTTO ET AL. 2021b; STORELLIET AL. 2021). However, existing techniques
for removing surface contaminants have been primarily confined to laboratory settings
(GIREAUD ET AL. 2006). Scalable approaches like sandblasting (WOLF ET AL. 2021) and calen-
dering (BECKING ET AL. 2017) rely on contact-based mechanical working principles. Similarly,
techniques to increase the LMA surface area have been mainly based on mechanical embossing
(PARK ET AL. 2016; PARK ET AL. 2018; RYOUET AL. 2015).

In contrast, P5 introduced a contactless laser-based surface treatment method that is reproduc-
ible, scalable, and suitable for automation. Implementing an ultrashort-pulsed laser assembly in
an argon-filled glovebox micro-environment allowed lithium processing with reduced material
degradation and safety risks compared to studies in dry air (JANSEN ET AL. 2018). Lithium foils
with various topographic and chemical surface conditions were created using dedicated laser
process designs inspired by the scientific literature on micro-structuring (HABEDANK ET
AL. 2018a; MANGANG ET AL.2016), micro-polishing (GIORGI ET AL.2017; TEMMLER ET
AL. 2020), and micro-cleaning (BOLSINGER ET AL.2020; CHEN ET AL. 2021b; KHOSLA ET
AL. 2023Db) of other materials. The feasibility of pulsed laser radiation in achieving diverse sur-
face morphologies and reducing surface contaminants was confirmed through microscopic
analyses, such as EDX depth profiling, as recommended by OTTO ET AL. (2021a). The modified
LMAs demonstrated improved electrochemical performance in various cell configurations,
which is in line with findings from alternative techniques for surface film removal, supporting
the method’s efficacy (BECKING ET AL. 2017; WOLF ET AL. 2021). Finally, theoretic considera-
tions on the industrial application of laser surface treatment showcased its scalability by using
commercially available laser equipment (BRINKMEIER ET AL. 2022; LOESCHNER ET AL. 2015)
and its economic viability in LMA fabrication (SCHMUCH ET AL. 2018).

Overall, the holistic approach in P5 successfully met RO3 by enabling and evaluating an inno-
vative laser surface treatment process for LMAs.

Publications P6 and P7

Initial process studies described in P6 explored the feasibility of using pulsed laser radiation for
processing ceramic SEs. A patent by BADDING ET AL. (2019) proposing femto- to nanosecond
laser pulse durations for machining ceramic SE layers served as a reference due to limited prior
research. BADDING ET AL. (2019) suggested that multiple scanning cycles may be needed to
separate SE layers, which highlighted the importance of optimizing the ablation efficiency. To
this end, a semi-analytical modeling approach, traditionally applied for metals (FURMANSKI ET
AL. 2007) (cf. Subsection 2.2.4), was adapted for ceramics. Reference data for similar ceramics,
such as zirconium oxide (Zr0Q,), is sparse, with only a few benchmarks available (NEU-
ENSCHWANDER ET AL. 2013). Moreover, pulse burst effectiveness was evaluated, showing re-
duced ablation volumes compared to single pulses, likely due to shielding
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effects (JAEGGI ET AL. 2017). These results contributed to the ambiguous scientific debate, as
some studies reported improved ablation efficiencies with pulse bursts (KERSE ET AL. 2016;
METZNER ET AL. 2022), while others observed the opposite (REMUND ET AL. 2020), depending
on the inter- and intra-pulse frequencies and materials tested.

In P7, picosecond-pulsed laser ablation of ceramic SEs was further examined with a particular
focus on the interplay between ablation efficiency and surface quality, allowing comparisons
with other ceramic processing studies, such as those by RUNG ET AL. (2022) and NARAZAKI ET
AL. (2021). The advantages of using UV and green over IR laser radiation for ceramics pro-
cessing were analyzed in detail, expanding the state of the art (ACKERL & WEGENER 2019;
NEUENSCHWANDER ET AL. 2013). A model by STROJ ET AL. (2021) was adopted to predict the
groove geometry based on the gradually increasing irradiated surface area during laser pro-
cessing. Surface analyses revealed typical phenomena for ceramics processing, such as melt
formation (BEN-YAKAR ET AL. 2007), crystallographic changes (ZHANG ET AL. 2019c), and mi-
cro-fracturing (SUN ET AL.2016). Assuming a separator geometry from LIB production
(GUENTER & WASSILIADIS 2022) helped to contextualize the laser metrics for structuring and
cutting in ASSB production, ensuring practical relevance for industrial applications.

Collectively, P6 and P7 provided insights into the process phenomena and scaling of ceramic
SE machining, thereby effectively addressing ROA4.

Publications P8 and P9

P8 focused on designing and manufacturing composite cathodes by creating pores in SE layers
via laser ablation and then infiltrating them with CAM particles. While previous research on
scaffold-based electrodes mainly targeted host structures for LMAs (ALEXANDER ET AL. 2023;
Hitz ET AL. 2019), cathode fabrication has been less regarded due to the difficulty in achieving
high pore-filling degrees and intimate interfacial contact (KiM & RuUpPP 2020). The subtractive
approach in P8 enables the generation of pores with precise geometry and orientation, which
facilitates slurry infiltration. Previously, XU ET AL. (2021) and YAN ET AL. (2022) have pro-
posed the laser patterning of ceramic SE layers to enhance the contact with LM As. However,
molten lithium easily fills scaffolds, whereas rigid CAM particles are limited to point contacts
with ceramic SEs. This issue was addressed in P8 by incorporating a PE as an ion-conducting
agent into the cathode slurry, as suggested by ZHANG ET AL. (2020a). While LLZO is the prev-
alent SE for scaffold-based electrodes (KiM & RUPP 2020; YTET AL. 2020), LATP was chosen
for its air stability and low density (cf. Subsection 2.1.3). Following WU ET AL. (2019¢), a ma-
trix-supported PE membrane was employed as a protective interlayer to prevent adverse reac-
tions at the LATP-LMA interface. While models predict lower tortuosity for three-dimension-
ally-structured composite cathodes (CLAUSNITZER ET AL. 2024; SHEN ET AL. 2019), experi-
mental validations of the electrochemical impact of the cathode microstructure remain scarce.
For instance, electrodes fabricated by freeze casting, the predominant alternative for creating
scaffolds with directed channels (SHEN ET AL. 2019; SHEN ET AL. 2020), have yet to be thor-
oughly electrochemically evaluated. Thus, P8 was among the first studies to demonstrate the
superior electrochemical performance of ASSBs featuring structured composite cathodes, con-
firming the utility of scaffold-based cathodes and introducing a novel cell design by combining
concepts from existing literature.

P9 followed up on the cell concept and process chain introduced in P8 by evaluating their tech-
nological potential. Laser ablation was compared with alternative scaffold manufacturing
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methods, complementing research on garnet scaffolds by KRAVCHYK & KOVALENKO (2022).
Additionally, P9 analyzed the specific energies and volumetric energy densities of scaffold-
based ASSBs, following a calculation methodology by BETZET AL. (2019). A review of exper-
imental literature on the boundary conditions and values of scaffold-based cell concepts served
as a basis for computation. Thereby, the approach of ZHANG ET AL. (2023a), who based their
model on the porosities of reported dense—porous LLZO membranes, was extended. Addition-
ally, the energy contents of various cell types were estimated, and the impact of key design
parameters was explored in sensitivity analyses, connecting to related calculations on LLZO
scaffolds by KRAVCHYK ET AL. (2021, 2022a).

Ultimately, ROS5 was achieved by fabricating scaffold-based cathodes, integrating these elec-
trodes into a corresponding cell concept, and evaluating the approach from product and process
points of view.
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Figure 6.1: This matrix categorizes P1 — P9 (boxes with bold border) within the research landscape, organized by

fields of action and component types. Selected external research articles that are thematically related
to this thesis are integrated. In each field, the publications are positioned vertically by publication date
and horizontally by their focus on the process or product design. Patents are indicated by a star
symbol (*).



98 6 Discussion and Critical Reflection

6.2 Contribution to industrial practice

Beyond the scientific contributions delineated in the previous section, this thesis has advanced
the implementation of the investigated technologies in industrial practice. Ceramic ASSBs face
substantial uncertainties due to the considerable changes required within the manufacturing se-
quences for new cell designs. Representing a departure from traditional LIBs, the production
of the emerging ASSB technology demands a reassessment of current processes and a redesign
of production equipment. Figure 6.2 illustrates how the researched laser techniques seamlessly
integrate into LIB and ASSB process chains (cf. Subsection 2.1.6). Laser cutting represents a
viable alternative for slitting and shaping, which are mandatory process steps for integrating
ASSB components into specific cell formats. Meanwhile, laser-based surface modification
methods function as drop-in solutions to enhance battery functionality.

This section also presents a TRL analysis that outlines how contributions from P1 to P9 have
advanced the technological maturity of the explored innovations. This systematic assessment
assists stakeholders from the highly dynamic battery sector in making informed decisions re-
garding resource allocation for future development efforts (GREENWOOD ET AL. 2022). An
adapted version of the classical seven-stage TRL scale by MANKINS (2009) was selected as the
evaluation basis (see Figure 6.3, a). Thereby, descriptions of the individual stages from BROUS-
SEAU ET AL. (2009) with refinements by SCHINDLER (2015, pp. 54—58) served as references for
classifying the status of the developed technologies. The selection of this maturity model from
the diverse frameworks for technological assessment (GREENWOOD ET AL. 2022) is reasoned by
the possibility of parallely contributing to multiple TRLs and its universal applicability to both
products and processes.

Lithium-ion battery Oxide-ceramic all-solid-state battery

Anode Cathode Anode Electrolyte Cathode

Calendering

Surface
modification

Slitting

Electrode production

-

Drying

Shape cutting

C) Ambient atmosphere Q) Dry room atmosphere () Inert gas atmosphere

Figure 6.2: This figure shows an excerpt of the process chains for lithium-ion batteries (LIBs) and oxide-ceramic
all-solid-state batteries (ASSBs) introduced in Figure 2.5, adapted to the laser techniques elaborated
in this work. An additional row for laser surface modification not included in the conventional process
chains was integrated. Unconsidered process steps are blurred out for the sake of clarity.
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The contributions of the individual publications to the technological maturity of the technolo-
gies analysed are classified in the following.

Initially adopted in pilot production lines for its format flexibility, electrode laser cutting has
progressed to serial production with an overall TRL of 6 to 7 (MICHAELIS ET AL. 2023, p. 90).
In industry, nanosecond-pulsed laser beam sources are predominantly utilized, while alternative
laser processes remain at the research stage. In P1, it was demonstrated that CW laser radiation
achieves cutting speeds of several meters per second, approaching fine blanking throughput
(JANSEN ET AL. 2019a). Accordingly, integrating such laser beam sources, along with adequate
cutting strategies, has been incorporated into battery production roadmaps (MICHAELIS ET
AL. 2023, p. 89). P1 mainly contributed to technology development at TRL 3 by comparing
productivity and quality across various laser process types and strategies.

Although electrode laser structuring has been well-studied in academia, it has yet to transition
into industrial applications. A start-up company is currently advancing roll-to-roll laser struc-
turing of LIB anodes and has assigned this technology a TRL of 5, which indicates its emerging
maturity (ARBOR BATTERIES 2024). Recent scholarly efforts have concentrated on production-
related aspects such as scalability (YAMADA ET AL. 2023; ZWAHR ET AL. 2023) and process in-
tegration (HILLE ET AL. 2023b), supporting the future integration of laser structuring into indus-
trial production lines. P2 demonstrated the pilot-scale production of LIBs with laser-structured
anodes and consolidated their performance advantages through extensive electrochemical test-
ing, contributing to the achievement of the TRLs 4 and 5.

Separating lithium electrode foils is a relatively new research area, yet several patents underline
its industrial importance (BEAUCHAMP & FUSEY 2020; BOCKSROCKER 2022; SHANNON ET
AL. 2020). P3 and P4 contributed to the early development stages (TRLs 2 — 3). The general
feasibility of lithium laser cutting with nanosecond laser pulses was demonstrated in P3, ex-
tending basic research by JANSEN ET AL. (2018). Cutting speeds of more than 6m - s™!
above typical values in LIB production, indicate industrial potential of the process. Moreover,
the automated quality assessment methodology developed in P4 helps to select effective process
parameters for minimal melt residues along the cut edges. In addition, the developed image
processing pipeline is also suitable for inline applications due to its short execution times.

, well

Laser treatment was introduced as a novel method for improving the surface characteristics of
LMAs. Due to the absence of preliminary work, the contributions within P5 advanced this tech-
nique to TRLs 1, 2, and 3. This progression involved developing the approach and setting up
an atmospherically encapsulated demonstrator for lithium machining. Process studies con-
firmed the feasibility of laser micro-cleaning to remove superficial contaminations from LMAs,
offering potential performance improvements for LMBs. Additionally, conceptualizing the in-
tegration of the process into roll-to-roll production scenarios and validating its scalability
through theoretical calculations further emphasized the technology’s industrial promise.

The laser cutting of SE layers commenced at TRL 1, with only a generic patent (BADDING ET
AL. 2011) but no prior scientific studies or industrial data available. P6 validated the general
suitability of laser radiation for ablating ceramic SEs and refined the process parameters by
optimizing pulse fluences. The approach was further developed in P7 through extensive param-
eter studies and scalability proofs via model calculations. As a result, the scope covered by the
studies spanned from TRL 1 to TRL 3.
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Although laser ablation has already been employed to increase the SE-LMA interface (XU ET
AL. 2021; YANET AL. 2022), using laser-structured SE layers to create three-dimensional com-
posite cathodes has not been documented, setting a TRL of 1 as the starting point. P8 outlined
an innovative process chain for fabricating composite cathodes, incorporating SE layer micro-
structuring and CAM infiltration. The feasibility of the process chain was confirmed through
empirical investigations that resulted in the production of ASSB prototypes. P9 complemented
these experiments with theoretical considerations, contributing to the technology development
(TRL 3) by defining the conditions for achieving competitive volumetric energy densities and
specific energies.

Figure 6.3 (b) depicts the TRL ranges of the contemplated technologies to which the investiga-
tions within this thesis contributed.

(a)

Technology maturity — -

TRLA1 > TRL 2 > TRL 3 > TRL 4 TRL S
T T ! ¥ Y

Basic technology Feasibility Technology Technology System Implementation  Mass and
research study development demonstration development in production serial
and integration environment production

Principle Analytical |\ Concepts andf\ Functioning Process Process o
: ; . . . . . Application
and theories |/ experiments simulation prototype improvement|/ integration

(b)
_________________________________ ————
Contemplated technology ! TRL1 ! TRL2 | TRL3 : TRL 4 ' TRL50TRIN6IRTRINT
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i thi H 1 1 1 1
Laser cutting of lithium-ion i . . .
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Laser structuring of lithium-ion battery | . :
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_______________________ | Sy EE U [
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Laser surface treatment of lithium metal :
electrodes (P5) :
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1
Fabrication of three-dimensionally- 1 ~
structured composite cathodes (P8, P9) :

Figure 6.3: (a) The seven-stage technology readiness level (TRL) scale, as proposed by BROUSSEAU ET
AL. (2009) and refined by SCHINDLER (2015, p. 57), is illustrated. The figure was adapted from
MANKINS (2009). (b) The estimated contributions of the individual publications (P1 to P9) to the TRL
ranges of the contemplated technologies are illustrated.
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7 Conclusive Summary and Perspectives

Chapter 7 provides a conclusive summary of the thesis findings, consolidating key insights on
laser micro-processing in LIB and ASSB production in Section 7.1. Moreover, Section 7.2
highlights potential areas for subsequent research, paving the way for further advancements in
battery and laser technology.

7.1 Summary

Compact and cost-effective energy storage is essential for achieving a sustainable society. Due
to its well-balanced performance characteristics, the LIB is currently the dominant rechargeable
electrical battery type. However, the growing demand for more powerful EVs is driving interest
in innovative battery technologies that can surpass the limitations of current LIBs. Amongst
these, ASSBs based on ceramic SEs are particularly promising, as they offer the potential for
higher energy and power densities alongside enhanced safety features (cf. Subsection 2.1.1).
Despite global efforts to position ASSBs as the future of electrochemical energy storage, their
commercialization encounters significant challenges in performance and production scale-up.
Overcoming these obstacles requires integrating production engineering with research in mate-
rial, chemical, and physical sciences, as manufacturing ceramic ASSBs will likely demand fun-
damental alterations to established battery production chains (cf. Subsection 2.1.6). Non-con-
tact laser-based production methods can be instrumental in this transition. In particular, laser
micro-processing (cf. Subsection 2.2.4), already utilized for cutting and surface modification in
LIB manufacturing, emerges as a promising method for processing sensitive ASSB compo-
nents.

This thesis work tested the transferability of laser-based separation (cf. Section 3.1) and surface
modification (cf. Section 3.2) techniques to next-generation battery fabrication, aiming to ena-
ble the efficient production of high-performance ASSBs. Following the DRM framework, an
explorative research approach was used to identify feasible laser micro-processing methods for
machining ASSB components and assess their utility. Besides considerations on the design,
integration, and scalability of the contemplated processes, the resulting product characteristics
were studied (cf. RQ1 —RQ3, Section 1.2). To address existing research deficiencies
(cf. RG1 — RGS5, Section 3.3), the GTO of identifying the potential of laser micro-processing
techniques to produce and functionally enhance ceramic ASSBs featuring a lithium metal anode
was specified during the RC phase within five ROs (cf. Section 4.1):

e Assessment of laser micro-processing techniques in lithium-ion battery production
e Quality-controlled laser cutting of lithium substrates

e Laser-based surface reconditioning of lithium metal anodes

o Efficient laser ablation of ceramic solid electrolytes

e Manufacturing of scaffold-based composite cathodes

The ROs outlined were addressed in nine peer-reviewed publications, detailed in Chapter 5.
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In the initial phase of the PS, the status of laser micro-processing in LIB production was as-
sessed to establish a baseline for transferring laser technologies to ASSB fabrication (cf. Sec-
tion 5.1). Two publications evaluated the current technological capabilities of electrode laser
cutting (cf. P1) and structuring (cf. P2). Empirical investigations revealed that ultrashort-pulsed
and CW laser methods offer viable alternatives to the industrially established short-pulsed laser
cutting, depending on the preferred balance between cut-edge quality and process velocities
and rates. Moreover, multi-layer LIBs with laser-structured anodes were manufactured on a
pilot-scale production line to facilitate comprehensive electrochemical testing. Demonstrated
benefits of the modified LIBs included faster charging and discharging, enhanced low-temper-
ature performance, extended lifetime, and reduced safety-critical lithium plating.

Drawing on the insights obtained from LIB production, the main part of the PS concentrated on
adapting laser micro-processing techniques for fabricating ASSBs (cf. Section 5.2). As critical
ASSB components, LMAs and ceramic SE layers were analyzed from processing and product
perspectives. Separating lithium foils with nanosecond-pulsed laser radiation achieved high
cutting speeds, though melt bulge formation along the cut edge was inevitable within the con-
templated parameter range (cf. P3). For this reason, an image-based ML approach was devel-
oped to automatically evaluate the cut-edge quality, facilitating process design and quality con-
trol (cf. P4). Laser surface treatment was proposed for removing surface contaminations from
LMAs and tested using a custom-designed laser unit under an argon environment (cf. P5). Ul-
trashort laser pulses were utilized to alter the electrode surface morphology and chemistry, re-
ducing the interfacial resistances in batteries with LEs and SEs. Model calculations underlined
the roll-to-roll capability and economic viability of the approach, forming the basis for its po-
tential integration with complementary interfacial modification methods.

The thermal sensitivity of ceramic SE layers necessitates using ultrashort laser pulses for their
processing. A semi-analytical model for ablation efficiency optimization was implemented to
overcome scaling challenges (cf. P6). The impact of the laser process design on the resulting
surface quality and material removal metrics was experimentally assessed (cf. P7). While pulse
bursts yielded no improvements, visible-wavelenght radiation proved beneficial from quality
and efficiency standpoints due to its concentrated energy deposition and enhanced absorption
by ceramics. Laser ablation was employed to form ceramic SE scaffolds with tailored micro-
structures to create composite cathodes with close interfacial contact between the SE and the
CAM (cf. P8). Orienting the pores perpendicular to the SE layer surface facilitated high CAM
infiltration levels while reducing electrode tortuosity. Integrating scaffold-based composite
cathodes into prototype ASSBs enabled their electrochemical characterization, demonstrating
the concept’s functionality. A review-based technological assessment compared the developed
process chain to alternative fabrication methods (cf. P9). Lastly, a calculation model for ceramic
ASSBs underscored the commercial potential of scaffold-based composite cathodes, identify-
ing critical factors for achieving high specific energies and energy densities.

The DS-II categorized the examined techniques within the research landscape (cf. Section 6.1)
and evaluated their technological maturity (cf. Section 6.2). Overall, this thesis’s findings hold
relevance for both industry and academia, enriching scholarly knowledge in the battery and
laser realms and aiding the transfer of innovative production methods into practical application.
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7.2 Future research avenues

The findings from P1 to P9 (cf. Chapter 5), supplemented by related scholarly work (cf. Sec-
tion 6.1), established a solid foundation for future research in laser micro-processing applica-
tions within ASSB production. Amongst others, the scientific results formed the basis for the
successful approval of the ProHybrid %" research project, which incorporates essential concepts
presented in this thesis. Continuing research is needed to further advance the technological ma-
turity of the discussed technologies for industrial application (cf. Section 6.2). This section
highlights promising yet unexplored research avenues in the laser and battery domains consid-
ering both process- and product-related aspects.

Process perspective: Research recommendations for the laser sector

Replacing short with ultrashort laser pulses could significantly improve the cut-edge quality of
LIB electrodes (ZHANG ET AL. 2019a). However, demonstrating competitive cutting speeds and
rates is crucial for integrating such technologies into industrial settings. Thus, high-power pi-
cosecond beam sources combined with fast scanning units are essential for achieving adequate
throughputs (BRINKMEIER ET AL. 2022). Enhancing the ablation efficiency through pulse bursts,
as proposed for electrode laser structuring (HILLE ET AL. 2023c¢), is another favorable approach.
Achieving roll-to-roll capability in electrode laser structuring with throughputs of up to 100m -
min~! (KWADE ET AL. 2018) presents a technical challenge, demanding precise synchroniza-
tion of pulse emission, beam deflection, and electrode feed (HABEDANK ET AL. 2020), along
with innovative approaches such as muli-beam processing (GEIGER ET AL. 2024).

To restrict melt formation during the laser cutting of LMAs, the effects of ultrashort laser pulses
in the pico- and femtosecond ranges shall be investigated. Moreover, the processing of lithium
coatings on substrate foils, as required in various battery applications, shall be tested, involving
the joint processing of layers with differing thermal properties. Although initial studies ad-
dressed these topics (KRIEGLER ET AL. 2023c), further exploration is needed. Insights gained
from processing lithium could be applicable to other metals with similar properties, such as
sodium, which exhibits high moisture sensitivity and a low melting point (ZHAO ET AL. 2018).

The increasing availability of thin ceramic SE substrates will facilitate more detailed investiga-
tions into their laser processing. Building on extensive parameter studies outlined in P6 and P7,
further research should explore how component properties, such as the bulk porosity, influence
the processing behavior. Depending on the intended production chain (cf. Subsection 2.1.6),
insights from the laser cutting of SE layers could be extended to machining composite cathodes
or multi-layer separator—cathode compounds. Moreover, adopting innovative laser-based cut-
ting techniques like laser stealth dicing’®® (GAUDIUSO ET AL. 2020) could enhance throughput
in layer separation. Furthermore, the impact of cut-edge quality on the mechanical properties
of SE layers is vital for their processability and should be considered (BADDING ET AL. 2011).
Finally, comparing the processing of components composed by other SE types, such as sulfides,
will enable to assess how different materials impact the process chain (WACH ET AL. 2024).

197 The ProHybrid project (German: Produktionstechnik fuer hybride Festkoerperbatterien mit Lithium-Metall-Anode; Eng-
lish: Production technology for hybrid all-solid-state batteries with lithium metal anode) received funding from the German
Federal Ministry of Education and Research under grant number 03XP0580.

1981 aser stealth dicing, as used in wafer production, involves focusing a laser beam beneath the surface of a workpiece to
induce internal material modifications, followed by external stress application to achieve debris-free separation (GAUDIUSO ET
AL. 2020).
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Product perspective: Research recommendations for the battery sector

Knowing the influence of cut-edge characteristics on the battery performance and quality is
crucial for laser-based cutting applications. While initial studies exist for LIBs (CARBONARI ET
AL. 2020; JANSEN ET AL. 2019b), similar publications for ASSBs are lacking. The theoretical
concepts on the impact of the cut-edge quality of LMAs (see Figure 3.2) and SE layers
(see Figure 3.3) on the characteristics of ASSBs could guide targeted experimental
investigations if the reproducible production and testing of ASSBs can be ensured.
Additionally, refining the ML-based method introduced in P4 could enhance the detection of
quality characteristics and ensure inline capability by optimizing sensor technology and
computational time.

Industrial adoption of electrode laser structuring remains limited despite the electrochemical
advantages validated beyond this thesis (CHEN ET AL. 2020) and continued progress in process
integration and design (HILLE ET AL. 2023b; YAMADA ET AL. 2023). Addressing concerns over
ablation residues, understanding the effect of quality defects, and avoiding particle deposits by
qualifying suction systems and detection units require further attention. Contextualizing laser-
based electrode modification with alternative processes for tortuosity reduction could provide
realistic application scenarios (LAURO ET AL. 2023). HILLE ET AL. (2024) recently conducted a
pilot study comparing laser-based and mechanical electrode structuring methods in this context.

RYOO ET AL. (2023) recently underscored the potential of laser-assisted interfacial engineering
in enhancing ASSB functionality, a core hypothesis of this dissertation. The effectiveness of
the laser-based removal of surface contaminants from LMAs should be assessed by employing
advanced characterization techniques such as XPS (OTTO ET AL. 2021a). Quantifying contami-
nation layer reformation and integrating laser modification with customized artificial protection
layers could expand the technique’s applicability (DELAPORTE ET AL. 2019). Extending laser
surface treatment to other battery components, as initiated by CHEN ET AL. (2021b) by removing
Li,CO3 from LLZO layers, is also promising. Additionally, investigating the impact of laser-
induced surface roughening (PARK ET AL. 2018; RYOUET AL. 2015) or smoothing (GIREAUD ET
AL. 2006) on lithium plating and stripping may reveal levers for improving LMBs.

The novel laser ablation method for creating ceramic SE scaffolds offers structural design
flexibility but involves material losses due to its subtractive nature. Combining laser ablation
(cf. Subsection 5.2.6) with conventional techniques like the degassing of pore formers (HITZET
AL. 2019) could enhance the economic efficiency of the approach. Adding directed pores to SE
substrates with an existing pore network may ease their infiltration and shorten ion transport
pathways. Complementing experimental approaches with electrochemical simulations is
required to optimize the microstructural design of composite cathodes (BIELEFELD ET AL. 2022;
CLAUSNITZER ET AL. 2024), also considering PEs as ion-conducting additives (SCHELLER ET
AL. 2024). To enhance the energy content of scaffold-based ASSBs, research-grade CAMs like
sulfur can be infiltrated (HITZ ET AL. 2019). Laser ablation may also be applied to pattern the
SE—anode interface (XU ET AL. 2021), leveraging its capability to create accurate surface
morphologies for the minute estimation of effective current densities (ZHANG ET AL. 2024).

Though this thesis focused on transferring laser micro-processing from LIB to ASSB produc-
tion, the techniques discussed also hold potential for the production of upcoming battery tech-
nologies, such as lithium—sulfur and lithium—air batteries, as these chemistries mature (BRUCE
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ET AL. 2011; DUFFNER ET AL. 2021b; VARZI ET AL. 2020). This broad application potential un-
derscores the significance of laser-based processes for future battery development.

To conclude, this thesis has established a foundational understanding of laser micro-processing
for ceramic ASSB fabrication, paving the way for subsequent research in battery and laser tech-
nology. The findings contribute to the development and production of cost-effective and pow-
erful next-generation batteries, supporting the transition to a more sustainable future.






107

Bibliography

Where bibliographic details are missing, they are either unavailable or could not be determined
by the author.

ACEBEDO ET AL. 2023
Acebedo, B.; Morant-Mifiana, M. C.; Gonzalo, E.; Ruiz de Larramendi, 1.; Villaverde, A.;
Rikarte, J.; Fallarino, L.: Current Status and Future Perspective on Lithium Metal Anode
Production Methods. Advanced Energy Materials vol. 13 (2023) 13, article 2203744.

ACKERL ET AL. 2021
Ackerl, N.; Bork, A. H.; Hauert, R.; Mueller, E.; Rottmar, M.: Rationally designed ultra-
short pulsed laser patterning of zirconia-based ceramics tailored for the bone-implant inter-
face. Applied Surface Science vol. 545 (2021), article 149020.

ACKERL & WEGENER 2019
Ackerl, N.; Wegener, K.: Ablation Characteristics of Alumina and Zirconia Ceramics on
Ultra-short Pulsed Laser Machining. Journal of Laser Micro/Nanoengineering vol. 14
(2019) 2, pp. 169 — 172.

AGRAWAL & PANDEY 2008
Agrawal, R. C.; Pandey, G. P.: Solid polymer electrolytes: materials designing and all-
solid-state battery applications: an overview. Journal of Physics D: Applied Physics vol. 41
(2008) 22, article 223001.

AHNET AL. 2019
Ahn, J.; Park, J.; Kim, J. Y.; Yoon, S.; Lee, Y. M.; Hong, S.; Lee, Y.-G.; Phatak, C.; Cho,
K. Y.: Insights into Lithium Surface: Stable Cycling by Controlled 10 um Deep Surface
Relief, Reinterpreting the Natural Surface Defect on Lithium Metal Anode. ACS Applied
Energy Materials vol. 2 (2019) 8, pp. 5656 — 5664.

ALBERTUS ET AL. 2018
Albertus, P.; Babinec, S.; Litzelman, S.; Newman, A.: Status and challenges in enabling
the lithium metal electrode for high-energy and low-cost rechargeable batteries. Nature En-
ergy vol. 3 (2018) 1, pp. 16 — 21.

ALBERTUS ET AL. 2021
Albertus, P.; Anandan, V.; Ban, C.; Balsara, N.; Belharouak, I.; Buettner-Garrett, J.; Chen,
Z.; Daniel, C.; Doeff, M.; Dudney, N. J.; Dunn, B.; Harris, S. J.; Herle, S.; Herbert, E.;
Kalnaus, S.; Libera, J. A.; Lu, D.; Martin, S.; McCloskey, B. D.; McDowell, M. T.; Meng,
Y. S.; Nanda, J.; Sakamoto, J.; Self, E. C.; Tepavcevic, S.; Wachsman, E.; Wang, C.;
Westover, A. S.; Xiao, J.; Yersak, T.: Challenges for and Pathways toward Li-Metal-Based
All-Solid-State Batteries. ACS Energy Letters vol. 6 (2021) 4, pp. 1399 — 1404.



108 Bibliography

ALEXANDER ET AL. 2023
Alexander, G. V.; Shi, C.; O'Neill, J.; Wachsman, E. D.: Extreme lithium-metal cycling en-
abled by a mixed ion- and electron-conducting garnet three-dimensional architecture. Na-
ture materials vol. 22 (2023) 9, pp. 1136 — 1143.

ALLEN ET AL. 2019
Allen, L.; O’Connell, A.; Kiermer, V.: How can we ensure visibility and diversity in re-
search contributions? How the Contributor Role Taxonomy (CRediT) is helping the shift
from authorship to contributorship. Learned Publishing vol. 32 (2019) 1, pp. 71 — 74.

AL-SHROOFY ET AL. 2017
Al-Shroofy, M.; Zhang, Q.; Xu, J.; Chen, T.; Kaur, A. P.; Cheng, Y.-T.: Solvent-free dry
powder coating process for low-cost manufacturing of LiNi;3Mn13Co0130> cathodes in
lithitum-ion batteries. Journal of Power Sources vol. 352 (2017), pp. 187 — 193.

ANETAL. 2016
An, S. J.; Li, J.; Daniel, C.; Mohanty, D.; Nagpure, S.; Wood, D. L.: The state of under-
standing of the lithium-ion-battery graphite solid electrolyte interphase (SEI) and its rela-
tionship to formation cycling. Carbon vol. 105 (2016), pp. 52 — 76.

ANETAL. 2017
An, S. J.; Li, J.; Du, Z.; Daniel, C.; Wood, D. L.: Fast formation cycling for lithium ion
batteries. Journal of Power Sources vol. 342 (2017), pp. 846 — 852.

ANCONA ET AL. 2008
Ancona, A.; Roeser, F.; Rademaker, K.; Limpert, J.; Nolte, S.; Tuennermann, A.: High
speed laser drilling of metals using a high repetition rate, high average power ultrafast fiber
CPA system. Optics express vol. 16 (2008) 12, pp. 8958 — 8968.

ANDRE ET AL. 2015
Andre, D.; Kim, S.-J.; Lamp, P.; Lux, S. F.; Maglia, F.; Paschos, O.; Stiaszny, B.: Future
generations of cathode materials: an automotive industry perspective. Journal of Materials
Chemistry A vol. 3 (2015) 13, pp. 6709 — 6732.

ANDRE ET AL. 2017
Andre, D.; Hain, H.; Lamp, P.; Maglia, F.; Stiaszny, B.: Future high-energy density anode
materials from an automotive application perspective. Journal of Materials Chemistry A
vol. 5 (2017) 33, pp. 17174 — 17198.

ANISIMOV ET AL. 1974
Anisimov, S. I.; Kapeliovich, B. L.; Perel'man, T. L.: Electron emission from metal sur-
faces exposed to ultrashort laser pulses. Sov. Phys. JETP vol. 39 (1974) 2, pp. 375 — 377.



Bibliography 109

ANK ET AL. 2023
Ank, M.; Sommer, A.; Abo Gamra, K.; Schoeberl, J.; Leeb, M.; Schachtl, J.; Streidel, N.;
Stock, S.; Schreiber, M.; Bilfinger, P.; Allgacuer, C.; Rosner, P.; Hagemeister, J.; Roessle,
M.; Daub, R.; Lienkamp, M.: Lithium-Ion Cells in Automotive Applications: Tesla 4680
Cylindrical Cell Teardown and Characterization. Journal of The Electrochemical Society
vol. 170 (2023) 12, article 120536.

ARBOR BATTERIES 2024

Arbor Batteries: Our Technology. <https://arborbatteries.com/technologies> — visited on
04/29/2024.

ARMAND ET AL. 2020
Armand, M.; Axmann, P.; Bresser, D.; Copley, M.; Edstroem, K.; Ekberg, C.; Guyomard,
D.; Lestriez, B.; Novék, P.; Petranikova, M.; Porcher, W.; Trabesinger, S.; Wohlfahrt-
Mehrens, M.; Zhang, H.: Lithium-ion batteries — Current state of the art and anticipated de-
velopments. Journal of Power Sources vol. 479 (2020), article 228708.

ARMBRUSTER ET AL. 2018
Armbruster, O.; Naghilou, A.; Kautek, W.: The Role of Defects in Pulsed Laser Matter In-
teraction. In: Ossi, P. M. (Ed.): Advances in the Application of Lasers in Materials Sci-
ence. Cham, Germany: Springer 2018, pp. 39 — 61. ISBN: 978-3-319-96844-5. (Springer
Series in Materials Science vol. 247).

ARORA ET AL. 1999
Arora, P.; Doyle, M.; White, R. E.: Mathematical Modeling of the Lithium Deposition
Overcharge Reaction in Lithium-Ion Batteries Using Carbon-Based Negative Electrodes.
Journal of The Electrochemical Society vol. 146 (1999) 10, pp. 3543 — 3553.

AURBACH & GOFER 1989
Aurbach, D.; Gofer, Y.: The Correlation Between Surface Chemistry, Surface Morphol-
ogy, and Cycling Efficiency of Lithium Electrodes in a Few Polar Aprotic Systems. Jour-
nal of The Electrochemical Society vol. 136 (1989) 11, pp. 3198 —3205.

BACHMAN ET AL. 2016
Bachman, J. C.; Muy, S.; Grimaud, A.; Chang, H.-H.; Pour, N.; Lux, S. F.; Paschos, O.;
Maglia, F.; Lupart, S.; Lamp, P.; Giordano, L.; Shao-Horn, Y.: Inorganic Solid-State Elec-
trolytes for Lithium Batteries: Mechanisms and Properties Governing Ion Conduction.
Chemical reviews vol. 116 (2016) 1, pp. 140 — 162.

BACKLUND 1977
Property Right. USA US 4,060,017 (11/29/1977). Honeywell Inc., Minneapolis, MN,
USA, Pr.: 770,180 (02/17/1977). Backlund, J. R.: Method of cutting lithium.

BADDING ET AL. 2011
Property Right. United States of America US 10,283,811 B2 (05/07/2019). Corning Inc.,
Corning, NY, USA, Pr.: 13/249,935 (09/30/2011). Badding, M. E.; Dutta, I.; Kester, L.; Li,
X.: Micromachined electrolyte sheet.



110 Bibliography

BAEETAL. 2013
Bae, C.-J.; Erdonmez, C. K.; Halloran, J. W.; Chiang, Y.-M.: Design of battery electrodes
with dual-scale porosity to minimize tortuosity and maximize performance. Advanced Ma-
terials vol. 25 (2013) 9, pp. 1254 — 1258.

BALAISHET AL. 2021
Balaish, M.; Gonzalez-Rosillo, J. C.; Kim, K. J.; Zhu, Y.; Hood, Z. D.; Rupp, J. L.: Pro-
cessing thin but robust electrolytes for solid-state batteries. Nature Energy vol. 6 (2021) 3,
pp. 227 — 239.

BALLMES & KRIEGLER 2024
Property Right. Germany WO 2025/056122 A1 (03/20/2025). Schaeffler Technologies AG
& Co. KG, Herzogenaurach, Germany, Pr.: PCT/DE2024/100813 (09/13/2024). Ballmes,
H.; Kriegler, J.: Method for processing a material web with a lithium surface, processing
device, lithium metal anode, and secondary battery.

BANATET AL. 2020
Banat, D.; Ganguly, S.; Meco, S.; Harrison, P.: Application of high power pulsed nanosec-
ond fibre lasers in processing ultra-thin aluminium foils. Optics and Lasers in Engineering
vol. 129 (2020), article 106075.

BANERJEE ET AL. 2020
Banerjee, A.; Wang, X.; Fang, C.; Wu, E. A.; Meng, Y. S.: Interfaces and Interphases in
All-Solid-State Batteries with Inorganic Solid Electrolytes. Chemical reviews vol. 120
(2020) 14, pp. 6878 — 6933.

BATES ET AL. 2022
Bates, A. M.; Preger, Y.; Torres-Castro, L.; Harrison, K. L.; Harris, S. J.; Hewson, J.: Are
solid-state batteries safer than lithium-ion batteries? Joule vol. 6 (2022) 4, pp. 742 — 755.

BAUER ET AL. 2015
Bauer, F.; Michalowski, A.; Kiedrowski, T.; Nolte, S.: Heat accumulation in ultra-short
pulsed scanning laser ablation of metals. Optics express vol. 23 (2015) 2, pp. 1035 — 1043.

BAUMANNET AL. 2019
Baumann, R.; Lasagni, A. F.; Herwig, P.; Wetzig, A.; Leyens, C.; Beyer, E.: Efficient sep-
aration of battery materials using remote laser cutting — high output performance, contour
flexibility, and cutting edge quality. Journal of Laser Applications vol. 31 (2019) 2, article
022210.

BAUMANNET AL. 2022
Baumann, R.; Alamri, S.; Aguilar-Morales, A. I.; Lasagni, A. F.; Kunze, T.: Advanced re-
mote laser cutting of battery foils using an interference approach. Materials Letters: X
vol. 14 (2022), article 100138.



Bibliography 111

BEAUCHAMP & FUSEY 2020
Property Right. Canada WO 2021/035357 A1 (03/04/2021). Blue Solutions Canada Inc.,
Boucherville, QC, Canada, Pr.: PCT/CA2020/051174 (08/27/2020). Beauchamp, J.; Fusey,
P.: System and method for cutting a metallic film.

BEAULIEU ET AL. 2001
Beaulieu, L. Y.; Eberman, K. W.; Turner, R. L.; Krause, L. J.; Dahn; J. R.: Colossal Re-
versible Volume Changes in Lithium Alloys. Electrochemical and Solid-State Letters
vol. 4 (2001) 9, A137 — A140.

BEAUPAIN ET AL. 2021
Beaupain, J. P.; Waetzig, K.; Otto, S.-K.; Henss, A.; Janek, J.; Malaki, M.; Pokle, A.;
Mueller, J.; Butz, B.; Volz, K.; Kusnezoff, M.; Michaelis, A.: Reaction of
Lii 3Alo3Ti1.7(PO4)3 and LiNig6C00.2Mno 202 in Co-Sintered Composite Cathodes for Solid-
State Batteries. ACS Applied Materials & Interfaces vol. 13 (2021) 40, pp. 47488 — 47498.

BECKING ET AL. 2017
Becking, J.; Groebmeyer, A.; Kolek, M.; Rodehorst, U.; Schulze, S.; Winter, M.; Bieker,
P.; Stan, M. C.: Lithium-Metal Foil Surface Modification: An Effective Method to Im-
prove the Cycling Performance of Lithium-Metal Batteries. Advanced Materials Interfaces
vol. 4 (2017) 16, article 1700166.

BEN-YAKARET AL. 2007
Ben-Yakar, A.; Harkin, A.; Ashmore, J.; Byer, R. L.; Stone, H. A.: Thermal and fluid pro-
cesses of a thin melt zone during femtosecond laser ablation of glass: the formation of rims
by single laser pulses. Journal of Physics D: Applied Physics vol. 40 (2007) 5,
pp. 1447 — 1459.

BERHE ET AL. 2022
Berhe, M. G.; Oh, H. G.; Park, S.-K.; Lee, D.: Laser cutting of silicon anode for lithium-
ion batteries. Journal of Materials Research and Technology vol. 16 (2022), pp. 322 — 334.

BERHE ET AL. 2023
Berhe, M. G.; Geun Oh, H.; Park, S.-K.; Mondal, M.; Lee, D.: Effect of laser-induced
groove morphology on the wettability and performance of Lithium-ion batteries. Materials
& Design vol. 231 (2023), article 112020.

BETZET AL. 2019
Betz, J.; Bieker, G.; Meister, P.; Placke, T.; Winter, M.; Schmuch, R.: Theoretical versus
Practical Energy: A Plea for More Transparency in the Energy Calculation of Different Re-
chargeable Battery Systems. Advanced Energy Materials vol. 9 (2019) 6, article 1803170.

BIET AL. 2021
Bi, Z.; Mu, S.; Zhao, N.; Sun, W.; Huang, W.; Guo, X.: Cathode supported solid lithium
batteries enabling high energy density and stable cyclability. Energy Storage Materials
vol. 35 (2021), pp. 512 —519.



112 Bibliography

BIELEFELD ET AL. 2019
Bielefeld, A.; Weber, D. A.; Janek, J.: Microstructural Modeling of Composite Cathodes
for All-Solid-State Batteries. The Journal of Physical Chemistry C vol. 123 (2019) 3,
pp. 1626 — 1634.

BIELEFELD ET AL. 2022
Bielefeld, A.; Weber, D. A.; Ruess, R.; Glavas, V.; Janek, J.: Influence of Lithium Ion Ki-
netics, Particle Morphology and Voids on the Electrochemical Performance of Composite
Cathodes for All-Solid-State Batteries. Journal of The Electrochemical Society vol. 169
(2022) 2, article 020539.

BILLAUD ET AL. 2016
Billaud, J.; Bouville, F.; Magrini, T.; Villevieille, C.; Studart, A. R.: Magnetically aligned
graphite electrodes for high-rate performance Li-ion batteries. Nature Energy vol. 1 (2016)
8, article 16097.

BILLOT ET AL. 2020
Billot, N.; Guenther, T.; Schreiner, D.; Stahl, R.; Kranner, J.; Beyer, M.; Reinhart, G.: In-
vestigation of the Adhesion Strength along the Electrode Manufacturing Process for Im-
proved Lithium-Ion Anodes. Energy Technology vol. 8 (2020) 2, article 1801136.

BIRKL ET AL. 2017
Birkl, C. R.; Roberts, M. R.; McTurk, E.; Bruce, P. G.; Howey, D. A.: Degradation diag-
nostics for lithium ion cells. Journal of Power Sources vol. 341 (2017), pp. 373 — 386.

BITSCHET AL. 2016
Bitsch, B.; Gallasch, T.; Schroeder, M.; Boerner, M.; Winter, M.; Willenbacher, N.: Capil-
lary suspensions as beneficial formulation concept for high energy density Li-ion battery
electrodes. Journal of Power Sources vol. 328 (2016), pp. 114 — 123.

BLESSING & CHAKRABARTI 2009
Blessing, L. T.; Chakrabarti, A.: DRM, a Design Research Methodology. London, Eng-
land: Springer London 2009. ISBN: 978-1-84882-586-4.

BLOMGREN 2017
Blomgren, G. E.: The Development and Future of Lithium lon Batteries. Journal of The
Electrochemical Society vol. 164 (2017) 1, A5019 — A5025.

BLUE SOLUTIONS 2024
Blue Solutions: Battery technology. Factory and production process. <https://www.blue-

solutions.com/en/battery-technology/#factory-and-production-process> — visited on
07/13/2024.

BOCKSROCKER 2022
Property Right US 2022/0234140 A1 (07/28/2022). TRUMPF Laser- und Systemtechnik
GmbH, Pr.: 17/719,461 (04/13/2022). Bocksrocker, O.: Method for processing a lithium
foil or a lithium-coated metal foil by a laser beam.



Bibliography 113

BOLSINGER ET AL. 2020
Bolsinger, M.; Weller, M.; Ruck, S.; Kaya, P.; Riegel, H.; Knoblauch, V.: Selective sur-
face treatment by means of IR-laser — A new approach to enhance the rate capability of
cathodes for Li-ion batteries. Electrochimica Acta vol. 330 (2020), article 135163.

BOUCHARD ET AL. 1994
Property Right. USA US 5,528,920 A (06/25/1996) 273,759 (07/12/1994). Bouchard, P.;
Guerin, P.-E.; St-Amant, G.; Laroche, G.: Process for laminating a thin film of lithium by
controlled detachment.

BRAND ET AL. 2015
Brand, A.; Allen, L.; Altman, M.; Hlava, M.; Scott, J.: Beyond authorship: attribution, con-
tribution, collaboration, and credit. Learned Publishing vol. 28 (2015) 2, pp. 151 — 155.

BREITLING ET AL. 2004
Breitling, D.; Ruf, A.; Dausinger, F.: Fundamental aspects in machining of metals with
short and ultrashort laser pulses. In: Herman, P. R. et al. (Ed.): Photon Processing in Mi-
croelectronics and Photonics 111, Lasers and Applications in Science and Engineering. San
Jose, CA, USA, Sunday 25 January 2004: SPIE 2004, pp. 49 — 63. (SPIE Proceedings).

BRIDGEWATER ET AL. 2021
Bridgewater, G.; Capener, M. J.; Brandon, J.; Lain, M. J.; Copley, M.; Kendrick, E.: A
Comparison of Lithium-Ion Cell Performance across Three Different Cell Formats. Batter-
ies vol. 7 (2021) 2, article 38.

BRINKMEIER ET AL. 2022
Brinkmeier, D.; Holder, D.; Loescher, A.; Roecker, C.; Foerster, D. J.; Onuseit, V.; Weber,
R.; Abdou Ahmed, M.; Graf, T.: Process limits for percussion drilling of stainless steel
with ultrashort laser pulses at high average powers. Applied Physics A vol. 128 (2022) 1,
article 35.

BRISSOT ET AL. 1999
Brissot, C.; Rosso, M.; Chazalviel, J.-N.; Lascaud, S.: Dendritic growth mechanisms in
lithium/polymer cells. Journal of Power Sources (1999) 81 — 82, pp. 925 — 929.

BRONET AL. 2017
Bron, P.; Roling, B.; Dehnen, S.: Impedance characterization reveals mixed conducting in-
terphases between sulfidic superionic conductors and lithium metal electrodes. Journal of
Power Sources vol. 352 (2017), pp. 127 — 134.

BROUSSEAU ET AL. 2009
Brousseau, E. B.; Barton, R.; Dimov, S.; Bigot, S.: Technology maturity assessment of mi-
cro and nano manufacturing processes: Proceedings of the 5™ International Conference on
Multi-Material Micro Manufacture (4M) and the 4™ International Conference on Micro
Manufacturing (ICOMM). Forschungszentrum Karlsruhe, Karlsruhe, Germany,
09/23/2009 — 09/25/2009. London: Professional Engineering Publishing 2009.



114 Bibliography

BRUCEET AL. 2011
Bruce, P. G.; Freunberger, S. A.; Hardwick, L. J.; Tarascon, J.-M.: Li-O> and Li-S batteries
with high energy storage. Nature materials vol. 11 (2011) 1, pp. 19 —29.

BRUENING ET AL. 2020
Bruening, S.; Du, K.; Jarczynski, M.; Gillner, A.: High-throughput micromachining with
ultrashort pulsed lasers and multiple spots. Journal of Laser Applications vol. 32 (2020) 1,
article 012003.

BRYNTESEN ET AL. 2023
Bryntesen, S. N.; Finne, P. H.; Svensson, A. M.; Shearing, P. R.; Tolstik, N.; Sorokina, I.
T.; Vinje, J.; Lamb, J. J.; Burheim, O. S.: Structured aqueous processed lignin-based NMC
cathodes for energy-dense LIBs with improved rate capability. Journal of Material Chemis-
try A (2023).

BUBULINCA ET AL. 2023
Bubulinca, C.; Kazantseva, N. E.; Pechancova, V.; Joseph, N.; Fei, H.; Venher, M.;
Ivanichenko, A.; Saha, P.: Development of All-Solid-State Li-lon Batteries: From Key
Technical Areas to Commercial Use. Batteries vol. 9 (2023) 3, article 157.

Buccr & CHRISTENSEN 2019
Bucci, G.; Christensen, J.: Modeling of lithium electrodeposition at the lithium/ceramic

electrolyte interface: The role of interfacial resistance and surface defects. Journal of
Power Sources vol. 441 (2019), article 227186.

BUCHARSKY ET AL. 2016
Bucharsky, E. C.; Schell, K. G.; Hupfer, T.; Hoffmann, M. J.; Rohde, M.; Seifert, H. J.:
Thermal properties and ionic conductivity of Lii 3Ti1.7Alo.3(PO4)3 solid electrolytes sintered
by field-assisted sintering. Ionics vol. 22 (2016) 7, pp. 1043 — 1049.

BUESING ET AL. 2014
Buesing, L.; Eifel, S.; Loosen, P.: Design, alignment and applications of optical systems
for parallel processing with ultra-short laser pulses. In: Wyrowski, F. et al. (Ed.): Optical
Modelling and Design III, SPIE Photonics Europe. Brussels, Belgium, 04/13/2014 —
04/13/2014. Bellingham, WA, USA: SPIE 2014, 91310C. ISBN: 9781628410792. (SPIE
Proceedings).

BUGGA & SMART 2010
Bugga, R. V.; Smart, M. C.: Lithium Plating Behavior in Lithium-Ion Cells. ECS Transac-
tions vol. 25 (2010) 36, pp. 241 — 252.

BULGAKOVA & BULGAKOV 2001
Bulgakova, N. M.; Bulgakov, A. V.: Pulsed laser ablation of solids: transition from normal
vaporization to phase explosion. Applied Physics A: Materials Science & Processing
vol. 73 (2001) 2, pp. 199 — 208.



Bibliography 115

BUNDY ET AL. 1996
Bundy, F. P.; Bassett, W. A.; Weathers, M. S.; Hemley, R. J.; Mao, H. U.; Goncharov, A.
F.: The pressure-temperature phase and transformation diagram for carbon; updated
through 1994. Carbon vol. 34 (1996) 2, pp. 141 — 153.

BuQA ET AL. 2005
Buga, H.; Goers, D.; Holzapfel, M.; Spahr, M. E.; Novak, P.: High Rate Capability of
Graphite Negative Electrodes for Lithium-Ion Batteries. Journal of The Electrochemical
Society vol. 152 (2005) 2, A474 — A481.

BURGESS ET AL. 2013
Burgess, S.; Li, X.; Holland, J.: High spatial resolution energy dispersive X-ray spectrome-
try in the SEM and the detection of light elements including lithium. Microscopy and
Analysis vol. 27 (2013) 4, pp. 8 — 13.

BURNSET AL. 2013
Burns, J. C.; Kassam, A.; Sinha, N. N.; Downie, L. E.; Solnickova, L.; Way, B. M.; Dahn,
J. R.: Predicting and Extending the Lifetime of Li-Ion Batteries. Journal of The Electro-
chemical Society vol. 160 (2013) 9, A1451 — A1456.

BURNS ET AL. 2015
Burns, J. C.; Stevens, D. A.; Dahn, R. J.: In-Situ Detection of Lithium Plating Using High
Precision Coulometry. Journal of The Electrochemical Society vol. 162 (2015) 6, A959 —
A964.

BYSKOV-NIELSEN ET AL. 2011
Byskov-Nielsen, J.; Savolainen, J.-M.; Christensen, M. S.; Balling, P.: Ultra-short pulse
laser ablation of copper, silver and tungsten: experimental data and two-temperature model
simulations. Applied Physics A vol. 103 (2011) 2, pp. 447 — 453.

CAMBURN ET AL. 2017
Camburn, B.; Viswanathan, V.; Linsey, J.; Anderson, D.; Jensen, D.; Crawford, R.; Otto,
K.; Wood, K.: Design prototyping methods: state of the art in strategies, techniques, and
guidelines. Design Science vol. 3 (2017).

CANGAZET AL. 2020
Cangaz, S.; Hippauf, F.; Reuter, F. S.; Doerfler, S.; Abendroth, T.; Althues, H.; Kaskel, S.:
Enabling High-Energy Solid-State Batteries with Stable Anode Interphase by the Use of
Columnar Silicon Anodes. Advanced Energy Materials vol. 10 (2020) 34, article 2001320.

CANOETAL. 2018
Cano, Z. P.; Banham, D.; Ye, S.; Hintennach, A.; Lu, J.; Fowler, M.; Chen, Z.: Batteries
and fuel cells for emerging electric vehicle markets. Nature Energy vol. 3 (2018) 4,
pp- 279 —289.

CAOETAL. 2019
Cao, Y.; Li, M.; Lu, J.; Liu, J.; Amine, K.: Bridging the academic and industrial metrics for
next-generation practical batteries. Nature nanotechnology vol. 14 (2019) 3, pp. 200 — 207.



116 Bibliography

CAOETAL. 2020
Cao, D.; Sun, X.; Li, Q.; Natan, A.; Xiang, P.; Zhu, H.: Lithium Dendrite in All-Solid-
State Batteries: Growth Mechanisms, Suppression Strategies, and Characterizations. Mat-
ter vol. 3 (2020) 1, pp. 57 — 94.

CARBONARI ET AL. 2020
Carbonari, G.; Mueller, V.; Scurtu, R.-G.; Memm, M.; Hoffmann, A.; Wohlfahrt-Mehrens,
M.: Communication — Edge Quality Contribution on the Electrical Impedance of Lithium-
Ion Batteries Electrodes. Journal of The Electrochemical Society vol. 167 (2020) 8, article
080504.

CATALANOET AL. 2018
Catalano, G.; Demir, A. G.; Furlan, V.; Previtali, B.: Prototyping of biodegradable flat
stents in pure zinc by laser microcutting and chemical etching. Journal of Micromechanics
and Microengineering vol. 28 (2018) 9, article 095016.

CHENET AL. 2010
Chen, Y.-H.; Wang, C.-W.; Zhang, X.; Sastry, A. M.: Porous cathode optimization for lith-
tum cells: Ionic and electronic conductivity, capacity, and selection of materials. Journal of
Power Sources vol. 195 (2010) 9, pp. 2851 — 2862.

CHENET AL. 2019
Chen, S.; Niu, C.; Lee, H.; Li, Q.; Yu, L.; Xu, W.; Zhang, J.-G.; Dufek, E. J.; Whitting-
ham, M. S.; Meng, S.; Xiao, J.; Liu, J.: Critical Parameters for Evaluating Coin Cells and
Pouch Cells of Rechargeable Li-Metal Batteries. Joule vol. 3 (2019) 4, pp. 1094 — 1105.

CHENET AL. 2020
Chen, K.-H.; Namkoong, M. J.; Goel, V.; Yang, C.; Kazemiabnavi, S.; Mortuza, S. M.;
Kazyak, E.; Mazumder, J.; Thornton, K.; Sakamoto, J.; Dasgupta, N. P.: Efficient fast-
charging of lithium-ion batteries enabled by laser-patterned three-dimensional graphite an-
ode architectures. Journal of Power Sources vol. 471 (2020), article 228475.

CHENET AL. 2021a
Chen, C.; Jiang, M.; Zhou, T.; Raijmakers, L.; Vezhlev, E.; Wu, B.; Schuelli, T. U.;
Danilov, D. L.; Wei, Y.; Eichel, R.-A.; Notten, P. H.: Interface Aspects in All-Solid-State
Li-Based Batteries Reviewed. Advanced Energy Materials vol. 11 (2021) 13, article
2003939.

CHENET AL. 2021b
Chen, L.; Su, Y.; Zhang, J.; Zhang, H.; Fan, B.; Shao, G.; Zhong, M.; Wang, C.-A.: Nano-
second Laser Cleaning Method to Reduce the Surface Inert Layer and Activate the Garnet
Electrolyte for a Solid-State Li Metal Battery. ACS Applied Materials & Interfaces vol. 13
(2021) 31, pp. 37082 —37090.

CHEN & LU 1999
Chen, X.; Liu, X.: Short pulsed laser machining: How short is short enough? Journal of La-
ser Applications vol. 11 (1999) 6, pp. 268 —272.



Bibliography 117

CHENG ET AL. 2009
Cheng, J.; Perrie, W.; Sharp, M.; Edwardson, S. P.; Semaltianos, N. G.; Dearden, G.; Wat-
kins, K. G.: Single-pulse drilling study on Au, Al and Ti alloy by using a picosecond laser.
Applied Physics A vol. 95 (2009) 3, pp. 739 — 746.

CHENGET AL. 2014
Cheng, L.; Crumlin, E. J.; Chen, W.; Qiao, R.; Hou, H.; Franz Lux, S.; Zorba, V.; Russo,
R.; Kostecki, R.; Liu, Z.; Persson, K.; Yang, W.; Cabana, J.; Richardson, T.; Chen, G.;
Doeff, M.: The origin of high electrolyte-electrode interfacial resistances in lithium cells
containing garnet type solid electrolytes. Physical chemistry chemical physics: PCCP
vol. 16 (2014) 34, pp. 18294 — 18300.

CHENGET AL. 2017a
Cheng, E. J.; Sharafi, A.; Sakamoto, J.: Intergranular Li metal propagation through poly-
crystalline Lig25Alo25La3ZrO12 ceramic electrolyte. Electrochimica Acta vol. 223 (2017),
pp- 85 -91.

CHENGET AL. 2017b
Cheng, X.-B.; Zhang, R.; Zhao, C.-Z.; Zhang, Q.: Toward Safe Lithium Metal Anode in
Rechargeable Batteries: A Review. Chemical reviews vol. 117 (2017) 15,
pp. 10403 — 10473.

CHICHKOV ET AL. 1996
Chichkov, B. N.; Momma, C.; Nolte S; von Alvensleben F; Tuennermann A: Femtosec-

ond, picosecond and nanosecond laser ablation of solids. Applied Physics A vol. 63
(1996), pp. 109 — 115.

CHOET AL. 2022
Cho, J. H.; Kim, K.; Chakravarthy, S.; Xiao, X.; Rupp, J. L.; Sheldon, B. W.: An Investi-
gation of Chemo-Mechanical Phenomena and Li Metal Penetration in All-Solid-State Lith-
ium Metal Batteries Using In Situ Optical Curvature Measurements. Advanced Energy
Materials vol. 12 (2022) 19, article 2200369.

CHRISTENSEN ET AL. 2007
Christensen, B. H.; Vestentoft, K.; Balling, P.: Short-pulse ablation rates and the two-tem-
perature model. Applied Surface Science vol. 253 (2007) 15, pp. 6347 — 6352.

CLAUSNITZER ET AL. 2023
Clausnitzer, M.; Muecke, R.; Al-Jaljouli, F.; Hein, S.; Finsterbusch, M.; Danner, T.; Fatta-
khova-Rohlfing, D.; Guillon, O.; Latz, A.: Optimizing the Composite Cathode Microstruc-
ture in All-Solid-State Batteries by Structure-Resolved Simulations. Batteries & Supercaps
vol. 6 (2023) 11, article €202300167.

CLAUSNITZER ET AL. 2024
Clausnitzer, M.; Danner, T.; Prifling, B.; Neumann, M.; Schmidt, V.; Latz, A.: Influence of
Electrode Structuring Techniques on the Performance of All-Solid-State Batteries. Batter-
ies & Supercaps vol. 7 (2024) 4, article €202300522.



118 Bibliography

CLIFT 1995
Clift, R.: Clean technology — An Introduction. Journal of Chemical Technology & Biotech-
nology vol. 62 (1995) 4, pp. 321 — 326.

Cur 2018
Cui, Y.: Phosphate based ceramic as solid-state electrolyte for lithium ion batteries. Disser-
tation. Institut fuer Angewandte Materialien — Angewandte Werkstoffphysik (IAM-AWP),
Karlsruher Instituts fuer Technologie. Karlsruhe, Germany (2018). <https://publika-
tionen.bibliothek.kit.edu/1000086671>.

CULVERET AL. 2019
Culver, S. P.; Koerver, R.; Zeier, W. G.; Janek, J.: On the Functionality of Coatings for
Cathode Active Materials in Thiophosphate-Based All-Solid-State Batteries. Advanced
Energy Materials vol. 9 (2019) 24, article 1900626.

DAHAN 2018
Dahan, D.: TRL Scale in Horizon Europe and ERC — explained. <https://enspire.sci-
ence/trl-scale-horizon-europe-erc-explained/> — visited on 10/16/2023.

DAl & CA12022
Dai, F.; Cai, M.: Best practices in lithium battery cell preparation and evaluation. Commu-
nications Materials vol. 3 (2022) 1, article 64.

DAN & DUAN-MING 2008
Dan, L.; Duan-Ming, Z.: Vaporization and Plasma Shielding during High Power Nanosec-
ond Laser Ablation of Silicon and Nickel. Chinese Physics Letters vol. 25 (2008) 4,
pp. 1368 — 1371.

DASHJAV ET AL. 2020
Dashjav, E.; Gellert, M.; Yan, G.; Gruener, D.; Kaiser, N.; Spannenberger, S.; Kraleva, L.;
Bermejo, R.; Gerhards, M.-T.; Ma, Q.; Malzbender, J.; Roling, B.; Tietz, F.; Guillon, O.:
Microstructure, ionic conductivity and mechanical properties of tape-cast
Lii 5Alo5Ti1.5P3012 electrolyte sheets. Journal of the European Ceramic Society vol. 40
(2020) 5, pp. 1975 — 1982.

DELAPORTE ET AL. 2019
Delaporte, N.; Wang, Y.; Zaghib, K.: Pre-treatments of Lithium Foil Surface for Improving
the Cycling Life of Li Metal Batteries. Frontiers in Materials vol. 6 (2019), article 267.

DELLUVA ET AL. 2020
Delluva, A. A.; Dudoft, J.; Teeter, G.; Holewinski, A.: Cathode Interface Compatibility of
Amorphous LiMn,04 (LMO) and Li7La3Zr,O12 (LLZO) Characterized with Thin-Film
Solid-State Electrochemical Cells. ACS Applied Materials & Interfaces vol. 12 (2020) 22,
pp. 24992 — 24999.



Bibliography 119

DEMIR ET AL. 2014
Demir, A. G.; Furlan, V.; Lecis, N.; Previtali, B.: Laser surface structuring of AZ31 Mg al-
loy for controlled wettability. Biointerphases vol. 9 (2014) 2, article 029009.

DEMIR ET AL. 2023
Demir, A. G.; Kriegler, J.; Fortunato, A.; Caprio, L.; Geiger, C.; Hille, L.; Kick, M. K.; As-
cari, A.; Liverani, E.; Zaeh, M. F.: Challenges and Opportunities for Laser Applications in
Electric Vehicle Manufacturing. In: Carrino, L. et al. (Ed.): Selected Topics In Manufac-
turing. Emerging trends from the perspective of AITeM's Young Researchers. 1. ed. Cham,
Switzerland: Springer 2023, pp. 219 — 253. ISBN: 978-3-031-41162-5. (Lecture Notes in
Mechanical Engineering).

DEMIR & PREVITALI 2014a
Demir, A. G.; Previtali, B.: Comparative study of CW, nanosecond- and femtosecond-
pulsed laser microcutting of AZ31 magnesium alloy stents. Biointerphases vol. 9 (2014) 2,
article 029004.

DEMIR & PREVITALI 2014b
Demir, A. G.; Previtali, B.: Remote cutting of Li-ion battery electrodes with infrared and

green ns-pulsed fibre lasers. The International Journal of Advanced Manufacturing Tech-
nology vol. 75 (2014), pp. 1557 — 1568.

DEWEES & WANG 2019
DeWees, R.; Wang, H.: Synthesis and Properties of NaSICON-type LATP and LAGP
Solid Electrolytes. ChemSusChem vol. 12 (2019) 16, pp. 3713 —3725.

DI MAIO ET AL. 2012
Di Maio, Y.; Colombier, J. P.; Cazottes, P.; Audouard, E.: Ultrafast laser ablation charac-
teristics of PZT ceramic: Analysis methods and comparison with metals. Optics and Lasers
in Engineering vol. 50 (2012) 11, pp. 1582 — 1591.

DINISOET AL. 2014
Di Niso, F.; Gaudiuso, C.; Sibillano, T.; Mezzapesa, F. P.; Ancona, A.; Lugara, P. M.:
Role of heat accumulation on the incubation effect in multi-shot laser ablation of stainless
steel at high repetition rates. Optics express vol. 22 (2014) 10, pp. 12200 — 12210.

DING ET AL. 2019
Ding, Y.; Cano, Z. P.; Yu, A.; Lu, J.; Chen, Z.: Automotive Li-lon Batteries: Current Sta-
tus and Future Perspectives. Electrochemical Energy Reviews vol. 2 (2019) 1, pp. 1 —28.

DIXIT ET AL. 2019
Dixit, M. B.; Regala, M.; Shen, F.; Xiao, X.; Hatzell, K. B.: Tortuosity Effects in Garnet-
Type LizLa3Zr2012 Solid Electrolytes. ACS Applied Materials & Interfaces vol. 11 (2019)
2, pp. 2022 —2030.



120 Bibliography

DOERFLER ET AL. 2020
Doerfler, S.; Althues, H.; Haertel, P.; Abendroth, T.; Schumm, B.; Kaskel, S.: Challenges
and Key Parameters of Lithium-Sulfur Batteries on Pouch Cell Level. Joule vol. 4 (2020)
3, pp. 539 —554.

DOKKO ET AL. 2005
Dokko, K.; Akutagawa, N.; Isshiki, Y.; Hoshina, K.; Kanamura, K.: Preparation of three
dimensionally ordered macroporous Lio35sLao.s5TiO3 by colloidal crystal templating pro-
cess. Solid State Ionics vol. 176 (2005) 31-34, pp. 2345 — 2348.

DOUX ET AL. 2020
Doux, J.-M.; Nguyen, H.; Tan, D. H.; Banerjee, A.; Wang, X.; Wu, E. A.; Jo, C.; Yang, H.;
Meng, Y. S.: Stack Pressure Considerations for Room-Temperature All-Solid-State Lith-
ium Metal Batteries. Advanced Energy Materials vol. 10 (2020) 1, article 1903253.

DOVER ET AL. 1996
Property Right. United States of America US 5,776,369 A (07/07/1998) 639,250
(04/22/1996). Dover, B. T.; Kamienski, C. W.; Morrison, R. C.; Currin, T., JR.; Schwinde-
man, J. A.: Alkali metal dispersions.

DOYLE ET AL. 1993
Doyle, M.; Fuller, T. F.; Newman, J.: Modeling of Galvanostatic Charge and Discharge of
the Lithium/Polymer/Insertion Cell. Journal of The Electrochemical Society vol. 140
(1993) 6, pp. 1526 — 1533.

DUBEY ET AL. 2020
Dubey, R.; Zwahlen, M.-D.; Shynkarenko, Y.; Yakunin, S.; Fuerst, A.; Kovalenko, M. V_;
Kravchyk, K. V.: Laser Patterning of High-Mass-Loading Graphite Anodes for High-Per-
formance Li-lon Batteries. Batteries & Supercaps vol. 4 (2020) 3, pp. 464 — 468.

DUFFNER ET AL. 2021a
Duftner, F.; Mauler, L.; Wentker, M.; Leker, J.; Winter, M.: Large-scale automotive bat-
tery cell manufacturing: Analyzing strategic and operational effects on manufacturing
costs. International Journal of Production Economics vol. 232 (2021), article 107982.

DUFFNER ET AL. 2021b
Duffner, F.; Kronemeyer, N.; Tuebke, J.; Leker, J.; Winter, M.; Schmuch, R.: Post-lithium-
ion battery cell production and its compatibility with lithium-ion cell production infrastruc-
ture. Nature Energy vol. 6 (2021) 2, pp. 123 — 134.

DUNLAPET AL. 2022
Dunlap, N.; Sulas-Kern, D. B.; Weddle, P. J.; Usseglio-Viretta, F.; Walker, P.; Todd, P.;
Boone, D.; Colclasure, A. M.; Smith, K.; Tremolet de Villers, B. J.; Finegan, D. P.: Laser
ablation of Li-ion electrodes for fast charging: Material properties, rate capability, Li plat-
ing, and wetting. Journal of Power Sources vol. 537 (2022), article 231464.



Bibliography 121

DUONGET AL. 2018
Duong, H.; Shin, J.; Yudi, Y.: Dry Electrode Coating Technology: Proceedings of the 48"
Power Sources Conference, Power Sources Conference 2018. Denver, CO, USA,
06/11/2018 — 06/14/2018. Red Hook, NY, USA: Curran Associates, Inc. 2018, pp. 34 — 37.
ISBN: 978-1-7138-0810-7.

EICHLER ET AL. 2018
Eichler, H. J.; Eichler, J.; Lux, O.: Lasers. Basics, Advances and Applications. 1. ed.
Cham, Germany: Springer International Publishing; Imprint: Springer 2018. ISBN: 978-3-
319-99893-0. (Springer Series in Optical Sciences, vol. 220).

EICHLER & FICHLER 2015
Eichler, H. J.; Eichler, J.: Laser. Bauformen, Strahlfuehrung, Anwendungen. 8. ed. Wies-
baden, Germany: Springer 2015. ISBN: 978-3-642-41437-4.

ENDERLE ET AL. 2020
Enderle, S.; Bolsinger, M.; Ruck, S.; Knoblauch, V.; Riegel, H.: Thermophysical modeling
of selective laser ablation processing of lithium-ion battery cathodes. Journal of Laser Ap-
plications vol. 32 (2020) 4, article 042008.

ETXEBARRIA ET AL. 2020
Etxebarria, A.; Yun, D.-J.; Blum, M.; Ye, Y.; Sun, M.; Lee, K.-J.; Su, H.; Mufioz-Mar-
quez, M. A.; Ross, P. N.; Crumlin, E. J.: Revealing In Situ Li Metal Anode Surface Evolu-
tion upon Exposure to CO2 Using Ambient Pressure X-Ray Photoelectron Spectroscopy.
ACS Applied Materials & Interfaces vol. 12 (2020) 23, pp. 26607 — 26613.

EUROPEAN UNION 2020: Long-term low greenhouse gas emission development strategies
(LT-LEDS). Zagreb, Croatia (03/06/2020).
<https://www.google.com/url?sa=t&source=web&rct=)&opi=89978449 &url=https://un-
fcee.int/sites/default/files/resource/HR-03-06-2020%2520EU%2520Submis-
s10n%25200n%2520Long%2520term%?2520strategy.pdf&ved=2ahUKEwjcv8PsjPSI-
AxUg7ATHHUGSGCMQFnoECBsQAQ&usg=AOvVaw10PvWS9kT99SUPJLuhov1z>.

FANET AL. 2018
Fan, L.; Wei, S.; Li, S.; Li, Q.; Lu, Y.: Recent Progress of the Solid-State Electrolytes for
High-Energy Metal-Based Batteries. Advanced Energy Materials vol. 8 (2018) 11, article
1702657.

FERGUS 2010
Fergus, J. W.: Ceramic and polymeric solid electrolytes for lithium-ion batteries. Journal of
Power Sources vol. 195 (2010) 15, pp. 4554 — 4569.

FERMANN & HARTL 2013
Fermann, M. E.; Hartl, I.: Ultrafast fibre lasers. Nature Photonics vol. 7 (2013) 11,
pp. 868 — 874.



122 Bibliography

FERRARIET AL. 2015
Ferrari, S.; Loveridge, M.; Beattie, S. D.; Jahn, M.; Dashwood, R. J.; Bhagat, R.: Latest ad-
vances in the manufacturing of 3D rechargeable lithium microbatteries. Journal of Power
Sources vol. 286 (2015), pp. 25 — 46.

DIN 8590:2003-09
DIN Deutsches Institut fuer Normung e. V. 8590:2003-09, ICS 01.040.25; 25.020;
25.120.40: Fertigungsverfahren Abtragen (Translated title: Manufacturing processes re-
moval operations). Berlin, Germany: Beuth Verlag GmbH 09/01/2003.

FINGER ET AL. 2018
Finger, J.; Bornschlegel, B.; Reininghaus, M.; Dohrn, A.; Niessen, M.; Gillner, A.;
Poprawe, R.: Heat input and accumulation for ultrashort pulse processing with high aver-
age power. Advanced Optical Technologies vol. 7 (2018) 3, pp. 145 — 155.

FINGER & REININGHAUS 2014
Finger, J.; Reininghaus, M.: Effect of pulse to pulse interactions on ultra-short pulse laser
drilling of steel with repetition rates up to 10 MHz. Optics express vol. 22 (2014) 15,
pp. 18790 — 18799.

FINSTERBUSCH ET AL. 2018
Finsterbusch, M.; Danner, T.; Tsai, C.-L.; Uhlenbruck, S.; Latz, A.; Guillon, O.: High Ca-
pacity Garnet-Based All-Solid-State Lithium Batteries: Fabrication and 3D-Microstructure
Resolved Modeling. ACS Applied Materials & Interfaces vol. 10 (2018) 26,
pp. 22329 — 22339.

FISHBURN ET AL. 2006
Fishburn, J. M.; Withford, M. J.; Coutts, D. W.; Piper, J. A.: Study of the fluence depend-
ent interplay between laser induced material removal mechanisms in metals: Vaporization,
melt displacement and melt ejection. Applied Surface Science vol. 252 (2006) 14,
pp. 5182 — 5188.

FLEIG & MAIER 1998
Fleig, J.; Maier, J.: A Finite Element Study on the Grain Boundary Impedance of Different
Microstructures. Journal of The Electrochemical Society vol. 145 (1998) 6,
pp- 2081 — 2089.

FOERSTER ET AL. 2021
Foerster, D. J.; Jaeggi, B.; Michalowski, A.; Neuenschwander, B.: Review on Experi-
mental and Theoretical Investigations of Ultra-Short Pulsed Laser Ablation of Metals with
Burst Pulses. Materials vol. 14 (2021) 12, article 3331.

FRITHET AL. 2023
Frith, J. T.; Lacey, M. J.; Ulissi, U.: A non-academic perspective on the future of lithium-
based batteries. Nature communications vol. 14 (2023) 1, article 420.



Bibliography 123

FROBOESE ET AL. 2019
Froboese, L.; van der Sichel, J. F.; Loellhoeffel, T.; Helmers, L.; Kwade, A.: Effect of Mi-
crostructure on the Ionic Conductivity of an All Solid-State Battery Electrode. Journal of
The Electrochemical Society vol. 166 (2019) 2, A318 — A328.

FROEHLICH ET AL. 2020
Froehlich, A.; Gresens, D.; Vervoort, B.; Droeder, K.: Design and Evaluation of a Mate-
rial-adapted Handling System for All-Solid-State Lithium-Ion Battery Production. Proce-
dia CIRP vol. 93 (2020), pp. 143 — 148.

FROEHLICH ET AL. 2022
Froehlich, A.; Masuch, S.; Droeder, K.: Design of an Automated Assembly Station for
Process Development of All-Solid-State Battery Cell Assembly. In: Schueppstuhl, T. (Ed.):
Annals of Scientific Society for Assembly, Handling and Industrial Robotics 2021. Cham,
Germany: Springer International Publishing 2022, pp. 51 — 62. ISBN: 978-3-030-74031-3.

FUETAL. 2017
Fu, K.; Gong, Y.; Hitz, G. T.; McOwen, D. W.; Li, Y.; Xu, S.; Wen, Y.; Zhang, L.; Wang,
C.; Pastel, G.; Dai, J.; Liu, B.; Xie, H.; Yao, Y.; Wachsman, E. D.; Hu, L.: Three-dimen-
sional bilayer garnet solid electrolyte based high energy density lithium metal-sulfur bat-
teries. Energy & Environmental Science vol. 10 (2017) 7, pp. 1568 — 1575.

FULLER ET AL. 1994
Fuller, T. F.; Doyle, M.; Newman, J.: Simulation and Optimization of the Dual Lithium
Ion Insertion Cell. Journal of The Electrochemical Society vol. 141 (1994) 1.

FURLANET AL. 2015
Furlan, V.; Demir, A. G.; Previtali, B.: Micro and sub-micron surface structuring of AZ31
by laser re-melting and dimpling. Optics & Laser Technology vol. 75 (2015),
pp. 164 —172.

FURMANSKI ET AL. 2007
Furmanski, J.; Rubenchik, A. M.; Shirk, M. D.; Stuart, B. C.: Deterministic processing of
alumina with ultrashort laser pulses. Journal of Applied Physics vol. 102 (2007) 7, article
073112.

GABZDYL & BRODSKY 2010
Gabzdyl, J.; Brodsky, M.: Micro-cutting with nanosecond pulsed fiber lasers. In: Liu, X.
(Ed.): Congress proceedings of the 29'" International Congress on Applications of Lasers &
Electro-Optics (ICALEO). Anaheim, CA, USA, 9/26/2010 — 9/30/2010. Anaheim, CA,
USA: Laser Institute of America 2010, pp. 1022 — 1027. ISBN: 978-0-912035-61-1.

GAFNER ET AL. 2021
Gafner, M.; Remund, S. M.; Chaja, M. W.; Neuenschwander, B.: High-rate laser pro-
cessing with ultrashort laser pulses by combination of diffractive elements with synchro-
nized galvo scanning. Advanced Optical Technologies vol. 10 (2021) 4 — 5, pp. 333 — 352.



124 Bibliography

GALLAGHER ET AL. 2015
Gallagher, K. G.; Trask, S. E.; Bauer, C.; Woehrle, T.; Lux, S. F.; Tschech, M.; Lamp, P.;
Polzin, B. J.; Ha, S.; Long, B.; Wu, Q.; Lu, W.; Dees, D. W.; Jansen, A. N.: Optimizing
Areal Capacities through Understanding the Limitations of Lithium-Ion Electrodes. Journal
of The Electrochemical Society vol. 163 (2015) 2, A138 — A149.

GARAYTET AL. 2023
Garayt, M. D.; Johnson, M. B.; Laidlaw, L.; McArthur, M. A.; Trussler, S.; Harlow, J. E.;
Dahn, J. R.; Yang, C.: A Guide to Making Highly Reproducible Li-lon Single-Layer Pouch
Cells for Academic Researchers. Journal of The Electrochemical Society vol. 170 (2023)
8, article 080516.

GARRETT 2004
Garrett, D. E.: Handbook of lithium and natural calcium chloride. Their deposits, pro-
cessing, uses and properties. 1. ed. Amsterdam, Netherlands: Elsevier Academic Press
2004. ISBN: 0-12-276152-9.

GATES 2022
Gates, B.: How to avoid a climate disaster. The solutions we have and the breakthroughs
we need. 1. ed. London, England: Penguin Books 2022. ISBN: 978-0141993010.

GAUDIUSO ET AL. 2020
Gaudiuso, C.; Volpe, A.; Ancona, A.: One-Step Femtosecond Laser Stealth Dicing of
Quartz. Micromachines vol. 11 (2020) 3.

GAUTAM & PANDEY 2018
Gautam, G. D.; Pandey, A. K.: Pulsed Nd:YAG laser beam drilling: A review. Optics &
Laser Technology vol. 100 (2018), pp. 183 —215.

GEIGER ET AL. 2022
Geiger, C.; Kriegler, J.; Weiss, T.; Berger, A.; Zaeh, M. F.: Micro-perforation of the diffu-
sion media for polymer electrolyte membrane fuel cells using short and ultrashort laser
pulses. Procedia CIRP vol. 111 (2022), pp. 796 — 799.

GEIGER ET AL. 2024
Geiger, C.; Gruendl, A.; Hauschwitz, P.; Tarant, I.; Hille, L.; Sommer, A.; Hou, B.; Zaeh,
M. F.: Scaling of ultrashort-pulsed laser structuring processes for electromobility applica-
tions using a spatial light modulator. Journal of Laser Applications vol. 36 (2024) 4, article
042036.

GELLERT ET AL. 2018
Gellert, M.; Dashjav, E.; Gruener, D.; Ma, Q.; Tietz, F.: Compatibility study of oxide and
olivine cathode materials with lithium aluminum titanium phosphate. Ionics vol. 24 (2018)
4, pp. 1001 — 1006.



Bibliography 125

GIORGIET AL. 2016
Giorgi, C. de; Furlan, V.; Demir, A. G.; Tallarita, E.; Candiani, G.; Previtali, B.: Laser Mi-
cro-polishing of Stainless Steel for Antibacterial Surface Applications. Procedia CIRP
vol. 49 (2016), pp. 88 — 93.

GIORGIET AL. 2017
Giorgi, C. de; Furlan, V.; Demir, A. G.; Tallarita, E.; Candiani, G.; Previtali, B.: Laser mi-
cropolishing of AISI 304 stainless steel surfaces for cleanability and bacteria removal ca-
pability. Applied Surface Science vol. 406 (2017), pp. 199 — 211.

GIREAUD ET AL. 2006
Gireaud, L.; Grugeon, S.; Laruelle, S.; Yrieix, B.; Tarascon, J.-M.: Lithium metal strip-

ping/plating mechanisms studies: A metallurgical approach. Electrochemistry Communica-
tions vol. 8 (2006) 10, pp. 1639 — 1649.

GOEL ET AL. 2023
Goel, V.; Chen, K.-H.; Dasgupta, N. P.; Thornton, K.: Optimization of Laser-Patterned
Electrode Architectures for Fast Charging of Li-ion Batteries Using Simulations Parame-
terized by Machine Learning. Energy Storage Materials vol. 57 (2023), pp. 44 — 58.

GONGET AL. 2018
Gong, Y.; Fu, K.; Xu, S.; Dai, J.; Hamann, T. R.; Zhang, L.; Hitz, G. T.; Fu, Z.; Ma, Z.;
McOwen, D. W.; Han, X.; Hu, L.; Wachsman, E. D.: Lithium-ion conductive ceramic tex-
tile: A new architecture for flexible solid-state lithium metal batteries. Materials Today
vol. 21 (2018) 6, pp. 594 — 601.

GOODENOUGH 2014
Goodenough, J. B.: Electrochemical energy storage in a sustainable modern society. En-
ergy & Environmental Science vol. 7 (2014) 1, pp. 14 — 18.

GOODENOUGH & PARK 2013
Goodenough, J. B.; Park, K.-S.: The Li-ion rechargeable battery: a perspective. Journal of
the American Chemical Society vol. 135 (2013) 4, pp. 1167 — 1176.

GRABMANN ET AL. 2020
Grabmann, S.; Kriegler, J.; Zaeh, M. F.: Laser in der Batterieproduktion: Wie die Laser-
technik zur Mobilitaet von Morgen beitraegt. (Translated title: Laser Technology in Bat-
tery Production: How laser technology shapes the mobility of tomorrow). In: Fuerst, W. et
al. (Ed.): Automobiltechnologie in Bayern. e-Car + Wasserstoff. Munich, Germany: media
mind GmbH & Co. KG 2020, pp. 30 — 33.

GRABMANNET AL. 2021
Grabmann, S.; Kriegler, J.; Harst, F.; Guenter, F. J.; Zaeh, M. F.: Laser welding of current
collector foil stacks in battery production—mechanical properties of joints welded with a
green high-power disk laser. The International Journal of Advanced Manufacturing Tech-
nology vol. 118 (2021), pp. 2571 — 2586.



126 Bibliography

GRADY 1980
Grady, H. R.: Lithium metal for the battery industry. Journal of Power Sources vol. 5
(1980) 1, pp. 127 — 135.

GREENWOOD ET AL. 2022
Greenwood, M.; Wrogemann, J. M.; Schmuch, R.; Jang, H.; Winter, M.; Leker, J.: The
Battery Component Readiness Level (BC-RL) framework: A technology-specific develop-
ment framework. Journal of Power Sources Advances vol. 14 (2022), article 100089.

GRISSA ET AL. 2022
Grissa, R.; Seidl, L.; Dachraoui, W.; Sauter, U.; Battaglia, C.: LisLa3Zr,O1> Protonation as
a Means to Generate Porous/Dense/Porous-Structured Electrolytes for All-Solid-State Lith-
ium-Metal Batteries. ACS Applied Materials & Interfaces vol. 14 (2022) 40,
pp. 46001 — 46009.

GROSS ET AL. 2021
Gross, J. P.; Malzbender, J.; Dashjav, E.; Tietz, F.; Schwaiger, R.: Optimizing the conduc-
tivity, microstructure and mechanical properties of tape-cast LATP with LiF and SiO> ad-
ditives (2021).

GROSS ET AL. 2022
Gross, J. P.; Malzbender, J.; Dashjav, E.; Tietz, F.; Schwaiger, R.: Conductivity, micro-
structure and mechanical properties of tape-cast LATP with LiF and SiO; additives. Jour-
nal of Materials Science vol. 57 (2022) 2, pp. 925 — 938.

GROTH & KAMMEL 1994
Groth, U.; Kammel, A.: Lean Management: Konzept - Kritische Analyse - Praktische
Loesungsansaetze (Translated title: Lean management: concept — critical analysis — practi-
cal problem solving approach). Wiesbaden, Germany: Gabler Verlag 1994. (Springer
eBook Collection Business and Economics).

GUETAL. 2018
Gu, Y.; Wang, W.-W.; Li, Y.-J.; Wu, Q.-H.; Tang, S.; Yan, J.-W.; Zheng, M.-S.; Wu, D.-
Y.; Fan, C.-H.; Hu, W.-Q.; Chen, Z.-B.; Fang, Y.; Zhang, Q.-H.; Dong, Q.-F.; Mao, B.-W.:
Designable ultra-smooth ultra-thin solid-electrolyte interphases of three alkali metal an-
odes. Nature communications vol. 9 (2018) 1, article 1339.

GUET AL. 2019
Gu, Y.; Wang, W.-W_; He, J.-W.; Tang, S.; Xu, H.-Y.; Yan, J.-W.; Wu, Q.-H.; Lian, X.-B.;
Zheng, M.-S.; Dong, Q.-F.; Mao, B.-W.: Electrochemical Polishing of Lithium Metal Sur-
face for Highly Demanding Solid-Electrolyte Interphase. ChemElectroChem vol. 6 (2019)
I, pp. 181 —188.

GUENTER ET AL. 2019
Guenter, F. J.; Burgstaller, C.; Konwitschny, F.; Reinhart, G.: Influence of the Electrolyte
Quantity on Lithium-Ion Cells. Journal of The Electrochemical Society vol. 166 (2019) 10,
A1709 — A1714.



Bibliography 127

GUENTER & WASSILIADIS 2022
Guenter, F. J.; Wassiliadis, N.: State of the Art of Lithium-Ion Pouch Cells in Automotive
Applications: Cell Teardown and Characterization. Journal of The Electrochemical Society
vol. 169 (2022), article 030515.

HABEDANK ET AL. 2018a
Habedank, J. B.; Endres, J.; Schmitz, P.; Zaeh, M. F.; Huber, H. P.: Femtosecond laser
structuring of graphite anodes for improved lithium-ion batteries: Ablation characteristics
and process design. Journal of Laser Applications vol. 30 (2018) 3, article 032205.

HABEDANK ET AL. 2018b
Habedank, J. B.; Kraft, L.; Rheinfeld, A.; Krezdorn, C.; Jossen, A.; Zaeh, M. F.: Increasing
the Discharge Rate Capability of Lithium-Ion Cells with Laser-Structured Graphite An-
odes: Modeling and Simulation. Journal of The Electrochemical Society vol. 165 (2018) 7,
A1563 — A1573.

HABEDANK ET AL. 2019a
Habedank, J. B.; Kriegler, J.; Zaeh, M. F.: Enhanced Fast Charging and Reduced Lithium-
Plating by Laser-Structured Anodes for Lithium-Ion Batteries. Journal of The Electro-
chemical Society vol. 166 (2019) 16, A3940 — A3949.

HABEDANK ET AL. 2019b
Habedank, J. B.; Guenter, F. J.; Billot, N.; Gilles, R.; Neuwirth, T.; Reinhart, G.; Zach, M.
F.: Rapid electrolyte wetting of lithium-ion batteries containing laser structured electrodes:
in situ visualization by neutron radiography. The International Journal of Advanced Manu-
facturing Technology vol. 102 (2019), pp. 2769 — 2778.

HABEDANK ET AL. 2020
Habedank, J. B.; Schwab, D.; Kiesbauer, B.; Zaeh, M. F.: Paving the way for industrial ul-
trafast laser structuring of lithium-ion battery electrodes by increasing the scanning accu-
racy. Journal of Laser Applications vol. 32 (2020) 2, article 022053.

HABEDANK 2021
Habedank, J. B.: Laser Structuring of Graphite Anodes for Improved Lithium-Ion Batter-
ies. Dissertation. Technical University of Munich. Munich, Germany: utzverlag GmbH
2021. ISBN: 978-3-8316-4933-4. (Forschungsberichte IWB, vol. 367).

HAGEMEISTER ET AL. 2022
Hagemeister, J.; Stock, S.; Linke, M.; Fischer, M.; Drees, R.; Kurrat, M.; Daub, R.: Lean
Cell Finalization in Lithium-Ion Battery Production: Determining the Required Electrolyte
Wetting Degree to Begin the Formation. Energy Technology vol. 11 (2022) 5, article
2200686.

HANET AL. 2017
Han, X.; Gong, Y.; Fu, K. K.; He, X.; Hitz, G. T.; Dai, J.; Pearse, A.; Liu, B.; Wang, H.;
Rubloff, G.; Mo, Y.; Thangadurai, V.; Wachsman, E. D.; Hu, L.: Negating interfacial im-
pedance in garnet-based solid-state Li metal batteries. Nature materials vol. 16 (2017) 5,
pp. 572 — 579.



128 Bibliography

HANET AL. 2023
Han, J.; Goeksel, B.; Mohajernia, S.; Sonja Killian, M.; Vleugels, J.; Braem, A.; Castagne,
S.: Ultrashort pulsed laser ablation of zirconia toughened alumina: material removal mech-
anism and surface characteristics. Applied Surface Science vol. 615 (2023), article 156407.

HAOET AL. 2018
Hao, F.; Han, F.; Liang, Y.; Wang, C.; Yao, Y.: Architectural design and fabrication ap-
proaches for solid-state batteries. MRS Bulletin vol. 43 (2018) 10, pp. 775 — 781.

HARA ET AL. 2009
Hara, M.; Nakano, H.; Dokko, K.; Okuda, S.; Kaeriyama, A.; Kanamura, K.: Fabrication
of all solid-state lithium-ion batteries with three-dimensionally ordered composite elec-
trode consisting of Lio.35La0.55Ti03 and LiMn,Os. Journal of Power Sources vol. 189
(2009) 1, pp. 485 — 489.

HARTL ET AL. 2019
Hartl, R.; Landgraf, J.; Spahl, J.; Bachmann, A.; Zaeh, M. F.: Automated visual inspection
of friction stir welds: a deep learning approach. In: Stella, E. et al. (Ed.): Proceedings of
SPIE Vol. 11059, SPIE Optical Metrology. Munich, Germany, 06/24/2019 — 06/27/2019.
Bellingham, WA, USA: SPIE 2019, 1105909. ISBN: 9781510627970. (Multimodal Sens-
ing: Technologies and Applications vol. 11059).

HARTMANN ET AL. 2013
Hartmann, P.; Leichtweiss, T.; Busche, M. R.; Schneider, M.; Reich, M.; Sann, J.;
Adelhelm, P.; Janek, J.: Degradation of NASICON-Type Materials in Contact with Lith-
ium Metal: Formation of Mixed Conducting Interphases (MCI) on Solid Electrolytes. The
Journal of Physical Chemistry C vol. 117 (2013) 41, pp. 21064 —21074.

HASELRIEDER ET AL. 2015
Haselrieder, W.; Westphal, B.; Bockholt, H.; Diener, A.; Hoeft, S.; Kwade, A.: Measuring
the coating adhesion strength of electrodes for lithium-ion batteries. International Journal
of Adhesion and Adhesives vol. 60 (2015), pp. 1 — 8.

HATZELL & ZHENG 2021

Hatzell, K. B.; Zheng, Y.: Prospects on large-scale manufacturing of solid state batteries.
MRS Energy & Sustainability vol. 8 (2021), 33 — 39.

HAYNER ET AL. 2012
Hayner, C. M.; Zhao, X.; Kung, H. H.: Materials for rechargeable lithium-ion batteries.
Annual review of chemical and biomolecular engineering vol. 3 (2012), pp. 445 —471.

HEET AL. 2017
He, K.; Gkioxari, G.; Dollar, P.; Girshick, R.: Mask R-CNN. In: Computer Vision Founda-
tion (Ed.): Proceedings of the IEEE International Conference on Computer Vision (ICCV),
International Conference on Computer Vision. Venice, Italy, 10/22/2017 — 10/10/2017.
Los Alamitos, CA, USA: CPS 2017, pp. 2961 — 2969. ISBN: 978-1-5386-1032-9.



Bibliography 129

HEET AL. 2019
He, Y.; Ren, X.; Xu, Y.; Engelhard, M. H.; Li, X.; Xiao, J.; Liu, J.; Zhang, J.-G.; Xu, W.;
Wang, C.: Origin of lithium whisker formation and growth under stress. Nature nanotech-
nology vol. 14 (2019) 11, pp. 1042 — 1047.

HEcHT 2010
Hecht, J.: Short history of laser development. Optical Engineering vol. 49 (2010) 9, article
091002.

HEINE ET AL. 2014
Heine, J.; Krueger, S.; Hartnig, C.; Wietelmann, U.; Winter, M.; Bieker, P.: Coated Lith-
ium Powder (CLiP) Electrodes for Lithium-Metal Batteries. Advanced Energy Materials
vol. 4 (2014) 5, article 1300815.

HEUBNER ET AL. 2021
Heubner, C.; Maletti, S.; Auer, H.; Huettl, J.; Voigt, K.; Lohrberg, O.; Nikolowski, K.;
Partsch, M.; Michaelis, A.: From Lithium-Metal toward Anode-Free Solid-State Batteries:
Current Developments, Issues, and Challenges. Advanced Functional Materials vol. 31
(2021) 51, article 2106608.

HILLE ET AL. 2021
Hille, L.; Xu, L.; Keilhofer, J.; Stock, S.; Kriegler, J.; Zaeh, M. F.: Laser structuring of
graphite anodes and NMC cathodes — Proportionate influence on electrode characteristics
and cell performance. Electrochimica Acta vol. 392 (2021), article 139002.

HILLE ET AL. 2022a
Hille, L.; Toepper, H.-C.; Schriever, C.; Kriegler, J.; Keilhofer, J.; Noecker, M. P.; Zaeh,
M. F.: Influence of Laser Structuring and Calendering of Graphite Anodes on Electrode
Properties and Cell Performance. Journal of The Electrochemical Society vol. 169 (2022)
6, article 060518.

HILLE ET AL. 2022b
Hille, L.; Xu, L.; Keilhofer, J.; Stock, S.; Kriegler, J.; Zaeh, M. F.: Proportionate Influence
of Anode and Cathode Structuring on Electrode Characteristics and Cell Performance.
Poster, Advanced Battery Power. Muenster, Germany (03/02/2022).

HILLE ET AL. 2023a
Hille, L.; Hoffmann, P.; Kriegler, J.; Mayr, A.; Zaeh, M. F.: Automated geometry charac-
terization of laser-structured battery electrodes. Production Engineering vol. 17 (2023),
pp. 773 — 783.

HILLE ET AL. 2023b
Hille, L.; Noecker, M. P.; Ko, B.; Kriegler, J.; Keilhofer, J.; Stock, S.; Zaeh, M. F.: Inte-
gration of laser structuring into the electrode manufacturing process chain for lithium-ion
batteries. Journal of Power Sources vol. 556 (2023), article 232478.



130 Bibliography

HILLE ET AL. 2023c
Hille, L.; Kriegler, J.; Oehler, A.; Chaja, M.; Wagner, S.; Zach, M. F.: Picosecond laser
structuring of graphite anodes — Ablation characteristics and process scaling. Journal of
Laser Applications vol. 35 (2023) 4, article 042054.

HILLE ET AL. 2024
Hille, L.; Keilhofer, J.; Mazur, R.; Daub, R.; Zaeh, M. F.: Comparative Evaluation of
Graphite Anode Structuring for Lithium-Ion Batteries Using Laser Ablation and Mechani-
cal Embossing. Energy Technology vol. 12 (2024) 6, article 2301502.

HiTtz ET AL. 2019
Hitz, G. T.; McOwen, D. W.; Zhang, L.; Ma, Z.; Fu, Z.; Wen, Y.; Gong, Y.; Dai, J.;
Hamann, T. R.; Hu, L.; Wachsman, E. D.: High-rate lithium cycling in a scalable trilayer
Li-garnet-electrolyte architecture. Materials Today vol. 22 (2019), pp. 50 — 57.

HLUSHKOU ET AL. 2018
Hlushkou, D.; Reising, A. E.; Kaiser, N.; Spannenberger, S.; Schlabach, S.; Kato, Y.; Rol-
ing, B.; Tallarek, U.: The influence of void space on ion transport in a composite cathode
for all-solid-state batteries. Journal of Power Sources vol. 396 (2018), pp. 363 — 370.

HODGSON ET AL. 2020
Hodgson, N.; Allegre, H.; Starodoumov, A.; Bettencourt, S.: Femtosecond Laser Ablation
in Burst Mode as a Function of Pulse Fluence and Intra-Burst Repetition Rate. Journal of
Laser Micro/Nanoengineering vol. 15 (2020) 3, pp. 236 — 244.

HOERDEMANN 2018
Hoerdemann, C.: Partikelfreier Abtrag von Schichtsystemen fuer Feststoftbatterien mittel
Ultrakurzpuls-Laserbearbeitung (Translated title: Particle-free Ablation of Layer Systems
for Solid-State Batteries by means of Ultrashort Pulsed Laser Processing). Dissertation.
Rheinisch-Westfaelischen Technischen Hochschule Aachen. Aachen, Germany: Apprimus
Verlag 2018. ISBN: 978-3-86359-648-4. (Ergebnisse aus der Lasertechnik).

HOFMANN ET AL. 2020
Hofmann, O.; Stollenwerk, J.; Loosen, P.: Design of multi-beam optics for high throughput
parallel processing. Journal of Laser Applications vol. 32 (2020) 1, article 012005.

HOLTSTIEGE ET AL. 2018
Holtstiege, F.; Baermann, P.; Noelle, R.; Winter, M.; Placke, T.: Pre-Lithiation Strategies
for Rechargeable Energy Storage Technologies: Concepts, Promises and Challenges. Bat-
teries vol. 4 (2018) 1, article 4.

HUET AL. 2010
Hu, W.; Yung, C. S.; King, B. G.: Micromachining of Metals, Alloys, and Ceramics by Pi-

cosecond Laser Ablation. Journal of Manufacturing Science and Engineering vol. 132
(2010), article 011009.



Bibliography 131

HUANGET AL. 2019
Huang, C.; Dontigny, M.; Zaghib, K.; Grant, P. S.: Low-tortuosity and graded lithium ion
battery cathodes by ice templating. Journal of Materials Chemistry A vol. 7 (2019) 37,
pp. 21421 —21431.

HUANGET AL. 2021
Huang, J.; Shi, W.; Huang, J.; Xie, Y.; Ba, Y.; He, K.: High speed pulsed laser cutting of
anode material for a Li-ion battery in burst mode. Optical Materials Express vol. 11 (2021)
7, pp. 2300 — 2309.

HUANG & GRANT 2018
Huang, C.; Grant, P. S.: Coral-like directional porosity lithium ion battery cathodes by ice
templating. Journal of Materials Chemistry A vol. 6 (2018) 30, pp. 14689 — 14699.

HUEGEL & GRAF 2023
Huegel, H.; Graf, T.: Materialbearbeitung mit Laser: Grundlagen und Verfahren (Trans-
lated title: Material Processing with Laser: Basics and methods). 5. ed. Wiesbaden, Ger-
many: Springer Vieweg 2023. ISBN: 978-3-658-41122-0.

HUNGET AL. 2022
Hung, C.-H.; Huynh, P.; Teo, K.; Cobb, C. L.: Are Three-Dimensional Batteries Benefi-
cial? Analyzing Historical Data to Elucidate Performance Advantages. ACS Energy Let-
ters (2022), pp. 296 — 305.

HUO & JANEK 2022
Huo, H.; Janek, J.: Silicon as Emerging Anode in Solid-State Batteries. ACS Energy Let-
ters vol. 7 (2022) 11, pp. 4005 —4016.

Huo & JANEK 2023
Huo, H.; Janek, J.: Solid-state batteries: from 'all-solid' to 'almost-solid'. National science
review vol. 10 (2023) 6, nwad(098.

[HLEMANN ET AL. 1995
Ihlemann, J.; Scholl, A.; Schmidt, H.; Wolff-Rottke, B.: Nanosecond and femtosecond ex-
cimer-laser ablation of oxide ceramics. Applied Physics A vol. 60 (1995) 4, pp. 411 —417.

[HRIG ET AL. 2021a
TIhrig, M.; Finsterbusch, M.; Tsai, C.-L.; Laptev, A. M.; Tu, C.; Bram, M.; Sohn, Y. J.; Ye,
R.; Seving, S.; Lin, S.; Fattakhova-Rohlfing, D.; Guillon, O.: Low temperature sintering of
fully inorganic all-solid-state batteries — Impact of interfaces on full cell performance.
Journal of Power Sources vol. 482 (2021), article 228905.

IHRIG ET AL. 2021b
Ihrig, M.; Ye, R.; Laptev, A. M.; Gruener, D.; Guerdelli, R.; Scheld, W. S.; Finsterbusch,
M.; Wiemhoefer, H.-D.; Fattakhova-Rohlfing, D.; Guillon, O.: Polymer—Ceramic Compo-
site Cathode with Enhanced Storage Capacity Manufactured by Field-Assisted Sintering
and Infiltration. ACS Applied Energy Materials vol. 4 (2021) 10, pp. 10428 — 10432.



132 Bibliography

[HRIG ET AL. 2022a
Ihrig, M.; Dashjav, E.; Laptev, A. M.; Ye, R.; Gruener, D.; Ziegner, M.; Odenwald, P.;
Finsterbusch, M.; Tietz, F.; Fattakhova-Rohlfing, D.; Guillon, O.: Increasing the perfor-
mance of all-solid-state Li batteries by infiltration of Li-ion conducting polymer into LFP-
LATP composite cathode. Journal of Power Sources vol. 543 (2022), article 231822.

IHRIG ET AL. 2022b
Ihrig, M.; Finsterbusch, M.; Laptev, A. M.; Tu, C.; Tran, N. T.; Lin, C.-A.; Kuo, L.-Y.; Ye,
R.; Sohn, Y. J.; Kaghazchi, P.; Lin, S.; Fattakhova-Rohlfing, D.; Guillon, O.: Study of
LiCoOy/Li7La3Zr2012:Ta Interface Degradation in All-Solid-State Lithium Batteries. ACS
Applied Materials & Interfaces vol. 14 (2022) 9, pp. 11288 — 11299.

INDERHERBERGH 1991
Inderherbergh, J.: Polyvinylidene Fluoride (PVDF) Appearance, General Properties and
Processing. Ferroelectrics vol. 115 (1991) 4, pp. 295 — 302.

INOUE & MUKAI 2017
Inoue, T.; Mukai, K.: Are All-Solid-State Lithium-Ion Batteries Really Safe? — Verifica-
tion by Differential Scanning Calorimetry with an All-Inclusive Microcell. ACS Applied
Materials & Interfaces vol. 9 (2017) 2, pp. 1507 — 1515.

ISMAIL ET AL. 2001
Ismail, I.; Noda, A.; Nishimoto, A.; Watanabe, M.: XPS study of lithium surface after con-
tact with lithium-salt doped polymer electrolytes. Electrochimica Acta vol. 46 (2001)
10— 11, pp. 1595 — 1603.

JACKMAN & CUTLER 2012
Jackman, S. D.; Cutler, R. A.: Effect of microcracking on ionic conductivity in LATP.
Journal of Power Sources vol. 218 (2012), pp. 65 — 72.

JAEGGI ET AL. 2017
Jaeggi, B.; Remund, S.; Zhang, Y.; Kramer; Neuenschwander, B.: Optimizing the Specific
Removal Rate with the Burst Mode Under Varying Conditions. Journal of Laser Mi-
cro/Nanoengineering vol. 12 (2017) 3, 258 — 266.

JAGUEMONT & BARDE 2023
Jaguemont, J.; Bardé, F.: A critical review of lithium-ion battery safety testing and stand-
ards. Applied Thermal Engineering vol. 231 (2023), article 121014.

JANEK & ZEIER 2016
Janek, J.; Zeier, W. G.: A solid future for battery development. Nature Energy vol. 1
(2016) 9, article 16141.

JANEK & ZEIER 2023
Janek, J.; Zeier, W. G.: Challenges in speeding up solid-state battery development. Nature
Energy vol. 8 (2023) 3, pp. 230 — 240.



Bibliography 133

JANGET AL. 2021
Jang, D.; Suh, S.; Yoon, H.; Kim, J.; Kim, H.; Baek, J.; Kim, H.-J.: Enhancing rate capa-
bility of graphite anodes for lithium-ion batteries by pore-structuring. Applied Surface Sci-
ence Advances vol. 6 (2021), article 100168.

JANSEN ET AL. 2018
Jansen, T.; Blass, D.; Hartwig, S.; Dilger, K.: Processing of Advanced Battery Materials —
Laser Cutting of Pure Lithium Metal Foils. Batteries vol. 4 (2018) 337, article 37.

JANSEN ET AL. 2019a
Jansen, T.; Kandula, M. W.; Blass, D.; Hartwig, S.; Haselrieder, W.; Dilger, K.: Evaluation
of the Separation Process for the Production of Electrode Sheets. Energy Technology
vol. 8 (2019) 2, article 1900519.

JANSEN ET AL. 2019b
Jansen, T.; Kandula, M. W.; Hartwig, S.; Hoffmann, L.; Haselrieder, W.; Dilger, K.: Influ-
ence of Laser-Generated Cutting Edges on the Electrical Performance of Large Lithium-
Ion Pouch Cells. Batteries vol. 5 (2019) 73, pp. 1 — 20.

JEPPSON ET AL. 1978
Jeppson, D. W.; Ballif, J. L.; Yuan, W. W.; Chou; B.E.: Lithium literature review: Lithi-
um's properties and interactions. Richland, Washington, USA (1978).

JIET AL. 2022
Ji, S.; Wang, X.; Li, K.; Huan, Y.; Ma, G.; Su, Y.; Wei, T.: 3D Vertically Aligned Micro-
channel Three-Layer All Ceramic Lithium Ion Battery for High-Rate and Long-Cycle
Electrochemical Energy Storage. Small vol. 18 (2022) 13, article 2107442.

JIANGET AL. 2018
Jiang, Z.; Xie, H.; Wang, S.; Song, X.; Yao, X.; Wang, H.: Perovskite Membranes with
Vertically Aligned Microchannels for All-Solid-State Lithium Batteries. Advanced Energy
Materials vol. 8 (2018) 27, article 1801433.

JIANG ET AL. 2020
Jiang, Z.; Wang, S.; Chen, X.; Yang, W.; Yao, X.; Hu, X.; Han, Q.; Wang, H.: Tape-Cast-
ing Lio34La0.56T103 Ceramic Electrolyte Films Permit High Energy Density of Lithium-
Metal Batteries. Advanced Materials vol. 32 (2020) 6, article 1906221.

JOHNSON ET AL. 2014
Johnson, R. W.; Hultqvist, A.; Bent, S. F.: A brief review of atomic layer deposition: from
fundamentals to applications. Materials Today vol. 17 (2014) 5, pp. 236 — 246.

JULIEN ET AL. 2016
Julien, C.; Mauger, A.; Vijh, A.; Zaghib, K.: Lithium Batteries. Science and Technology.
Cham, Switzerland: Springer International Publishing 2016. ISBN: 978-3-319-19107-2.



134 Bibliography

JUNG ET AL. 2019
Jung, K.-N.; Shin, H.-S.; Park, M.-S.; Lee, J.-W.: Solid-State Lithium Batteries: Bipolar
Design, Fabrication, and Electrochemistry. ChemElectroChem vol. 6 (2019) 15,
pp. 3842 —3859.

JUSTET AL. 2013
Just, P.; Ebert, L.; Echelmeyer, T.; Roscher, M. A.: Infrared particle detection for battery
electrode foils. Infrared Physics & Technology vol. 61 (2013), pp. 254 — 258.

KAMAYA ET AL. 2011
Kamaya, N.; Homma, K.; Yamakawa, Y.; Hirayama, M.; Kanno, R.; Yonemura, M.; Ka-
miyama, T.; Kato, Y.; Hama, S.; Kawamoto, K.; Mitsui, A.: A lithium superionic conduc-
tor. Nature materials vol. 10 (2011) 9, pp. 682 — 686.

KAMPHAUS ET AL. 2019
Kamphaus, E. P.; Angarita-Gomez, S.; Qin, X.; Shao, M.; Engelhard, M.; Mueller, K. T.;
Murugesan, V.; Balbuena, P. B.: Role of Inorganic Surface Layer on Solid Electrolyte In-
terphase Evolution at Li-Metal Anodes. ACS Applied Materials & Interfaces vol. 11
(2019) 34, pp. 31467 — 31476.

KASEMCHAINAN ET AL. 2019
Kasemchainan, J.; Zekoll, S.; Jolly, D. S.; Ning, Z.; Hartley, G. O.; Marrow, J.; Bruce, P.
G.: Critical stripping current leads to dendrite formation on plating in lithium anode solid
electrolyte cells. Nature materials vol. 18 (2019), pp. 1105 - 1111.

KAZYAK ET AL. 2020
Kazyak, E.; Garcia-Mendez, R.; LePage, W. S.; Sharafi, A.; Davis, A. L.; Sanchez, A. J.;
Chen, K.-H.; Haslam, C.; Sakamoto, J.; Dasgupta, N. P.: Li Penetration in Ceramic Solid
Electrolytes: Operando Microscopy Analysis of Morphology, Propagation, and Reversibil-
ity. Matter vol. 2 (2020) 4, pp. 1025 — 1048.

KEILHOFER ET AL. 2023
Keilhofer, J.; Schaffranka, L.; Wuttke, A.; Guenter, F.; Hille, L.; Dorau, F.; Daub, R.: Me-
chanical Structuring of Lithium-Ion Battery Electrodes Using an Embossing Roller. En-
ergy Technology vol. 11 (2023), article 202200869.

KELLER ET AL. 2018
Keller, M.; Varzi, A.; Passerini, S.: Hybrid electrolytes for lithium metal batteries. Journal
of Power Sources vol. 392 (2018), pp. 206 — 225.

KERSEET AL. 2016
Kerse, C.; Kalaycioglu, H.; Elahi, P.; Cetin, B.; Kesim, D. K.; Akgaalan, O.; Yavas, S.;
Asik, M. D.; Oektem, B.; Hoogland, H.; Holzwarth, R.; Ilday, F. O.: Ablation-cooled ma-
terial removal with ultrafast bursts of pulses. Nature vol. 537 (2016) 7618, pp. 84 — 88.



Bibliography 135

KHOSLA ET AL. 2023a
Khosla, N.; Narayan, J.; Narayan, R.; Sun, X.-G.; Paranthaman, M. P.: Microstructure and
defect engineering of graphite anodes by pulsed laser annealing for enhanced performance
of lithium-ion batteries. Carbon vol. 205 (2023), pp. 214 — 225.

KHOSLA ET AL. 2023b
Khosla, N.; Narayan, J.; Narayan, R.; Sun, X.-G.; Paranthaman, M. P.: Nanosecond Laser
Annealing of NMC 811 Cathodes for Enhanced Performance. Journal of The Electrochem-
ical Society vol. 170 (2023) 3, article 030520.

KIM ET AL. 2009
Kim, S. H.; Sohn, I.-B.; Jeong, S.: Ablation characteristics of aluminum oxide and nitride

ceramics during femtosecond laser micromachining. Applied Surface Science vol. 255
(2009) 24, pp. 9717 — 9720.

KIMET AL. 2010
Kim, J. S.; Baek, S. h.; Yoonz, W. Y.: Electrochemical Behavior of Compacted Lithium

Powder Electrode in Li / V205 Rechargeable Battery. Journal of The Electrochemical Soci-
ety vol. 157 (2010) 8, A984 — A987.

KIMET AL. 2018
Kim, Y.; Drews, A.; Chandrasekaran, R.; Miller, T.; Sakamoto, J.: Improving Li-ion bat-
tery charge rate acceptance through highly ordered hierarchical electrode design. lonics
vol. 24 (2018) 10, pp. 2935 —2943.

KIMET AL. 2021
Kim, K. J.; Balaish, M.; Wadaguchi, M.; Kong, L.; Rupp, J. L.: Solid-State Li—Metal Bat-
teries: Challenges and Horizons of Oxide and Sulfide Solid Electrolytes and Their Inter-
faces. Advanced Energy Materials vol. 11 (2021) 1, article 2002689.

KM & Rupp 2020
Kim, K. J.; Rupp, J. L.: All ceramic cathode composite design and manufacturing towards

low interfacial resistance for garnet-based solid-state lithium batteries. Energy & Environ-
mental Science vol. 13 (2020) 12, pp. 4930 — 4945.

KLEEFOOT ET AL. 2022
Kleefoot, M.-J.; Enderle, S.; Sandherr, J.; Bolsinger, M.; Maischik, T.; Simon, N.; Martan,
J.; Ruck, S.; Knoblauch, V.; Riegel, H.: Enhancement of the wettability of graphite-based
lithium-ion battery anodes by selective laser surface modification using low energy nano-
second pulses. The International Journal of Advanced Manufacturing Technology vol. 118
(2022) 5 -6, pp. 1987 — 1997.

KNAUTH 2009
Knauth, P.: Inorganic solid Li ion conductors: An overview. Solid State Ionics vol. 180
(2009) 14 — 16, pp. 911 —916.



136 Bibliography

KNAUTH & TULLER 2002
Knauth, P.; Tuller, H. L.: Solid-State Ionics: Roots, Status, and Future Prospects. Journal
of the American Ceramic Society vol. 85 (2002) 7, pp. 1654 — 1680.

KNOCHE & REINHART 2015
Knoche, T.; Reinhart, G.: Electrolyte Filling of Large-Scale Lithium-Ion Batteries: Chal-
lenges for Production Technology and Possible Approaches. Applied Mechanics and Mate-
rials vol. 794 (2015), 11 — 18.

KNOWLES ET AL. 2007
Knowles, M. R.; Rutterford, G.; Karnakis, D.; Ferguson, A.: Micro-machining of metals,
ceramics and polymers using nanosecond lasers. The International Journal of Advanced
Manufacturing Technology vol. 33 (2007) 1 — 2, pp. 95 — 102.

KOENIG ET AL. 2005

Koenig, J.; Nolte, S.; Tuennermann, A.: Plasma evolution during metal ablation with ultra-
short laser pulses. Optics express vol. 13 (2005) 26, pp. 10597 — 10607.

KOERVER ET AL. 2017
Koerver, R.; Ayguen, 1.; Leichtweiss, T.; Dietrich, C.; Zhang, W.; Binder, J. O.; Hartmann,
P.; Zeier, W. G.; Janek, J.: Capacity Fade in Solid-State Batteries: Interphase Formation
and Chemomechanical Processes in Nickel-Rich Layered Oxide Cathodes and Lithium
Thiophosphate Solid Electrolytes. Chemistry of Materials vol. 29 (2017) 13,
pp. 5574 — 5582.

KOERVER ET AL. 2018

Koerver, R.; Zhang, W.; Biasi, L. de; Schweidler, S.; Kondrakov, A. O.; Kolling, S.;
Brezesinski, T.; Hartmann, P.; Zeier, W. G.; Janek, J.: Chemo-mechanical expansion of
lithium electrode materials — on the route to mechanically optimized all-solid-state batter-

ies. Energy Environ. Sci. vol. 11 (2018) 8, pp. 2142 —2158.

KOHLER ET AL. 2013
Kohler, R.; Proell, J.; Bruns, M.; Ulrich, S.; Seifert, H. J.; Pfleging, W.: Conical surface
structures on model thin-film electrodes and tape-cast electrode materials for lithium-ion
batteries. Applied Physics A vol. 112 (2013) 1, pp. 77 — 85.

KOHLER 2014
Kohler, R.: Lasergestuetzte Strukturierung und Gefuegemodifikation der Elektrodenmate-
rialien Lithiumcobaltoxid und Zinnoxid fuer Lithium-Ionen-Batterien (Translated title: La-
ser-assisted structuring and microstructure modification of the electrode materials lithium

cobalt oxide and tin oxide for lithium-ion batteries). Dissertation. Karlsruhe, Germany:
Shaker 2014. ISBN: 978-3-8440-2804-1. (Berichte aus dem Maschinenbau).

KOLB ET AL. 2022
Kolb, C. G.; Lehmann, M.; Kriegler, J.; Lindemann, J.-L.; Bachmann, A.; Zaeh, M. F.:
Qualifying water-based electrode dispersions for the inkjet printing process: a requirements
analysis. Rapid Prototyping Journal vol. 28 (2022) 11, pp. 33 —50.



Bibliography 137

KONWITSCHNY ET AL. 2024
Konwitschny, F.; Kriegler, J.; Stumper, B.; Wach, L.; Daub, R.: Design and implementa-
tion of a flexible prototype assembly system for lithium-metal-based all-solid-state batter-
ies. Production & Manufacturing Research vol. 12 (2024) 1, article 2385986.

KOSHIKAWA ET AL. 2018
Koshikawa, H.; Matsuda, S.; Kamiya, K.; Miyayama, M.; Kubo, Y.; Uosaki, K.; Hash-
imoto, K.; Nakanishi, S.: Dynamic changes in charge-transfer resistance at Li
metal/Li7LazZrO1; interfaces during electrochemical Li dissolution/deposition cycles.
Journal of Power Sources vol. 376 (2018), pp. 147 — 151.

KOTOBUKIET AL. 2010
Kotobuki, M.; Suzuki, Y.; Munakata, H.; Kanamura, K.; Sato, Y.; Kazuhiro, Y.; Toshihiro,
Y.: Fabrication of Three-Dimensional Battery Using Ceramic Electrolyte with Honeycomb
Structure by Sol-gel Process. Journal of The Electrochemical Society vol. 157 (2010) 4,
A493 — A498.

KOTOBUKIET AL. 2011
Kotobuki, M.; Suzuki, Y.; Kanamura, K.; Sato, Y.; Yamamoto, K.; Yoshida, T.: A novel
structure of ceramics electrolyte for future lithium battery. Journal of Power Sources
vol. 196 (2011) 22, pp. 9815 — 9819.

KRAFTET AL. 2020a
Kraft, L.; Habedank, J. B.; Frank, A.; Rheinfeld, A.; Jossen, A.: Modeling and Simulation
of Pore Morphology Modifications using Laser-Structured Graphite Anodes in Lithium-
Ion Batteries. Journal of The Electrochemical Society vol. 167 (2020), article 013506.

KRAFTET AL. 2020b
Kraft, L.; Zuend, T.; Linsenmann, F.; Schreiner, D.; Stumper, B.; Konwitschny, F.; Krieg-
ler, J.; Metkar, A.; Guenter, F. J.; Reinhart, G.; Gasteiger, H. A.; Jossen, A.: Evaluation of
a High Capacitive Cathode Active Material in Lithium-Ion Pouch Cells. Poster, Batteriefo-
rum Deutschland 2020. Berlin, Germany (01/22/2020).

KRAUSKOPF ET AL. 2019a
Krauskopf, T.; Dippel, R.; Hartmann, H.; Peppler, K.; Mogwitz, B.; Richter, F. H.; Zeier,
W. G.; Janek, J.: Lithium-Metal Growth Kinetics on LLZO Garnet-Type Solid Electroly-
tes. Joule vol. 3 (2019) &, pp. 2030 — 2049.

KRAUSKOPF ET AL. 2019b
Krauskopf, T.; Hartmann, H.; Zeier, W. G.; Janek, J.: Toward a Fundamental Understand-
ing of the Lithium Metal Anode in Solid-State Batteries-An Electrochemo-Mechanical
Study on the Garnet-Type Solid Electrolyte Lis2sAlo.2sLasZr2012. ACS applied materials &
interfaces vol. 11 (2019) 15, pp. 14463 — 14477.

KRAUSKOPF ET AL. 2020
Krauskopf, T.; Richter, F. H.; Zeier, W. G.; Janek, J.: Physicochemical Concepts of the
Lithium Metal Anode in Solid-State Batteries. Chemical reviews vol. 120 (2020) 15,
pp. 7745 — 7794.



138 Bibliography

KRAVCHYK ET AL. 2021
Kravchyk, K. V.; Okur, F.; Kovalenko, M. V.: Break-Even Analysis of All-Solid-State
Batteries with Li-Garnet Solid Electrolytes. ACS Energy Letters vol. 6 (2021) 6,
pp- 2202 — 2207.

KRAVCHYK ET AL. 2022
Kravchyk, K. V.; Karabay, D. T.; Kovalenko, M. V.: On the feasibility of all-solid-state
batteries with LLZO as a single electrolyte. Scientific reports vol. 12 (2022) 1, article
1177.

KRAVCHYK & KOVALENKO 2022
Kravchyk, K. V.; Kovalenko, M. V.: Perspective on design and technical challenges of Li-
garnet solid-state batteries. Science and technology of advanced materials vol. 23 (2022) 1,
article 2018919.

KRAYTSBERG & EIN-ELI 2016
Kraytsberg, A.; Ein-Eli, Y.: Conveying Advanced Li-ion Battery Materials into Practice
The Impact of Electrode Slurry Preparation Skills. Advanced Energy Materials vol. 6
(2016) 21, article 1600655.

KRIEGLER 2019
Kriegler, J.: Laser in der Produktion von Festkoerperbatterien (Translated title: Laser in
All-Solid-State Battery Production). In: Zach, M. F. et al. (Ed.): iwb Newsletter 2019/2.
Sonderthema Laser. 26. ed. Munich, Germany: Herbert Utz Verlag GmbH 2019,
pp. 13 — 14. ISBN: 1614-3442. (vol. 2).

KRIEGLER ET AL. 2021a
Kriegler, J.; Hille, L.; Stock, S.; Kraft, L.; Hagemeister, J.; Habedank, J. B.; Jossen, A.;
Zaeh, M. F.: Enhanced performance and lifetime of lithium-ion batteries by laser struc-
turing of graphite anodes. Applied Energy vol. 303 (2021), article 117693.

KRIEGLER ET AL. 2021b
Kriegler, J.; Binzer, M.; Zaeh, M. F.: Process strategies for laser cutting of electrodes in
lithium-ion battery production. Proceedings of the International Congress of Applications
of Lasers & Electro-Optics 2020 vol. 33 (2021) 1, article 012006.

KRIEGLER ET AL. 2022a
Kriegler, J.; Duy Nguyen, T. M.; Tomcic, L.; Hille, L.; Grabmann, S.; Jaimez-Farnham, E.
I.; Zaeh, M. F.: Processing of lithium metal for the production of post-lithium-ion batteries
using a pulsed nanosecond fiber laser. Results in Materials vol. 15 (2022), article 100305.

KRIEGLER ET AL. 2022b
Kriegler, J.; Jaimez-Farnham, E.; Hille, L.; Dashjav, E.; Zaeh, M. F.: Pulsed laser ablation
of a ceramic electrolyte for all-solid-state batteries. In: Schmidt, M. et al. (Ed.): Proceed-
ings of the 12% CIRP Conference on Photonic Technologies, LANE 2022. Fuerth, Ger-
many, 09/04/2022 — 09/07/2022. Erlangen, Germany: CIRP 2022, pp. 800 — 805. (Procedia
CIRP vol. 111).



Bibliography 139

KRIEGLER ET AL. 2023a
Kriegler, J.; Liu, T.; Hartl, R.; Hille, L.; Zaeh, M. F.: Automated quality evaluation for la-
ser cutting in lithium metal battery production using an instance segmentation convolu-
tional neural network. Journal of Laser Applications vol. 35 (2023) 4, article 042072.

KRIEGLER ET AL. 2023b
Kriegler, J.; Jaimez-Farnham, E.; Scheller, M.; Dashjav, E.; Konwitschny, F.; Wach, L.;
Hille, L.; Tietz, F.; Zaeh, M. F.: Design, production, and characterization of three-dimen-
sionally-structured oxide-polymer composite cathodes for all-solid-state batteries. Energy
Storage Materials vol. 57 (2023), pp. 607 — 617.

KRIEGLER ET AL. 2023c¢
Kriegler, J.; Hille, L.; Zaeh, M. F.: Picosecond-pulsed laser cutting of lithium metal sub-
strates for post-lithium-ion battery production. In: German Scientific Society for Lasers
and Photonics (WLT) (Ed.): Proceedings of the Lasers in Manufacturing Conference 2023,
LiM. Munich, Germany, 06/26/2023 — 06/29/2023. Hannover, Germany 2023.

KRIEGLER ET AL. 2023d
Kriegler, J.; Hille, L.; Oehler, A.; Chaja, M.; Zaeh, M. F.: Scaling up picosecond laser ab-
lation of a LATGP-type glass-ceramic solid electrolyte for all-solid-state battery produc-
tion. Journal of Manufacturing Processes vol. 106 (2023), pp. 188 —201.

KRIEGLER ET AL. 2024a
Kriegler, J.; Finsterbusch, M.; Liang, Y.; Jaimez-Farnham, E.; Zaeh, M. F.: A perspective
on the design, manufacturing, and energy content of oxide all-solid-state batteries with
scaffold-based composite cathodes. Journal of Power Sources vol. 596 (2024), article
234091.

KRIEGLER ET AL. 2024b
Kriegler, J.; Ballmes, H.; Dib, S.; Demir, A. G.; Hille, L.; Liang, Y.; Wach, L.; Weimann,
S.; Keilhofer, J.; Kim, K. J.; Rupp, J. L.; Zaeh, M. F.: Surface Reconditioning of Lithium
Metal Electrodes by Laser Treatment for the Industrial Production of Enhanced Lithium
Metal Batteries. Advanced Functional Materials (2024), article 2313766.

KRONTHALER ET AL. 2012
Kronthaler, M. R.; Schloegl, F.; Kurfer, J.; Wiedenmann, R.; Zaeh, M. F.; Reinhart, G.:
Laser Cutting in the Production of Lithium Ion Cells. In: Schmidt, M. et al. (Ed.): Proceed-
ings of the 7™ Laser Assisted Net Shape Engineering, Lane 2012. Fuerth, Germany,
11/12/2012 — 11/15/2012. Erlangen, Germany: Elsevier B.V. 2012, pp. 213 — 224.
(vol. 39).

KURFERET AL. 2012
Kurfer, J.; Westermeier, M.; Tammer, C.; Reinhart, G.: Production of large-area lithium-
ion cells — Preconditioning, cell stacking and quality assurance. CIRP Annals — Manufac-
turing Technology vol. 61 (2012) 1, pp. 1 —4.



140 Bibliography

KWADEET AL. 2018
Kwade, A.; Haselrieder, W.; Leithoff, R.; Modlinger, A.; Dietrich, F.; Droeder, K.: Current
status and challenges for automotive battery production technologies. Nature Energy vol. 3
(2018) 4, pp. 290 — 300.

LAGADECET AL. 2018
Lagadec, M. F.; Zahn, R.; Wood, V.: Designing Polyolefin Separators to Minimize the Im-
pact of Local Compressive Stresses on Lithium Ion Battery Performance. Journal of The
Electrochemical Society vol. 165 (2018) 9, A1829 — A1836.

LAURIET AL. 2021
Lauri, V. de; Krumbein, L.; Hein, S.; Prifling, B.; Schmidt, V.; Danner, T.; Latz, A.: Bene-
ficial Effects of Three-Dimensional Structured Electrodes for the Fast Charging of Lith-
ium-Ion Batteries. ACS Applied Energy Materials vol. 4 (2021) 12, pp. 13847 — 13859.

LAURO ET AL. 2023
Lauro, S. N.; Burrow, J. N.; Mullins, C. B.: Restructuring the lithium-ion battery: A per-
spective on electrode architectures. eScience vol. 3 (2023) 4, article 100152.

LAWRENCE 2005
Lawrence, M. G.: The Relationship between Relative Humidity and the Dewpoint Temper-
ature in Moist Air: A Simple Conversion and Applications. Bulletin of the American Mete-
orological Society vol. 86 (2005) 2, pp. 225 — 234.

LECUNET AL. 2015
LeCun, Y.; Bengio, Y.; Hinton, G.: Deep learning. Nature vol. 521 (2015) 7553,
pp. 436 — 444,

LEEET AL. 2010
Lee, S. S.; Kim, T. H.; Hu, S. J.; Cai, W. W_; Abell, J. A.: Joining Technologies for Auto-
motive Lithium-Ion Battery Manufacturing: A Review: ASME 2010 International Manu-
facturing Science and Engineering Conference, Volume 1, ASME 2010 International Man-
ufacturing Science and Engineering Conference. Erie, PA, USA, 10/12/2010 — 10/15/2010:
ASMEDC 2010, pp. 541 — 549. ISBN: 978-0-7918-4946-0.

LEEET AL. 2012
Lee, D.; Patwa, R.; Herfurth, H.; Mazumder, J.: Computational and experimental studies of
laser cutting of the current collectors for lithium-ion batteries. Journal of Power Sources
vol. 210 (2012), pp. 327 — 338.

LEEET AL. 2013
Lee, D.; Patwa, R.; Herfurth, H.; Mazumder, J.: High speed remote laser cutting of elec-
trodes for lithium-ion batteries: Anode. Journal of Power Sources vol. 240 (2013),
pp- 368 — 380.



Bibliography 141

LEEET AL. 2016
Lee, D.; Patwa, R.; Herfurth, H.; Mazumder, J.: Parameter optimization for high speed re-
mote laser cutting of electrodes for lithium-ion batteries. Journal of Laser Applications
vol. 28 (2016) 2, article 022006.

LEE 2018
Lee, D.: Investigation of Physical Phenomena and Cutting Efficiency for Laser Cutting on
Anode for Li-Ion Batteries. Applied Sciences vol. 8 (2018) 2, article 266.

LEEET AL. 2019
Lee, D.; Oh, B.; Suk, J.: The Effect of Compactness on Laser Cutting of Cathode for Lith-
ium-Ion Batteries Using Continuous Fiber Laser. Applied Sciences vol. 9 (2019) 1, article
205, pp. 1 —16.

LEE & AHN 2017
Lee, D.; Ahn, S.: Investigation of Laser Cutting Width of LiCoO; Coated Aluminum for
Lithium-Ion Batteries. Applied Sciences vol. 7 (2017) 9, article 914.

LEE & MAZUMDER 2018
Lee, D.; Mazumder, J.: Effects of momentum transfer on sizing of current collectors for
lithium-ion batteries during laser cutting. Optics & Laser Technology vol. 99 (2018),
pp. 315 —325.

LEE & SuK 2020
Lee, D.; Suk, J.: Laser Cutting Characteristics on Uncompressed Anode for Lithium-Ion
Batteries. Energies vol. 13 (2020) 10, article 2630.

LEGALL ET AL. 2018
Legall, H.; Schwanke, C.; Pentzien, S.; Dittmar, G.; Bonse, J.; Krueger, J.: X-ray emission
as a potential hazard during ultrashort pulse laser material processing. Applied Physics A
vol. 124 (2018) 6.

LEGRAND ET AL. 2014
Legrand, N.; Knosp, B.; Desprez, P.; Lapicque, F.; Raél, S.: Physical characterization of
the charging process of a Li-ion battery and prediction of Li plating by electrochemical
modelling. Journal of Power Sources vol. 245 (2014), pp. 208 — 216.

LEITZET AL. 2011
Leitz, K.-H.; Redlingshoefer, B.; Reg, Y.; Otto, A.; Schmidt, M.: Metal Ablation with
Short and Ultrashort Laser Pulses. In: Schmidt, M. et al. (Ed.): Lasers in Manufacturing
2011 — Proceedings of the 6™ International WLT Conference on Lasers in Manufacturing,
LiM 2011. Munich, Germany, 05/23/2011 — 05/26/2011. Amsterdam, Netherlands: Else-
vier B.V. 2011, pp. 230 — 238. (vol. 12).



142 Bibliography

LEITZ 2013
Leitz, K.-H.: Mikro- und Nanostrukturierung mit kurz und ultrakurz gepulster Laserstrah-
lung (Translated title: Micro- and nanostructuring using short- and ultrashort-pulsed laser
radiation). Dissertation. Friedrich-Alexander-Universitaet Erlangen-Nuernberg. Erlangen,
Germany: Franke, J.; Merklein, M.; Schmidt, M. 2013. ISBN: 978-3-87525-355-9. (Be-
richt aus dem Lehrstuhl fuer Photonische Technologien, vol. 241).

LEPAGEET AL. 2019
LePage, W. S.; Chen, Y.; Kazyak, E.; Chen, K.-H.; Sanchez, A. J.; Poli, A.; Arruda, E. M.;
Thouless, M. D.; Dasgupta, N. P.: Lithium Mechanics: Roles of Strain Rate and Tempera-
ture and Implications for Lithium Metal Batteries. Journal of The Electrochemical Society
vol. 166 (2019) 2, A89 — A97.

LEWIS ET AL. 2022
Lewis, J. A.; Cavallaro, K. A.; Liu, Y.; McDowell, M. T.: The promise of alloy anodes for
solid-state batteries. Joule vol. 6 (2022) 7, pp. 1418 — 1430.

LIET AL. 2001
Li, Q.; Sun; H.Y.; Takeda, Y.; Imanishi, N.; Yang, J.; Yamamoto, O.: Interface properties
between a lithium metal electrode and a poly(ethylene oxide) based composite polymer
electrolyte. Journal of Power Sources vol. 94 (2001) 2, pp. 201 — 205.

LIETAL. 2018a
Li, M.; Lu, J.; Chen, Z.; Amine, K.: 30 Years of Lithium-Ion Batteries. Advanced Materi-
als vol. 30 (2018) 33, article 1800561.

LIET AL. 2018b
Li, Q.; Quan, B.; Li, W.; Lu, J.; Zheng, J.; Yu, X.; Li, J.; Li, H.: Electro-plating and strip-
ping behavior on lithium metal electrode with ordered three-dimensional structure. Nano
Energy vol. 45 (2018), pp. 463 —470.

LIET AL. 2019
Li, Z.; Sha, W.-X.; Guo, X.: Three-Dimensional Garnet Framework-Reinforced Solid
Composite Electrolytes with High Lithium-Ion Conductivity and Excellent Stability. ACS
Applied Materials & Interfaces vol. 11 (2019) 30, pp. 26920 — 26927.

LIANG ET AL. 2019
Liang, J.; Li, X.; Zhao, Y.; Goncharova, L. V.; Li, W.; Adair, K. R.; Banis, M. N.; Hu, Y ;
Sham, T.-K.; Huang, H.; Zhang, L.; Zhao, S.; Lu, S.; Li, R.; Sun, X.: An Air-Stable and
Dendrite-Free Li Anode for Highly Stable All-Solid-State Sulfide-Based Li Batteries. Ad-
vanced Energy Materials vol. 9 (2019) 38, article 1902125.

LINET AL. 2014
Lin, T.-Y.; Maire, M.; Belongie, S.; Hays, J.; Perona, P.; Ramanan, D.; Dollar, P.; Zitnick,
C. L.: Microsoft COCO: Common Objects in Context. In: Fleet, D. et al. (Ed.): Computer
Vision — ECCV 2014. Cham, Germany: Springer International Publishing 2014,
pp. 740 — 755. ISBN: 978-3-319-10601-4. (Lecture Notes in Computer Science vol. 8693).



Bibliography 143

LINETAL. 2017
Lin, D.; Liu, Y.; Cui, Y.: Reviving the lithium metal anode for high-energy batteries. Na-
ture nanotechnology vol. 12 (2017) 3, pp. 194 — 206.

Liu 1982
Liu, J. M.: Simple technique for measurements of pulsed Gaussian-beam spot sizes. Optics
Letters vol. 7 (1982) 5, pp. 196 — 198.

LIUET AL. 1997
Liu, X.; Du, D.; Mourou, G.: Laser Ablation And Micromachining With Ultrashort Laser
Pulses. IEEE Journal of Quantum Electronics vol. 33 (1997) 10, pp. 1706 — 1716.

LIUET AL. 2014
Liu, S.; Xiong, L.; He, C.: Long cycle life lithium ion battery with lithium nickel cobalt

manganese oxide (NCM) cathode. Journal of Power Sources vol. 261 (2014),
pp- 285 —291.

LIUET AL. 2018
Liu, B.; Zhang, L.; Xu, S.; McOwen, D. W.; Gong, Y.; Yang, C.; Pastel, G. R.; Xie, H.;
Fu, K.; Dai, J.; Chen, C.; Wachsman, E. D.; Hu, L.: 3D lithium metal anodes hosted in
asymmetric garnet frameworks toward high energy density batteries. Energy Storage Mate-
rials vol. 14 (2018), pp. 376 — 382.

LIUET AL. 2019
Liu, J.; Bao, Z.; Cui, Y.; Dufek, E. J.; Goodenough, J. B.; Khalifah, P.; Li, Q.; Liaw, B. Y.;
Liu, P.; Manthiram, A.; Meng, Y. S.; Subramanian, V. R.; Toney, M. F.; Viswanathan, V.
V.; Whittingham, M. S.; Xiao, J.; Xu, W.; Yang, J.; Yang, X.-Q.; Zhang, J.-G.: Pathways
for practical high-energy long-cycling lithtum metal batteries. Nature Energy vol. 4 (2019)
3, pp. 180 — 186.

LIUET AL. 2021
Liu, X.; Garcia-Mendez, R.; Lupini, A. R.; Cheng, Y.; Hood, Z. D.; Han, F.; Sharafi, A.;
Idrobo, J. C.; Dudney, N. J.; Wang, C.; Ma, C.; Sakamoto, J.; Chi, M.: Local electronic
structure variation resulting in Li 'filament' formation within solid electrolytes. Nature ma-
terials vol. 20 (2021) 11, pp. 1485 — 1490.

LOEBBERDING ET AL. 2020
Loebberding, H.; Wessel, S.; Offermanns, C.; Kehrer, M.; Rother, J.; Heimes, H.;
Kampker, A.: From Cell to Battery System in BEVs: Analysis of System Packing Effi-
ciency and Cell Types. World Electric Vehicle Journal vol. 11 (2020) 4, article 77.

LOESCHNER ET AL. 2015
Loeschner, U.; Schille, J.; Streek, A.; Knebel, T.; Hartwig, L.; Hillmann, R.; Endisch, C.:
High-rate laser microprocessing using a polygon scanner system. Journal of Laser Applica-
tions vol. 27 (2015) S2, article S29303.



144 Bibliography

LUETAL. 2021
Lu, Y.; Ding, Y.; Wang, M.; Yang, L.; Wang, Y.: An environmentally friendly laser clean-
ing method to remove oceanic micro-biofoulings from AH36 steel substrate and corrosion
protection. Journal of Cleaner Production vol. 314 (2021), article 127961.

Lu & L12021
Lu, J.; Li, Y.: Perovskite-type Li-ion solid electrolytes: a review. Journal of Materials Sci-
ence: Materials in Electronics vol. 32 (2021) 8, pp. 9736 — 9754.

LUETKE ET AL. 2011
Luetke, M.; Franke, V.; Techel, A.; Himmer, T.; Klotzbach, U.; Wetzig, A.; Beyer, E.: A
Comparative Study on Cutting Electrodes for Batteries with Lasers. Physics Procedia
vol. 12 (2011), pp. 286 —291.

LUTEY ET AL. 2014
Lutey, A. H.; Fortunato, A.; Ascari, A.; Carmignato, S.; Orazi, L.: Pulsed Laser Ablation
of Lithium Ion Battery Electrodes. In: ASME (Ed.): Proceedings of the International Man-
ufacturing Science and Engineering Conference collocated with the JSME 2014 Interna-
tional Conference on Materials and Processing and the 42" North American Manufactur-
ing Research Conference. Detroit, MI, USA, 06/09/2014 — 06/09/2014. New York, NY,
USA: ASME 2014. ISBN: 978-0-7918-4581-3. (vol. 2: Processing).

LUTEY ET AL. 2015
Lutey, A. H.; Fortunato, A.; Ascari, A.; Carmignato, S.; Leone, C.: Laser cutting of lithium
iron phosphate battery electrodes: Characterization of process efficiency and quality. Op-
tics & Laser Technology vol. 65 (2015), pp. 164 — 174.

LUTEY ET AL. 2016
Lutey, A. H.; Fortunato, A.; Carmignato, S.; Ascari, A.; Liverani, E.; Guerrini, G.: Quality
and Productivity Considerations for Laser Cutting of LiFePO4 and LiNiMnCoO- Battery
Electrodes. In: Kunieda, M. et al. (Ed.): 18" CIRP Conference on Electro Physical and
Chemical Machining (ISEM XVIII). Tokyo, Japan, 04/18/2016 — 04/22/2016. Amsterdam,
Netherlands: Elsevier B.V. 2016, pp. 433 —438. ISBN: 2212-8271. (vol. 42).

LUTEY ET AL. 2017
Lutey, A. H.; Fortunato, A.; Carmignato, S.; Fiorini, M.: High speed pulsed laser cutting of
LiCoO; Li-ion battery electrodes. Optics & Laser Technology vol. 94 (2017), pp. 90 — 96.

MAET AL. 2016
Ma, C.; Cheng, Y.; Yin, K.; Luo, J.; Sharafi, A.; Sakamoto, J.; Li, J.; More, K. L.; Dudney,
N. J.; Chi, M.: Interfacial Stability of Li Metal-Solid Electrolyte Elucidated via in Situ
Electron Microscopy. Nano letters vol. 16 (2016) 11, pp. 7030 — 7036.



Bibliography 145

MA ET AL. 2022
Ma, J.; Jiang, Y.; Chen, W.; Luo, C.; Zhang, L.; Xu, H.; Chang, J.; Huang, W.; Wang, C.;
Chi, S.-S.; Wang, J.; Deng, Y.: A low-cost Al-doped garnet Li;LazZr,O12 with high ionic
conductivity for high-energy solid-state lithium metal batteries. Applied Physics Letters
vol. 121 (2022) 19, article 193901.

MADHUKAR ET AL. 2013
Madhukar, Y. K.; Mullick, S.; Shukla, D. K.; Kumar, S.; Nath, A. K.: Effect of laser oper-
ating mode in paint removal with a fiber laser. Applied Surface Science vol. 264 (2013),
pp. 892 —901.

MAIET AL. 2020
Mai, W.; Usseglio-Viretta, F. L.; Colclasure, A. M.; Smith, K.: Enabling fast charging of
lithium-ion batteries through secondary-/dual- pore network: Part II — numerical model.
Electrochimica Acta vol. 341 (2020), article 136013.

MAIMAN 1960
Maiman, T. H.: Stimulated Optical Radiation in Ruby. Nature (1960) 187, pp. 493 — 494.

MAIMAN ET AL. 1961
Maiman, T. H.; Hoskins, R. H.; D'Haenens, 1. J.; Asawa, C. K.; Evtuhov, V.: Stimulated
Optical Emission in Fluorescent Solids. II. Spectroscopy and Stimulated Emission in Ruby.
Physical review letters vol. 133 (1961) 4, pp. 1151 — 1157.

MANGANG ET AL. 2016
Mangang, M.; Seifert, H. J.; Pfleging, W.: Influence of laser pulse duration on the electro-
chemical performance of laser structured LiFePO4 composite electrodes. Journal of Power
Sources vol. 304 (2016), pp. 24 — 32.

MANGANG 2018
Mangang, M.: Ultrakurzpulslaserstrukturierung von LiFePOs- und LiMn2O4-
Dickschichtelektroden fuer Lithium-Ionen-Zellen (Translated title: Ultra-short pulse laser
structuring of LiFePO4 and LiMn»Oy4 thick-film electrodes for lithium-ion cells). Disserta-
tion. Institut fuer Angewandte Materialien — Angewandte Werkstoffphysik (IAM-AWP),
Karlsruher Institut fuer Technologie. Karlsruhe, Germany (2018). <https://publika-
tionen.bibliothek kit.edu/1000090826>.

MANKINS 2009
Mankins, J. C.: Technology readiness assessments: A retrospective. Acta Astronautica
vol. 65 (2009) 9 — 10, pp. 1216 — 1223.

MANTHEY 2021
Manthey, N.: VW clears next $100Mn for QuantumScape’s solid-state tech.
<https://www.electrive.com/2021/04/05/volkswagen-clears-another-100mn-for-quan-
tumscape/> — visited on 10/16/2023.



146 Bibliography

MANTHIRAM ET AL. 2013
Manthiram, A.; Fu, Y.; Su, Y.-S.: Challenges and prospects of lithium-sulfur batteries. Ac-
counts of chemical research vol. 46 (2013) 5, pp. 1125 — 1134.

MANTHIRAM ET AL. 2017
Manthiram, A.; Yu, X.; Wang, S.: Lithium battery chemistries enabled by solid-state elec-
trolytes. Nature Reviews Materials vol. 2 (2017) 4, article 16103.

MANzZ AG 2024
Manz AG: Hochpraezises und schnelles Laserschneiden von hartsproeden, flexiblen und
plattenfoermigen Materialien. Fokusthema: 2D-Laserschneiden von Elektroden (Translated
title: High-precision and fast laser cutting of hard, brittle, flexible and plate-shaped materi-
als. Focus topic: 2D laser cutting of electrodes). <https://www.manz.com/de/portfolio/tech-
nologien/laserbearbeitung/laserschneiden/> — visited on 08/05/2024.

MAOET AL. 2018
Mao, C.; An, S. J.; Meyer, H. M.; Li, J.; Wood, M.; Ruther, R. E.; Wood, D. L.: Balancing
formation time and electrochemical performance of high energy lithium-ion batteries. Jour-
nal of Power Sources vol. 402 (2018), pp. 107 — 115.

MAO & RuUsso 1997
Mao, X.; Russo, R. E.: Observation of plasma shielding by measuring transmitted and re-
flected laser pulse temporal profiles. Applied Physics A Materials Science & Processing
vol. 64 (1997), pp. 1 — 6.

MARKS ET AL. 2011
Marks, T.; Trussler, S.; Smith, A. J.; Xiong, D.; Dahn, J. R.: A Guide to Li-lon Coin-Cell
Electrode Making for Academic Researchers. Journal of The Electrochemical Society
vol. 158 (2011) 1, A51 — A57.

MASIAS ET AL. 2019
Masias, A.; Felten, N.; Garcia-Mendez, R.; Wolfenstine, J.; Sakamoto, J.: Elastic, plastic,
and creep mechanical properties of lithtum metal. Journal of Materials Science vol. 54
(2019) 3, pp. 2585 — 2600.

MAULER ET AL. 2021
Mauler, L.; Duffner, F.; Leker, J.: Economies of scale in battery cell manufacturing: The
impact of material and process innovations. Applied Energy vol. 286 (2021), article
116499.

MAULER ET AL. 2022
Mauler, L.; Lou, X.; Duffner, F.; Leker, J.: Technological innovation vs. tightening raw
material markets: falling battery costs put at risk. Energy Advances vol. 1 (2022) 3,
pp. 136 — 145,



Bibliography 147

MAYR & KRIEGLER 2022
Mayr, L.; Kriegler, J.: WeldingWatch — Entwicklung einer adaptiven Inline-Prozessue-
berwachung und -regelung fuer die laserbasierte Batteriekontaktierung basierend auf Ma-
chine-Learning-Algorithmen zur Reduktion der Ausschussquote (Translated title: Weld-
ingWatch - Development of an Adaptive Inline Process Monitoring and Control Based on
Machine Learning for Reducing the Reject Rate During Laser-Based Battery Contacting).
In: Zaeh, M. F. et al. (Ed.): iwb-Newsletter 2022. Munich, Germany: Herbert Utz Verlag
GmbH 2022, pp. 23 — 24.

MCcCLOSKEY 2015
McCloskey, B. D.: Attainable gravimetric and volumetric energy density of Li-S and li ion

battery cells with solid separator-protected Li metal anodes. The Journal of Physical
Chemistry Letters vol. 6 (2015) 22, pp. 4581 — 4588.

MCOWEN ET AL. 2018
McOwen, D. W.; Xu, S.; Gong, Y.; Wen, Y.; Godbey, G. L.; Gritton, J. E.; Hamann, T. R.;
Dai, J.; Hitz, G. T.; Hu, L.; Wachsman, E. D.: 3D-Printing Electrolytes for Solid-State Bat-
teries. Advanced Materials vol. 30 (2018) 18, article 1707132.

MEIER 2004
Meijer, J.: Laser beam machining (LBM), state of the art and new opportunities. Journal of
Materials Processing Technology vol. 149 (2004) 1 — 3, pp. 2 —17.

METZNER ET AL. 2022
Metzner, D.; Lickschat, P.; Kreisel, C.; Lampke, T.; Weissmantel, S.: Study on laser abla-
tion of glass using MHz-to-GHz burst pulses. Applied Physics A vol. 128 (2022) 8, article
637.

MEYER ET AL. 2021
Meyer, A.; Ball, F.; Pfleging, W.: The Effect of Silicon Grade and Electrode Architecture
on the Performance of Advanced Anodes for Next Generation Lithium-Ion Cells. Nano-
materials vol. 11 (2021) 12, article 3448.

MEYER ET AL. 2023
Meyer, A.; Sterzl, Y.; Pfleging, W.: High repetition ultrafast laser ablation of graphite and
silicon/graphite composite electrodes for lithium-ion batteries. Journal of Laser Applica-
tions vol. 35 (2023) 4, article 042036.

MIARA ET AL. 2016
Miara, L.; Windmueller, A.; Tsai, C.-L.; Richards, W. D.; Ma, Q.; Uhlenbruck, S.; Guillon,
0.; Ceder, G.: About the Compatibility between High Voltage Spinel Cathode Materials
and Solid Oxide Electrolytes as a Function of Temperature. ACS applied materials & inter-
faces vol. 8 (2016) 40, pp. 26842 — 26850.



148 Bibliography

MICHAELIS ET AL. 2023
Michaelis, S.; Schuetrumpf, J.; Kampker, A.; Heimes, H.; Dorn, B.; Wennemar, S.;
Scheibe, A.; Wolf, S.; Smulka, M.; Ingendoh, B.; Thielmann, A.; Neef, C.; Wicke, T.;
Weymann, L.; Hettesheimer, T.; Kwade, A.; Gottschalk, L.; Boeselager, C. von; Bloe-
meke, S.; Diener, A.; Horstig, M.-W. von; Husmann, J.; Kouli, M.; Mund, M.; Ventura
Silva, G.; Weber, M.; Podbreznik, M.; Schmetz, A.: Roadmap Battery Production Equip-
ment 2030. Frankfurt am Main, Germany (2023).

MINDEMARK ET AL. 2018
Mindemark, J.; Lacey, M. J.; Bowden, T.; Brandell, D.: Beyond PEO — Alternative host
materials for Li*-conducting solid polymer electrolytes. Progress in Polymer Science
vol. 81 (2018), pp. 114 — 143.

MINNMANN ET AL. 2021
Minnmann, P.; Quillman, L.; Burkhardt, S.; Richter, F. H.; Janek, J.: Editors’ Choice —
Quantifying the Impact of Charge Transport Bottlenecks in Composite Cathodes of All-
Solid-State Batteries. Journal of The Electrochemical Society vol. 168 (2021) 4, article
040537.

MINNMANN ET AL. 2022
Minnmann, P.; Strauss, F.; Bielefeld, A.; Ruess, R.; Adelhelm, P.; Burkhardt, S.; Dreyer,
S. L.; Trevisanello, E.; Ehrenberg, H.; Brezesinski, T.; Richter, F. H.; Janek, J.: Designing
Cathodes and Cathode Active Materials for Solid-State Batteries. Advanced Energy Mate-
rials vol. 12 (2022) 35, article 2201425.

MIOTELLO & KELLY 1999
Miotello, A.; Kelly, R.: Laser-induced phase explosion: new physical problems when a

condensed phase approaches the thermodynamic critical temperature. Applied Physics A
Materials Science & Processing vol. 69 (1999), S67 — S73.

MISHRA & YADAVA 2015
Mishra, S.; Yadava, V.: Laser Beam MicroMachining (LBMM) — A review. Optics and
Lasers in Engineering vol. 73 (2015), pp. 89 — 122.

MOMMA ET AL. 1996
Momma, C.; Chichkov, B. N.; Nolte, S.; Alvensleben, F. von; Tuennermann, A.; Welling,
H.; Wellegehausen, B.: Short-pulse laser ablation of solid targets. Optics Communications
vol. 129 (1996), pp. 134 — 142.

MONROE & NEWMAN 2005
Monroe, C.; Newman, J.: The Impact of Elastic Deformation on Deposition Kinetics at
Lithium/Polymer Interfaces. Journal of The Electrochemical Society vol. 152 (2005) 2,
A396 — A404.



Bibliography 149

MOSBACHER ET AL. 2000
Mosbacher, M.; Dobler, V.; Boneberg, J.; Leiderer, P.: Universal threshold for the steam
laser cleaning of submicron spherical particles from silicon. Rapid communication. Ap-
plied Physics A: Materials Science & Processing vol. 70 (2000), pp. 669 — 672.

MOTAVALLI 2015
Motavalli, J.: Technology: A solid future. Swapping the liquid electrolyte in batteries for a
safer solid-state interior is bringing electric cars to the mass market. Nature vol. 526
(2015), pp. 96 — 97.

MUKHOPADHYAY & SHELDON 2014
Mukhopadhyay, A.; Sheldon, B. W.: Deformation and stress in electrode materials for Li-
ion batteries. Progress in Materials Science vol. 63 (2014), pp. 58 — 116.

MURAMATSU ET AL. 2011
Muramatsu, H.; Hayashi, A.; Ohtomo, T.; Hama, S.; Tatsumisago, M.: Structural change of
Li,S—P»Ss sulfide solid electrolytes in the atmosphere. Solid State Ionics vol. 182 (2011) 1,
pp.- 116 —119.

MURRAY ET AL. 2019
Murray, V.; Hall, D. S.; Dahn, J. R.: A Guide to Full Coin Cell Making for Academic Re-
searchers. Journal of The Electrochemical Society vol. 166 (2019) 2, article A329 — A333.

MURUGAN ET AL. 2007
Murugan, R.; Thangadurai, V.; Weppner, W.: Fast lithium ion conduction in garnet-type
LisLazZr012. Angewandte Chemie (International ed. in English) vol. 46 (2007) 41,
pp. 7778 — 7781.

Musk 2020
Musk, E.: 2020 Annual Shareholder Meeting and Battery Day, Tesla Battery Day.
Fremont, CA, USA (09/22/2020). <https://www.youtube.com/watch?v=16T9xleZTds>.

NAKANO ET AL. 2008
Nakano, H.; Dokko, K.; Hara, M.; Isshiki, Y.; Kanamura, K.: Three-dimensionally ordered
composite electrode between LiMn20O4 and Lii 5Alo5Ti1.5(PO4)s. Ionics vol. 14 (2008) 2,
pp- 173 - 177.

NAMET AL. 2018
Nam, Y. J.; Oh, D. Y.; Jung, S. H.; Jung, Y. S.: Toward practical all-solid-state lithium-ion
batteries with high energy density and safety: Comparative study for electrodes fabricated
by dry- and slurry-mixing processes. Journal of Power Sources vol. 375 (2018),
pp. 93 — 101.

NANDA ET AL. 2021
Nanda, S.; Gupta, A.; Manthiram, A.: Anode-Free Full Cells: A Pathway to High-Energy
Density Lithium-Metal Batteries. Advanced Energy Materials vol. 11 (2021) 2, article
2000804.



150 Bibliography

NARAZAKI ET AL. 2020
Narazaki, A.; Takada, H.; Yoshitomi, D.; Torizuka, K.; Kobayashi, Y.: Study on nonther-
mal-thermal processing boundary in drilling of ceramics using ultrashort pulse laser sys-
tem with variable parameters over a wide range. Applied Physics A vol. 126 (2020) 4, arti-
cle 252.

NARAZAKIET AL. 2021
Narazaki, A.; Takada, H.; Yoshitomi, D.; Torizuka, K.; Kobayashi, Y.: Ultrafast laser pro-
cessing of ceramics: Comprehensive survey of laser parameters. Journal of Laser Applica-
tions vol. 33 (2021) 1, article 012009.

NEMANIET AL. 2015
Nemani, V. P.; Harris, S. J.; Smith, K. C.: Design of Bi-Tortuous, Anisotropic Graphite
Anodes for Fast lon-Transport in Li-lon Batteries. Journal of The Electrochemical Society
vol. 162 (2015) 8, A1415 — A1423.

NEUENSCHWANDER ET AL. 2012
Neuenschwander, B.; Jaeggi, B.; Schmid, M.; Rouffiange, V.; Martin, P.-E.; Hennig, G.:
Optimization of the volume ablation rate for metals at different laser pulse-durations from
ps to fs. In: Hennig, G. et al. (Ed.): Proc. SPIE Laser Applications in Microelectronic and
Optoelectronic Manufacturing (LAMOM) XVII, SPIE LASE. San Francisco, CA, USA,
01/21/2012 — 01/26/2012. Bellingham, WA, USA 2012. (SPIE Proceedings vol. 8243).

NEUENSCHWANDER ET AL. 2013
Neuenschwander, B.; Jaeggi, B.; Schmid, M.: From ps to fs: Dependence of the material
removal rate and the surface quality on the pulse duration for metals, semiconductors and
oxides. In: Emmelmann, C. et al. (Ed.): Physics Procedia 41, Lasers in Manufacturing
Conference. Munich, Germany, 05/13/2013 — 05/16/2013. Amsterdam, Netherlands: Else-
vier B.V. 2013, pp. 959 — 968. (Physics Procedia vol. 41).

NEWMAN & BALSARA 2021
Newman, J.; Balsara, N. P.: Electrochemical systems. 4. ed. Hoboken, NJ: John Wiley &
Sons, Inc. 2021. ISBN: 978-1-119-51460-2. (The Electrochemical Society Series of Texts
and Monographs).

NIETAL. 2012
Ni, J. E.; Case, E. D.; Sakamoto, J. S.; Rangasamy, E.; Wolfenstine, J. B.: Room tempera-

ture elastic moduli and Vickers hardness of hot-pressed LLZO cubic garnet. Journal of Ma-
terials Science vol. 47 (2012) 23, pp. 7978 — 7985.

NIETO ET AL. 2015
Nieto, D.; Arines, J.; O'Connor, G. M.; Flores-Arias, M. T.: Single-pulse laser ablation
threshold of borosilicate, fused silica, sapphire, and soda-lime glass for pulse widths of 500
fs, 10 ps, 20 ns. Applied optics vol. 54 (2015) 29, pp. 8596 — 8601.



Bibliography 151

NIUET AL. 2021
Niu, C.; Liu, D.; Lochala, J. A.; Anderson, C. S.; Cao, X.; Gross, M. E.; Xu, W.; Zhang, J.-
G.; Whittingham, M. S.; Xiao, J.; Liu, J.: Balancing interfacial reactions to achieve long
cycle life in high-energy lithium metal batteries. Nature Energy vol. 6 (2021) 7,
pp. 723 — 732.

NOELLE ET AL. 2020
Noelle, R.; Beltrop, K.; Holtstiege, F.; Kasnatscheew, J.; Placke, T.; Winter, M.: A reality
check and tutorial on electrochemical characterization of battery cell materials: How to
choose the appropriate cell setup. Materials Today vol. 32 (2020), pp. 131 — 146.

NYMANET AL. 2010
Nyman, A.; Zavalis, T. G.; Elger, R.; Behm, M.; Lindbergh, G.: Analysis of the Polariza-
tion in a Li-Ion Battery Cell by Numerical Simulations. Journal of The Electrochemical
Society vol. 157 (2010) 157, article 11, A1236 — A1246.

OBROVAC & CHEVRIER 2014
Obrovac, M. N.; Chevrier, V. L.: Alloy negative electrodes for Li-ion batteries. Chemical
reviews vol. 114 (2014) 23, pp. 11444 — 11502.

OHARA CORPORATION 2024
Ohara Corporation: Lithium-Ion Conducting Glass-Ceramics (LICGC™). <https://ohara-
corp.cony/lithium-ion-conducting-glass-ceramics-licge/> — visited on 07/12/2024.

OHTA ET AL. 2007
Ohta, N.; Takada, K.; Sakaguchi, I.; Zhang, L.; Ma, R.; Fukuda, K.; Osada, M.; Sasaki, T.:
LiNbOs-coated LiCoO» as cathode material for all solid-state lithium secondary batteries.
Electrochemistry Communications vol. 9 (2007) 7, pp. 1486 — 1490.

OHTA ET AL. 2014
Ohta, S.; Seki, J.; Yagi, Y.; Kihira, Y.; Tani, T.; Asaoka, T.: Co-sinterable lithium garnet-
type oxide electrolyte with cathode for all-solid-state lithium ion battery. Journal of Power
Sources vol. 265 (2014), pp. 40 — 44.

OKUR ET AL. 2023
Okur, F.; Zhang, H.; Karabay, D. T.; Muench, K.; Parrilli, A.; Neels, A.; Dachraoui, W.;
Rossell, M. D.; Cancellieri, C.; Jeurgens, L. P.; Kravchyk, K. V.; Kovalenko, M. V.: Inter-
mediate-Stage Sintered LLZO Scaffolds for Li-Garnet Solid-State Batteries. Advanced En-
ergy Materials vol. 13 (2023) 15, article 2203509.

ISO 11145:2018(E)
ISO International Organization for Standardization 11145:2018(E): Optics and photon-
ics — Lasers and laser-related equipment — Vocabulary and symbols. Switzerland: Inter-
national Organization for Standardization 11/01/2018.



152 Bibliography

ORAZIET AL. 2021
Orazi, L.; Romoli, L.; Schmidt, M.; Li, L.: Ultrafast laser manufacturing: from physics to
industrial applications. CIRP Annals — Manufacturing Technology vol. 70 (2021) 2,
pp. 543 — 566.

ORENDORFF ET AL. 2011
Orendorff, C. J.; Roth, E. P.; Nagasubramanian, G.: Experimental triggers for internal short
circuits in lithium-ion cells. Journal of Power Sources vol. 196 (2011) 15, pp. 6554 — 6558.

OTTOETAL. 2021a
Otto, S.-K.; Moryson, Y.; Krauskopf, T.; Peppler, K.; Sann, J.; Janek, J.; Henss, A.: In-
Depth Characterization of Lithium-Metal Surfaces with XPS and ToF-SIMS: Toward Bet-
ter Understanding of the Passivation Layer. Chemistry of Materials vol. 33 (2021) 3,
pp- 859 — 867.

OTTOET AL. 2021b
Otto, S.-K.; Fuchs, T.; Moryson, Y.; Lerch, C.; Mogwitz, B.; Sann, J.; Janek, J.; Henss, A.:
Storage of Lithium Metal: The Role of the Native Passivation Layer for the Anode Inter-
face Resistance in Solid State Batteries. ACS Applied Energy Materials vol. 4 (2021) 11,
pp. 12798 — 12807.

0zGA 2018
Ozga, C.: Unseen Possibilities of F-Theta Lenses. Optik & Photonik vol. 13 (2018) 2,
pp. 48 — 51.

PADILLA ET AL. 2020
Padilla, R.; Netto, S. L.; Da Silva, E. A.: A Survey on Performance Metrics for Object-De-
tection Algorithms. In: Paiva, A. C. et al. (Ed.): Proceedings of the 2020 International Con-
ference on Systems, Signals and Image Processing (IWSSIP), International Conference on
Systems, Signals and Image Processing (IWSSIP). Niteroi, Brazil, 07/01/2020 —
07/03/2020. 27. ed. Piscataway, NJ, USA: IEEE Xplore 2020, pp. 217 —242. ISBN: 978-1-
7281-7539-3.

PARKETAL. 2016
Park, J.; Jeong, J.; Lee, Y.; Oh, M.; Ryou, M.-H.; Lee, Y. M.: Micro-Patterned Lithium
Metal Anodes with Suppressed Dendrite Formation for Post Lithium-Ion Batteries. Ad-
vanced Materials Interfaces vol. 3 (2016) 11, article 1600140.

PARK ET AL. 2018
Park, J.; Kim, D.; Jin, D.; Phatak, C.; Cho, K. Y.; Lee, Y.-G.; Hong, S.; Ryou, M.-H.; Lee,
Y. M.: Size effects of micro-pattern on lithium metal surface on the electrochemical per-
formance of lithium metal secondary batteries. Journal of Power Sources vol. 408 (2018),
pp. 136 — 142.



Bibliography 153

PARK ET AL. 2021
Park, J.; Suh, S.; Jeong, S.; Kim, H.-J.: New approach for the high electrochemical perfor-
mance of silicon anode in lithium-ion battery: A rapid and large surface treatment using a
high-energy pulsed laser. Journal of Power Sources vol. 491 (2021), article 229573.

PARK & LEE 2021
Park, D.; Lee, D.: Effect of Fluence and Multi-Pass on Groove Morphology and Process
Efficiency of Laser Structuring for 3D Electrodes of Lithium-Ion Batteries. Materials
vol. 14 (2021) 5, article 1283.

PASTOR-FERNANDEZ ET AL. 2017
Pastor-Fernandez, C.; Uddin, K.; Chouchelamane, G. H.; Widanage, W. D.; Marco, J.: A
Comparison between Electrochemical Impedance Spectroscopy and Incremental Capacity-
Differential Voltage as Li-ion Diagnostic Techniques to Identify and Quantify the Effects
of Degradation Modes within Battery Management Systems. Journal of Power Sources
vol. 360 (2017), pp. 301 — 318.

PATWA ET AL. 2012
Patwa, R.; Herfurth, H.; Heinemann, S.; Mazumder, J.; Lee, D.: Investigation of different
laser cutting strategies for sizing of Li-ion battery electrodes. In: Laser Institute of America
(Ed.): Proceedings of the 31! International Congress on Applications of Lasers & Electro-
Optics, ICAELO 2012. Anaheim, CA, USA, 09/23/2012 — 09/27/2012. Orlando, FL, USA:
Laser Institute of America 2012, pp. 908 —914. ISBN: 978-0-912035-96-3. (LIA pub
vol. 105).

PEIET AL. 2017
Pei, A.; Zheng, G.; Shi, F.; Li, Y.; Cui, Y.: Nanoscale Nucleation and Growth of Electro-
deposited Lithium Metal. Nano Letters vol. 17 (2017) 2, pp. 1132 — 1139.

PELED & MENKIN 2017
Peled, E.; Menkin, S.: Review—SEI: Past, Present and Future. Journal of The Electro-
chemical Society vol. 164 (2017) 7, A1703 — A1719.

PERRY ET AL. 1999
Perry, M. D.; Stuart, B. C.; Banks, P. S.; Feit, M. D.; Yanovsky, V.; Rubenchik, A. M.: Ul-
trashort-pulse laser machining of dielectric materials. Journal of Applied Physics vol. 85
(1999) 9, pp. 6803 — 6810.

PETKOV ET AL. 2008
Petkov, P. V.; Dimov, S. S.; Minev, R. M.; Pham, D. T.: Laser milling: Pulse duration ef-
fects on surface integrity. Proceedings of the Institution of Mechanical Engineers, Part B:
Journal of Engineering Manufacture vol. 222 (2008) 1, pp. 35 —45.



154 Bibliography

PETTINGER ET AL. 2018
Pettinger, K.-H.; Kampker, A.; Hohenthanner, C.-R.; Deutskens, C.; Heimes, H.; Hemdt,
A. von: Lithium-ion cell and battery production processes. In: Korthauer, R. (Ed.): Lith-
ium-Ion Batteries: Basics and Applications. Translation from the German book: Handbuch
Lithium-Ionen-Batterien (Springer, 2013). Berlin, Germany: Springer 2018, pp. 211 — 226.
ISBN: 978-3-662-53071-9.

PETZL ET AL. 2015
Petzl, M.; Kasper, M.; Danzer, M. A.: Lithium plating in a commercial lithium-ion battery

— A low-temperature aging study. Journal of Power Sources vol. 275 (2015),
pp- 799 —807.

PETZL & DANZER 2014
Petzl, M.; Danzer, M. A.: Nondestructive detection, characterization, and quantification of

lithium plating in commercial lithium-ion batteries. Journal of Power Sources vol. 254
(2014), pp. 80 — 87.

PFLEGING ET AL. 2014
Pfleging, W.; Kohler, R.; Proell, J.: Laser generated microstructures in tape cast electrodes
for rapid electrolyte wetting: new technical approach for cost efficient battery manufactur-
ing. In: Klotzbach, U. et al. (Ed.): Laser-based Micro- and Nanoprocessing VIII, SPIE
LASE. San Francisco, CA, USA, 02/04/2014 — 02/06/2014. Bellingham, WA, USA: SPIE
2014. (SPIE Proceedings vol. 8968).

PFLEGING 2018
Pfleging, W.: A review of laser electrode processing for development and manufacturing
of lithium-ion batteries. Nanophotonics vol. 7 (2018) 3, pp. 549 — 573.

PFLEGING 2020
Pfleging, W.: Recent Progress in Laser Texturing of Battery Materials: A Review of Tun-
ing Electrochemical Performances, Related Material Development, and Prospects for

Large-Scale Manufacturing. International Journal of Extreme Manufacturing vol. 3 (2020)
1, article 012002.

PFLEGING & PROELL 2014
Pfleging, W.; Proell, J.: A new approach for rapid electrolyte wetting in tape cast elec-
trodes for lithium-ion batteries. Journal of Materials Chemistry A vol. 2 (2014) 36,
14918 — 14926.

PINKWART & TUEBKE 2012
Pinkwart, K.; Tuebke, J.: Thermodynamics and Mechanistics. In: Besenhard, J. O. et al.
(Ed.): Handbook of Battery Materials. 2. ed. Weinheim, Germany: Wiley-VCH-Verl.
2012, pp. 3 —26. ISBN: 978-3-527-32695-2.



Bibliography 155

PLACKEET AL. 2017
Placke, T.; Kloepsch, R.; Duehnen, S.; Winter, M.: Lithium ion, lithium metal, and alterna-
tive rechargeable battery technologies: the odyssey for high energy density. Journal of
Solid State Electrochemistry vol. 21 (2017) 7, pp. 1939 — 1964.

PLAIMER ET AL. 2016
Plaimer, M.; Breitfuss, C.; Sinz, W.; Heindl, S. F.; Ellersdorfer, C.; Steffan, H.; Wilkening,
M.; Hennige, V.; Tatschl, R.; Geier, A.; Schramm, C.; Freunberger, S. A.: Evaluating the
trade-off between mechanical and electrochemical performance of separators for lithium-
ion batteries: Methodology and application. Journal of Power Sources vol. 306 (2016),
pp. 702 — 710.

POPRAWE 2011
Poprawe, R.: Tailored Light 2. Laser Application Technology. RWTH Aachen University.
Berlin, Germany: Springer 2011. ISBN: 978-3-642-01236-5.

POPRAWE ET AL. 2018
Poprawe, R.; Boucke, K.; Hoffman, D.: Tailored Light 1. High Power Lasers for Produc-
tion. RWTH Aachen University. 1. ed. Berlin, Germany: Springer 2018. ISBN: 978-3-642-
01233-4. (RWTHedition).

POPRAWE ET AL. 2024
Poprawe, Reinhart; Haefner, Constantin; Wester, Rolf (Hrsg.): Tailored Light 2. Laser Ap-
plications. 2. ed. RWTH Aachen University. Cham, Germany: Springer International Pub-
lishing 2024. ISBN: 978-3-030-98322-2. (RWTHedition).

PORNEALA & WILLIS 2009
Porneala, C.; Willis, D. A.: Time-resolved dynamics of nanosecond laser-induced phase
explosion. Journal of Physics D: Applied Physics vol. 42 (2009) 15, article 155503.

PORZ ET AL. 2017
Porz, L.; Swamy, T.; Sheldon, B. W.; Rettenwander, D.; Froemling, T.; Thaman, H. L.;
Berendsts, S.; Uecker, R.; Carter, W. C.; Chiang, Y.-M.: Mechanism of Lithium Metal Pen-
etration through Inorganic Solid Electrolytes. Advanced Energy Materials vol. 7 (2017) 20,
article 1701003.

PROELL ET AL. 2011
Proell, J.; Kohler, R.; Torge, M.; Ulrich, S.; Ziebert, C.; Bruns, M.; Seifert, H. J.; Pfleging,
W.: Laser microstructuring and annealing processes for lithium manganese oxide cathodes.
Applied Surface Science vol. 257 (2011) 23, pp. 9968 — 9976.

PROELL ET AL. 2013
Proell, J.; Weidler, P. G.; Kohler, R.; Mangang, A.; Heissler, S.; Seifert, H. J.; Pfleging,
W.: Comparative studies of laser annealing technique and furnace annealing by X-ray dif-
fraction and Raman analysis of lithium manganese oxide thin films for lithium-ion batter-
ies. Thin Solid Films vol. 531 (2013), pp. 160 — 171.



156 Bibliography

PROELL 2014
Proell, J.: Lasergestuetzte Modifikation von Lithiummanganoxid und Lithiumnickelman-
gankobaltoxid (Translated title: Laser-assisted modification of lithium manganese oxide
and lithium nickel manganese cobalt oxide). Dissertation. Karlsruher Institut fuer Techno-
logie (KIT), Fakultaet fuer Maschinenbau. Karlsruhe, Germany (2014). <https://publika-
tionen.bibliothek.kit.edu/1000042254>.

PROELL ET AL. 2014
Proell, J.; Kim, H.; Piqué, A.; Seifert, H. J.; Pfleging, W.: Laser-printing and femtosecond-
laser structuring of LiMn2O4 composite cathodes for Li-ion microbatteries. Journal of
Power Sources vol. 255 (2014), pp. 116 — 124.

QUANTUMSCAPE 2022
QuantumScape: White paper: A deep dive into QuantumScape’s fast-charging perfor-
mance. San Jose, CA, USA (01/27/2022). <https://www.quantumscape.com/re-
sources/blog/white-paper-a-deep-dive-into-quantumscapes-fast-charging-performance/>.

QUANTUMSCAPE 2024
QuantumScape: QuantumScape Begins Customer Shipments of Alpha-2 Prototypes, a Key
Goal for 2024. San Jose, CA, USA (03/27/2024). <https://ir.quantumscape.com/re-
sources/press-releases/news-details/2024/QuantumScape-Begins-Customer-Shipments-of-
Alpha-2-Prototypes-a-Key-Goal-for-2024/default.aspx>.

QUERRY 1985
Querry, M. R.: Optical Constants of Minerals and Other Materials From the Millimeter to
the Ultraviolet. Kansas City, MO, USA (1985).

QUINTERO CORTES ET AL. 2020
Quintero Cortes, F. J.; Lewis, J. A.; Tippens, J.; Marchese, T. S.; McDowell, M. T.: How
Metallic Protection Layers Extend the Lifetime of NASICON-Based Solid-State Lithium
Batteries. Journal of The Electrochemical Society vol. 167 (2020) 5, article 050502.

RACIUKAITIS ET AL. 2009
Raciukaitis, G.; Brikas, M.; GecCys, P.; Voisiat, B.; Gedvilas, M.: Use of High Repetition
Rate and High Power Lasers in Microfabrication: How to Keep the Efficiency High? Jour-
nal of Laser Micro/Nanoengineering vol. 4 (2009) 3, pp. 186 — 191.

RACIUKAITIS 2021
Raciukaitis, G.: Ultra-Short Pulse Lasers for Microfabrication: A Review. IEEE Journal of
Selected Topics in Quantum Electronics vol. 27 (2021) 6, article 1100112.

RAKSHIT & DAS 2019
Rakshit, R.; Das, A. K.: A review on cutting of industrial ceramic materials. Precision En-
gineering vol. 59 (2019), pp. 90 — 109.



Bibliography 157

RANDAU ET AL. 2020
Randau, S.; Weber, D. A.; Koetz, O.; Koerver, R.; Braun, P.; Weber, A.; Ivers-Tiffée, E.;
Adermann, T.; Kulisch, J.; Zeier, W. G.; Richter, F. H.; Janek, J.: Benchmarking the per-
formance of all-solid-state lithium batteries. Nature Energy vol. 5 (2020), pp. 259 — 270.

REDDY ET AL. 2020
Reddy, M. V; Julien, C. M.; Mauger, A.; Zaghib, K.: Sulfide and Oxide Inorganic Solid
Electrolytes for All-Solid-State Li Batteries: A Review. Nanomaterials vol. 10 (2020) 8,
article 1606.

REINHART ET AL. 2013
Reinhart, G.; Zeilinger, T.; Kurfer, J.; Westermeier, M.; Thiemann, C.; Glonegger, M.;
Wunderer, M.; Tammer, C.; Schweier, M.; Heinz, M.: Research and Demonstration Center
for the Production of Large-Area Lithium-Ion Cells. In: Schuh, G. et al. (Ed.): Future
trends in production engineering. Berlin, Germany, 06/08/2011 — 06/09/2011. Berlin, Ger-
many: Springer 2013, pp. 3 — 12. ISBN: 978-3-642-24490-2.

REMUND ET AL. 2020
Remund, S. M.; Gafner, M.; Chaja, M. V.; Urniezius, A.; Butkus, S.; Neuenschwander, B.:
Milling applications with GHz burst: Investigations concerning the removal rate and ma-
chining quality. In: Schmidt, M. et al. (Ed.): Proceedings of the 11" CIRP Conference on
Photonic Technologies, LANE 2020. Fuerth, Germany, 09/07/2020 — 09/10/2020. Erlan-
gen, Germany: CIRP 2020, pp. 850 — 855. (Procedia CIRP vol. 94).

RENET AL. 2015
Ren, Y.; Shen, Y.; Lin, Y.; Nan, C.-W.: Direct observation of lithium dendrites inside gar-
net-type lithium-ion solid electrolyte. Electrochemistry Communications vol. 57 (2015),
pp- 27 — 30.

RENETAL. 2016
Ren, Y.; Liu, T.; Shen, Y.; Lin, Y.; Nan, C.-W.: Chemical compatibility between garnet-
like solid state electrolyte Li.7sLasZri.75Tao25012 and major commercial lithium battery
cathode materials. Journal of Materiomics vol. 2 (2016) 3, pp. 256 — 264.

RENET AL. 2017
Ren, Y.; Liu, T.; Shen, Y.; Lin, Y.; Nan, C.-W.: Garnet-type oxide electrolyte with novel
porous-dense bilayer configuration for rechargeable all-solid-state lithium batteries. Ionics
vol. 23 (2017) 9, pp. 2521 — 2527.

RENET AL. 2023
Ren, D.; Ly, L.; Hua, R.; Zhu, G.; Liu, X.; Mao, Y.; Rui, X.; Wang, S.; Zhao, B.; Cui, H.;
Yang, M.; Shen, H.; Zhao, C.-Z.; Wang, L.; He, X; Liu, S.; Hou, Y.; Tan, T.; Wang, P.;
Nitta, Y.; Ouyang, M.: Challenges and opportunities of practical sulfide-based all-solid-
state batteries. eTransportation vol. 18 (2023), article 100272.



158 Bibliography

RIPHAUS ET AL. 2019
Riphaus, N.; Stiaszny, B.; Beyer, H.; Indris, S.; Gasteiger, H. A.; Sedlmaier, S. J.: Under-
standing Chemical Stability Issues between Different Solid Electrolytes in All-Solid-State
Batteries. Journal of The Electrochemical Society vol. 166 (2019) 6, A975 — A983.

RODE ET AL. 2008
Rode, A. V.; Freeman, D.; Baldwin, K. G.; Wain, A.; Uteza, O.; Delaporte, P.: Scanning
the laser beam for ultrafast pulse laser cleaning of paint. Applied Physics A vol. 93 (2008)
1, pp. 135—-139.

ROHDE ET AL. 2020
Rohde, M.; Cui, Y.; Ziebert, C.; Seifert, H. J.: Thermophysical Properties of Lithium Alu-
minum Germanium Phosphate with Different Compositions. International Journal of Ther-
mophysics vol. 41 (2020) 3, article 31.

ROTH & ORENDORFF 2012
Roth, E. P.; Orendorff, C. J.: How Electrolytes Influence Battery Safety. The Electrochem-
ical Society Interface vol. 21 (2012) 2, pp. 45 — 49.

RUNGET AL. 2022
Rung, S.; Haecker, N.; Hellmann, R.: Micromachining of Alumina Using a High-Power
Ultrashort-Pulsed Laser. Materials vol. 15 (2022) 15, article 5328.

RYOO ET AL. 2023
Ryoo, G.; Lee, B.; Shin, S.; Kim, Y.; Han, J. T.; Jeong, B.; Park, J. H.: Laser-Assisted In-
terfacial Engineering for High-Performance All-Solid-State Batteries. ChemElectroChem
vol. 10 (2023) 20, article €202300349.

RYOUET AL. 2015
Ryou, M.-H.; Lee, Y. M.; Lee, Y.; Winter, M.; Bieker, P.: Mechanical Surface Modifica-
tion of Lithium Metal: Towards Improved Li Metal Anode Performance by Directed Li
Plating. Advanced Functional Materials vol. 25 (2015) 6, pp. 834 — 841.

SAKUDA ET AL. 2013
Sakuda, A.; Hayashi, A.; Tatsumisago, M.: Sulfide solid electrolyte with favorable me-
chanical property for all-solid-state lithium battery. Scientific reports vol. 3 (2013), article
2261.

SAMANT & DAHOTRE 2009

Samant, A. N.; Dahotre, N. B.: Laser machining of structural ceramics — A review. Journal
of the European Ceramic Society vol. 29 (2009) 6, pp. 969 — 993.

SAMSUNG SDI 2024
Samsung SDI: Samsung SDI to Present Essence of Super-Gap Battery Technology at Inter-
Battery 2024. Seoul, Korea (03/05/2024). <https://www.samsungsdi.com/sdi-now/sdi-
news/3522 . html>.



Bibliography 159

SANDER ET AL. 2016
Sander, J. S.; Erb, R. M.; Li, L.; Gurijala, A.; Chiang, Y.-M.: High-performance battery
electrodes via magnetic templating. Nature Energy vol. 1 (2016) 8, pp. 1 —7.

SANDHERR ET AL. 2022
Sandherr, J.; Nester, S.; Kleefoot, M.-J.; Bolsinger, M.; Weisenberger, C.; Haghipour, A.;
Harrison, D. K.; Ruck, S.; Riegel, H.; Knoblauch, V.: Improving the ionic transport proper-
ties of graphite anodes for lithium ion batteries by surface modification using nanosecond
laser. Journal of Power Sources vol. 549 (2022), article 232077.

SANDHERR ET AL. 2023
Sandherr, J.; Kleefoot, M.-J.; Nester, S.; Weisenberger, C.; DeSilva, A. K.; Michel, D.;
Reeb, S.; Fingerle, M.; Riegel, H.; Knoblauch, V.: Micro embossing of graphite-based an-
odes for lithium-ion batteries to improve cell performance. Journal of Energy Storage
vol. 65 (2023), article 107359.

SASSMANNSHAUSEN ET AL. 2021
Sassmannshausen, A.; Brenner, A.; Finger, J.: Ultrashort pulse laser polishing by continu-
ous surface melting. Journal of Materials Processing Technology vol. 293 (2021), article
117058.

SAUTER 2012
Property Right. Germany DE 10 2012 215 921 A1 (03/13/2014). Robert Bosch GmbH,
Stuttgart, Germany, Pr.: DE 10 2012 215 921.5 (09/07/2012). Sauter, U.: Batterie mit poro-
esen Elektroden (Translated title: Battery with porous electrodes).

SAUTER ET AL. 2016
Property Right. Germany DE 10 2016 217 600 A1 (03/15/2018). Robert Bosch GmbH,
Stuttgart, Germany, Pr.: 10 2016 217 600.5 (09/15/2016). Sauter, U.; Thielen, J.; Hilde-
brand, F. E.: Strukturierte Elektrode und Verfahren zur Herstellung derselben (Translated
title: Structured electrode and method for producing same).

SCHAFFER ET AL. 2001
Schaffer, C. B.; Brodeur, A.; Mazur, E.: Laser-induced breakdown and damage in bulk
transparent materials induced by tightly focused femtosecond laser pulses. Measurement
Science and Technology vol. 12 (2001) 11, article 1784.

SCHELLER ET AL. 2021
Scheller, M.; Kriegler, J.; Konwitschny, F.; Gross, J. P.; Dashjav, E.; Reinhart, G.; Jossen,
A.: Modeling of Interfacial Contact Resistance in All-Solid-State Batteries. Poster, Bat-
terieforum Deutschland 2021. Berlin, Germany (01/20/2021).

SCHELLER ET AL. 2024
Scheller, M.; Durdel, A.; Frank, A.; Kriegler, J.; Jossen, A.: Impact of Polymer Interlayers
on All-Solid-State Battery Performance Using a Physicochemical Modeling Approach.
Journal of The Electrochemical Society vol. 171 (2024) 2, article 020509.



160 Bibliography

SCHILLE ET AL. 2015
Schille, J.; Schneider, L.; Loeschner, U.: Process optimization in high-average-power ultra-
short pulse laser microfabrication: how laser process parameters influence efficiency,
throughput and quality. Applied Physics A vol. 120 (2015) 3, pp. 847 — 855.

SCHINDLER 2015
Schindler, S.: Strategische Planung von Technologieketten fuer die Produktion (Translated
title: Strategic planning of technology chains for production). Dissertation. Technical Uni-
versity of Munich. Munich, Germany: utzverlag GmbH 2015. ISBN: 978-3-8316-7105-2.
(Forschungsberichte IWB, vol. 294).

SCHMALTZ ET AL. 2022
Schmaltz, T.; Wicke, T.; Weymann, L.; Voss, P.; Neef, C.; Thielmann, A.: Solid-State Bat-
tery Roadmap 2035+. Karlsruhe, Germany (2022). <https://publica.fraunhofer.de/enti-
ties/publication/7be4b3d3-2844-42d9-b900-al9¢eleeclddea/details>.

SCHMIDT ET AL. 2018
Schmidt, D.; Kamlah, M.; Knoblauch, V.: Highly densified NCM-cathodes for high energy
Li-ion batteries: Microstructural evolution during densification and its influence on the
performance of the electrodes. Journal of Energy Storage vol. 17 (2018), pp. 213 —223.

SCHMIEDER 2012
Schmieder, B.: Laser cutting of graphite anodes for automotive lithium-ion secondary bat-
teries: investigations in the edge geometry and heat affected zone. In: Bachmann, F. G. et
al. (Ed.): Laser-based Micro- and Nanopackaging and Assembly VI, SPIE LASE 2012.
San Francisco, CA, USA, 01/24/2012 — 01/26/2012. Bellingham, WA, USA 2012. (SPIE
Proceedings vol. 8244).

SCHMIEDER 2015
Schmieder, B.: Analytical model of the laser ablation mechanism of lithium-ion battery
coatings. In: Klotzbach, U. et al. (Ed.): Laser-based Micro- and Nanoprocessing 1X, SPIE
LASE 2015. San Francisco, CA, USA, 02/07/2015 — 02/12/2015. Bellingham, WA, USA:
SPIE 2015. (SPIE Proceedings vol. 9351).

SCHMITZ ET AL. 2012
Schmitz, R.; Mueller, R.; Krueger, S.; Schmitz, R. W.; Nowak, S.; Passerini, S.; Winter,
M.; Schreiner, C.: Investigation of lithium carbide contamination in battery grade lithium
metal. Journal of Power Sources vol. 217 (2012), pp. 98 — 101.

SCHMUCH ET AL. 2018
Schmuch, R.; Wagner, R.; Hoerpel, G.; Placke, T.; Winter, M.: Performance and cost of
materials for lithium-based rechargeable automotive batteries. Nature Energy vol. 3 (2018)
4, pp. 267 — 278.



Bibliography 161

SCHNELL ET AL. 2018
Schnell, J.; Guenther, T.; Knoche, T.; Vieider, C.; Koehler, L.; Just, A.; Keller, M.; Pas-
serini, S.; Reinhart, G.: All-solid-state lithium-ion and lithium metal batteries — paving the
way to large-scale production. Journal of Power Sources vol. 382 (2018), pp. 160 — 175.

SCHNELL ET AL. 2019
Schnell, J.; Tietz, F.; Singer, C.; Hofer, A.; Billot, N.; Reinhart, G.: Prospects of produc-
tion technologies and manufacturing costs of oxide-based all-solid-state lithium batteries.
Energy & Environmental Science vol. 23 (2019) 8, article 1933.

SCHNELL 2020
Schnell, J.: Strategic Technology Planning for the Production of All-Solid-State Batteries.
Dissertation. Institute for Machine Tools and Industrial Management, Technical University
of Munich. Munich, Germany (2020). <https://mediatum.ub.tum.de/node?id=1542269>.

SCHOENHERR ET AL. 2022
Schoenherr, K.; Schumm, B.; Hippauf, F.; Lissy, R.; Althues, H.; Leyens, C.; Kaskel, S.:
Liquid lithium metal processing into ultrathin metal anodes for solid state batteries. Chemi-
cal Engineering Journal Advances vol. 9 (2022), article 100218.

SCHREIBER ET AL. 2023
Schreiber, A.; Rosen, M.; Waetzig, K.; Nikolowski, K.; Schiffmann, N.; Wiggers, H.;
Kuepers, M.; Fattakhova-Rohlfing, D.; Kuckshinrichs, W.; Guillon, O.; Finsterbusch, M.:
Oxide ceramic electrolytes for all-solid-state lithium batteries — cost-cutting cell design and
environmental impact. Green Chemistry vol. 25 (2023) 1, pp. 399 —414.

SCHREINER ET AL. 2019
Schreiner, D.; Oguntke, M.; Guenther, T.; Reinhart, G.: Modelling of the Calendering Pro-
cess of NMC-622 Cathodes in Battery Production Analyzing Machine/Material-Process—
Structure Correlations. Energy Technology vol. 192 (2019) 11, article 1900840.

SCHROEDER ET AL. 2017
Schroeder, R.; Aydemir, M.; Seliger, G.: Comparatively Assessing different Shapes of
Lithium-ion Battery Cells. Procedia Manufacturing vol. 8 (2017), pp. 104 — 111.

SEDLMEIER ET AL. 2022
Sedlmeier, C.; Kutsch, T.; Schuster, R.; Hartmann, L.; Bublitz, R.; Tominac, M.; Bohn,
M.; Gasteiger, H. A.: From Powder to Sheets: A Comparative Electrolyte Study for Slurry-
Based Processed Solid Electrolyte/Binder-Sheets as Separators in All-Solid-State Batteries.
Journal of The Electrochemical Society vol. 169 (2022) 7, article 070508.

SHANNON ET AL. 2020
Property Right. USA US 2021/0138673 A1 (05/13/2021). Sion Power Corporation, Tuc-
son, AZ, USA, Pr.: 17/089,092 (11/04/2020). Shannon, T.; Schoop, U.; Child, D.; Kidder,
S. M.; Perez, M.: Electrode cutting instrument.



162 Bibliography

SHARAFIET AL. 2017a
Sharafi, A.; Yu, S.; Naguib, M.; Lee, M.; Ma, C.; Meyer, H. M.; Nanda, J.; Chi, M.;
Siegel, D. J.; Sakamoto, J.: Impact of air exposure and surface chemistry on Li—
LisLaszZr 01, interfacial resistance. Journal of Materials Chemistry A vol. 5 (2017) 26,
pp. 13475 — 13487.

SHARAFI ET AL. 2017b
Sharafi, A.; Kazyak, E.; Davis, A. L.; Yu, S.; Thompson, T.; Siegel, D. J.; Dasgupta, N. P.;
Sakamoto, J.: Surface Chemistry Mechanism of Ultra-Low Interfacial Resistance in the
Solid-State Electrolyte LizLa3Zr2O12. Chemistry of Materials vol. 29 (2017) 18,
pp. 7961 — 7968.

SHARMA ET AL. 2023
Sharma, A.; Babbar, A.; Tian, Y.; Pathri, B. P.; Gupta, M.; Singh, R.: Machining of ce-
ramic materials: a state-of-the-art review. International Journal on Interactive Design and
Manufacturing (IJIDeM) vol. 17 (2023), pp. 2891 — 2911.

SHEN ET AL. 2018
Shen, F.; Dixit, M. B.; Xiao, X.; Hatzell, K. B.: Effect of Pore Connectivity on Li Dendrite
Propagation within LLZO Electrolytes Observed with Synchrotron X-ray Tomography.
ACS Energy Letters vol. 3 (2018) 4, pp. 1056 — 1061.

SHEN ET AL. 2019
Shen, H.; Yi, E.; Amores, M.; Cheng, L.; Tamura, N.; Parkinson, D. Y.; Chen, G.; Chen,
K.; Doeff, M.: Oriented porous LLZO 3D structures obtained by freeze casting for battery
applications. J. Mater. Chem. A vol. 7 (2019) 36, pp. 20861 —20870.

SHEN ET AL. 2020
Shen, H.; Y1, E.; Heywood, S.; Parkinson, D. Y.; Chen, G.; Tamura, N.; Sofie, S.; Chen,
K.; Doeff, M. M.: Scalable Freeze-Tape-Casting Fabrication and Pore Structure Analysis
of 3D LLZO Solid-State Electrolytes. ACS applied materials & interfaces vol. 12 (2020) 3,
pp- 3494 — 3501.

SHEN ET AL. 2022
Shen, F.; Jonson, R. A.; Parkinson, D. Y.; Tucker, M. C.: Preparing Li-garnet electrodes
with engineered structures by phase inversion and high shear compaction processes. Jour-
nal of the American Ceramic Society vol. 105 (2022) 1, pp. 90 — 98.

SHEN & CHEN 2007
Shen, L.; Chen, Z.: Critical review of the impact of tortuosity on diffusion. Chemical Engi-
neering Science vol. 62 (2007) 14, pp. 3748 — 3755.

SHIET AL. 2019
Shi, T.; Wang, C.; Mi, G.; Yan, F.: A study of microstructure and mechanical properties of
aluminum alloy using laser cleaning. Journal of Manufacturing Processes vol. 42 (2019),
pp. 60 — 66.



Bibliography 163

SHIRAISHI ET AL. 1999
Shiraishi, S.; Kanamura, K.; Takehara, Z.-1.: Influence of initial surface condition of lith-

tum metal anodes on surface modification with HF. Journal of Applied Electrochemistry
vol. 29 (1999), pp. 869 — 881.

SHOIJTET AL. 2016
Shoji, M.; Munakata, H.; Kanamura, K.: Fabrication of All-Solid-State Lithium-Ion Cells
Using Three-Dimensionally Structured Solid Electrolyte LizLa3Zr2O12 Pellets. Frontiers in
Energy Research vol. 4 (2016), article 32.

SIKORA ET AL. 2024
Sikora, A.; Gemini, L.; Faucon, M.; Mincuzzi, G.: Benefits of Femtosecond Laser 40 MHz
Burst Mode for Li-lon Battery Electrode Structuring. Materials vol. 17 (2024) 4, article
881.

SINGH ET AL. 2015
Singh, M.; Kaiser, J.; Hahn, H.: Thick Electrodes for High Energy Lithium Ion Batteries.
Journal of The Electrochemical Society vol. 162 (2015) 7, A1196 — A1201.

SLADE 2014
Slade, P. G.: Electrical Contacts. Principles and Applications. 2. ed. Boca Raton, FL, USA:
CRC Press 2014. ISBN: 978-1-4398-8130-9.

SMITH 1991
Smith, H.: 1990 Recommendations of the International Commission on Radiological Pro-
tection. ICRP Publication No. 60. International Comission on Radiological Protection. Ox-
ford, England: Pergamon Press 1991. ISBN: 0-08-041-144-4. (Annals of the ICRP, vol.
21).

SMYREK ET AL. 2016
Smyrek, P.; Proell, J.; Seifert, H. J.; Pfleging, W.: Laser-Induced Breakdown Spectroscopy
of Laser-Structured Li(NiMnCo)O; Electrodes for Lithium-Ion Batteries. Journal of The
Electrochemical Society vol. 163 (2016) 2, A19 — A26.

SNYDER 2019
Snyder, H.: Literature review as a research methodology: An overview and guidelines.
Journal of Business Research vol. 104 (2019), pp. 333 — 339.

SOLID POWER 2024
Solid Power: Solid Power Announces Installation of EV Cell Pilot Line. Louisville, CO,
USA (06/06/2024). <https://solidpowerbattery.com/investor-relations/investor-news/news-
details/2022/Solid-Power-Announces-Installation-of-EV-Cell-Pilot-Line/default.aspx>.

SONET AL. 2024
Son, Y.; Cha, H.; Lee, T.; Kim, Y.; Boies, A.; Cho, J.; Volder, M. de: Analysis of Differ-
ences in Electrochemical Performance Between Coin and Pouch Cells for Lithium-Ion Bat-
tery Applications. Energy & Environmental Materials vol. 7 (2024) 3, article e12615.



164 Bibliography

STADTER ET AL. 2020
Stadter, C.; Schmoeller, M.; Rhein, L. von; Zaeh, M. F.: Real-time prediction of quality
characteristics in laser beam welding using optical coherence tomography and machine
learning. Journal of Laser Applications vol. 32 (2020) 2, article 022046.

STEIN & SCHRODEN 2001
Stein, A.; Schroden, R. C.: Colloidal crystal templating of three-dimensionally ordered
macroporous solids: materials for photonics and beyond. Current Opinion in Solid State
and Materials Science vol. 5 (2001) 6, pp. 553 — 564.

STERNER & STADLER 2019
Sterner, M.; Stadler, I.: Handbook of Energy Storage: Demand, Technologies, Integration.
Translation of 2"! German edition: Energiespeicher — Bedarf, Technologien, Integration.
Berlin, Germany: Springer 2019. ISBN: 978-3-662-55503-3.

STOCK ET AL. 2022
Stock, S.; Pohlmann, S.; Guenter, F. J.; Hille, L.; Hagemeister, J.; Reinhart, G.: Early
Quality Classification and Prediction of Battery Cycle Life in Production Using Machine
Learning. Journal of Energy Storage vol. 50 (2022), article 104144.

STOCK ET AL. 2023
Stock, S.; Hagemeister, J.; Grabmann, S.; Kriegler, J.; Keilhofer, J.; Ank, M.; Dickmanns,
J. L.; Schreiber, M.; Konwitschny, F.; Wassiliadis, N.; Lienkamp, M.; Daub, R.: Cell
teardown and characterization of an automotive prismatic LFP battery. Electrochimica
Acta vol. 471 (2023), article 143341.

STORELLI ET AL. 2021
Storelli, A.; Rousselot, S.; Alzate-Carvajal, N.; Pelé, V.; Dollé, M.: On the Importance of
Li Metal Morphology on the Cycling of Lithium Metal Polymer Cells. Journal of The
Electrochemical Society vol. 168 (2021) 4, article 040505.

STRICKLAND & MOUROU 1985
Strickland, D.; Mourou, G.: Compression of amplified chirped optical pulses. Optics Com-
munications vol. 56 (1985) 3, pp. 219 —221.

STROBL ET AL. 2009
Strobl, M.; Manke, 1.; Kardjilov, N.; Hilger, A.; Dawson, M.; Banhart, J.: Advances in
neutron radiography and tomography. Journal of Physics D: Applied Physics vol. 42
(2009) 24, article 243001.

STROJ ET AL. 2021
Stroj, S.; Plank, W.; Muendlein, M.: Ultrashort-pulsed laser separation of glass-silicone-
glass substrates: influence of material properties and laser parameters on dicing process
and cutting edge geometry. Applied Physics A vol. 127 (2021) 1, article 7.



Bibliography 165

STUMPER ET AL. 2022
Stumper, B.; Dhom, J.; Schlosser, L.; Schreiner, D.; Mayr, A.; Daub, R.: Modeling of the
Lithium Calendering Process for Direct Contact Prelithiation of Lithium-Ion Batteries.
Procedia CIRP vol. 107 (2022), pp. 984 — 990.

STUMPER ET AL. 2023a
Stumper, B.; Dhom, J.; Schlosser, L.; Daub, R.: Experimental Investigation of the Lithium
Calendering Process for Direct Contact Prelithiation of Lithium-Ion Batteries. Energy
Technology (2023), article 2300674.

STUMPER ET AL. 2023b
Stumper, B.; Mayr, A.; Mosler, K.; Kriegler, J.; Daub, R.: Investigation of the Direct Con-
tact Prelithiation of Silicon-Graphite Composite Anodes for Lithium-Ion Batteries. Journal
of The Electrochemical Society vol. 170 (2023) 6, article 060518.

SUNET AL. 2013
Sun, M.; Eppelt, U.; Russ, S.; Hartmann, C.; Siebert, C.; Zhu, J.; Schulz, W.: Numerical
analysis of laser ablation and damage in glass with multiple picosecond laser pulses. Optics
express vol. 21 (2013) 7, pp. 7858 — 7867.

SUNET AL. 2016
Sun, M.; Eppelt, U.; Hartmann, C.; Schulz, W.; Zhu, J.; Lin, Z.: Damage morphology and
mechanism in ablation cutting of thin glass sheets with picosecond pulsed lasers. Optics &
Laser Technology vol. 80 (2016), pp. 227 — 236.

SUNET AL. 2017
Sun, C.; Liu, J.; Gong, Y.; Wilkinson, D. P.; Zhang, J.: Recent advances in all-solid-state
rechargeable lithium batteries. Nano Energy vol. 33 (2017), pp. 363 — 386.

SUNET AL. 2020
Sun, J.; He, C.; Yao, X.; Song, A.; Li, Y.; Zhang, Q.; Hou, C.; Shi, Q.; Wang, H.: Hierar-
chical Composite-Solid-Electrolyte with High Electrochemical Stability and Interfacial
Regulation for Boosting Ultra-Stable Lithium Batteries. Advanced Functional Materials
vol. 11 (2020) 1, article 2006381.

SUTHAR ET AL. 2015
Suthar, B.; Northrop, P. W.; Rife, D.; Subramanian; Venkat R.: Effect of Porosity, Thick-
ness and Tortuosity on Capacity Fade of Anode. Journal of The Electrochemical Society
vol. 162 (2015) 9, A1708 — A1717.

TABACHNICK & FIDELL 2007
Tabachnick, B. G.; Fidell, L. S.: Experimental designs using ANOVA. Belmont, CA,
USA: Thomson/Brooks/Cole 2007. ISBN: 0534405142.



166 Bibliography

TANET AL. 2021
Tan, D. H.; Chen, Y.-T.; Yang, H.; Bao, W.; Sreenarayanan, B.; Doux, J.-M.; Li, W.; Lu,
B.; Ham, S.-Y.; Sayahpour, B.; Scharf, J.; Wu, E. A.; Deysher, G.; Han, H. E.; Hah, H. J.;
Jeong, H.; Lee, J. B.; Chen, Z.; Meng, Y. S.: Carbon-free high-loading silicon anodes ena-
bled by sulfide solid electrolytes. Science vol. 373 (2021) 6562, pp. 1494 — 1499.

TANET AL. 2022
Tan, D. H.; Meng, Y. S.; Jang, J.: Scaling up high-energy-density sulfidic solid-state bat-
teries: A lab-to-pilot perspective. Joule vol. 6 (2022), pp. 1 — 15.

TANG ET AL. 2009
Tang, M.; Albertus, P.; Newman, J.: Two-Dimensional Modeling of Lithium Deposition
during Cell Charging. Journal of The Electrochemical Society vol. 156 (2009) 5,
A390 — A399.

TARASCON & ARMAND 2001

Tarascon, J. M.; Armand, M.: Issues and challenges facing rechargeable lithium batteries.
Nature vol. 414 (2001) 6861, pp. 359 — 367.

TARASCON & GUYOMARD 1993

Tarascon, J. M.; Guyomard, D.: The Li1++Mn204/C rocking-chair system: A review. Elec-
trochimica Acta vol. 38 (1993) 9, pp. 1221 — 1231.

TEMMLER ET AL. 2020
Temmler, A.; Liu, D.; Luo, J.; Poprawe, R.: Influence of pulse duration and pulse fre-
quency on micro-roughness for laser micro polishing (LuP) of stainless steel AISI 410.
Applied Surface Science vol. 510 (2020), article 145272.

TESLA, INC. 2019: Tesla Completes Acquisition of Maxwell Technologies. Palo Alto, CA,
USA (05/16/2019). <https://ir.tesla.com/press-release/tesla-completes-acquisition-max-
well-technologies>.

THE ROYAL SWEDISH ACADEMY OF SCIENCES 2018
The Royal Swedish Academy of Sciences: The Nobel Prize in Physics 2018. Stockholm,
Sweden (02/10/2018). <https://www.nobelprize.org/prizes/physics/2018/summary/>.

THE ROYAL SWEDISH ACADEMY OF SCIENCES 2019
The Royal Swedish Academy of Sciences: The Nobel Prize in Chemistry 2019. Stockholm,
Sweden (10/09/2019). <https://www.nobelprize.org/prizes/chemistry/2019/press-release/>.

THORAT ET AL. 2009
Thorat, I. V.; Stephenson, D. E.; Zacharias, N. A.; Zaghib, K.; Harb, J. N.; Wheeler, D. R.:
Quantifying tortuosity in porous Li-ion battery materials. Journal of Power Sources
vol. 188 (2009) 2, pp. 592 — 600.



Bibliography 167

TOMCIC ET AL. 2022
Tomcic, L.; Ederer, A.; Grabmann, S.; Kick, M.; Kriegler, J.; Zaeh, M. F.: Interpreting
acoustic emissions to determine the weld depth during laser beam welding. Journal of La-
ser Applications vol. 34 (2022) 4, article 042052.

TROY ET AL. 2016
Troy, S.; Schreiber, A.; Reppert, T.; Gehrke, H.-G.; Finsterbusch, M.; Uhlenbruck, S.;
Stenzel, P.: Life Cycle Assessment and resource analysis of all-solid-state batteries. Ap-
plied Energy vol. 169 (2016), pp. 757 — 767.

TSATET AL. 2016
Tsai, C.-L.; Roddatis, V.; Chandran, C. V.; Ma, Q.; Uhlenbruck, S.; Bram, M.; Heitjans,
P.; Guillon, O.: Li;La3ZrO1> Interface Modification for Li Dendrite Prevention. ACS Ap-
plied Materials & Interfaces vol. 8 (2016) 16, pp. 10617 — 10626.

TSATET AL. 2019
Tsai, C.-L.; Ma, Q.; Dellen, C.; Lobe, S.; Vondahlen, F.; Windmueller, A.; Gruener, D.;
Zheng, H.; Uhlenbruck, S.; Finsterbusch, M.; Tietz, F.; Fattakhova-Rohlfing, D.; Buchkre-
mer, H. P.; Guillon, O.: A garnet structure-based all-solid-state Li battery without interface
modification: resolving incompatibility issues on positive electrodes. Sustainable Energy &
Fuels vol. 3 (2019) 1, pp. 280 — 291.

TURETSKYY ET AL. 2020
Turetskyy, A.; Thiede, S.; Thomitzek, M.; Drachenfels, N. von; Pape, T.; Herrmann, C.:
Toward Data-Driven Applications in Lithium-Ion Battery Cell Manufacturing. Energy
Technology vol. 8 (2020) 2, article 1900136.

UEET AL. 2020
Ue, M.; Sakaushi, K.; Uosaki, K.: Basic knowledge in battery research bridging the gap be-
tween academia and industry. Materials Horizons vol. 7 (2020) 8, pp. 1937 — 1954.

USSEGLIO-VIRETTA ET AL. 2020
Usseglio-Viretta, F.; Mai, W.; Colclasure, A. M.; Doeff, M.; Yi, E.; Smith, K.: Enabling
fast charging of lithium-ion batteries through secondary-/dual- pore network: Part I - Ana-
lytical diffusion model. Electrochimica Acta vol. 342 (2020), article 136034.

VADHVA ET AL. 2021
Vadhva, P.; Hu, J.; Johnson, M. J.; Stocker, R.; Braglia, M.; Brett, D. J.; Rettie, A. J.: Elec-
trochemical Impedance Spectroscopy for All-Solid-State Batteries: Theory, Methods and
Future Outlook. ChemElectroChem vol. 8 (2021) 11, pp. 1930 — 1947.

VAN DEN BROEK ET AL. 2016
van den Broek, J.; Afyon, S.; Rupp, J. L.: Interface-Engineered All-Solid-State Li-Ion Bat-
teries Based on Garnet-Type Fast Li" Conductors. Advanced Energy Materials vol. 6
(2016) 19, article 1600736.



168 Bibliography

VAN DER STRAETEN ET AL. 2018
van der Straeten, K.; Nottrodt, O.; Zuric, M.; Olowinsky, A.; Abels, P.; Gillner, A.: Poly-
gon scanning system for high-power, high-speed microstructuring. Procedia CIRP vol. 74
(2018), pp. 491 — 494.

VANLEEUW ET AL. 2014
Vanleeuw, D.; Sapundjiev, D.; Sibbens, G.; Oberstedt, S.; Salvador Castifieira, P.: Physical
vapour deposition of metallic lithium. Journal of Radioanalytical and Nuclear Chemistry
vol. 299 (2014) 2, pp. 1113 — 1120.

VARZIET AL. 2016
Varzi, A.; Raccichini, R.; Passerini, S.; Scrosati, B.: Challenges and prospects of the role
of solid electrolytes in the revitalization of lithium metal batteries. Journal of Materials
Chemistry A vol. 4 (2016) 44, pp. 17251 — 17259.

VARZIET AL. 2020
Varzi, A.; Thanner, K.; Scipioni, R.; Di Lecce, D.; Hassoun, J.; Doerfler, S.; Altheus, H.;
Kaskel, S.; Prehal, C.; Freunberger, S. A.: Current status and future perspectives of lithium
metal batteries. Journal of Power Sources vol. 480 (2020), article 228803.

VERMA ET AL. 2010
Verma, P.; Maire, P.; Novak, P.: A review of the features and analyses of the solid electro-
lyte interphase in Li-ion batteries. Electrochimica Acta vol. 55 (2010) 22, pp. 6332 — 6341.

VETTERET AL. 2005
Vetter, J.; Novak, P.; Wagner, M. R.; Veit, C.; Moeller, K.-C.; Besenhard, J. O.; Winter,
M.; Wohlfahrt-Mehrens, M.; Vogler, C.; Hammouche, A.: Ageing mechanisms in lithium-
ion batteries. Journal of Power Sources vol. 147 (2005) 1 — 2, pp. 269 — 281.

VUORILEHTO 2018
Vuorilehto, K.: Materials and function. In: Korthauer, R. (Ed.): Lithium-Ion Batteries: Ba-
sics and Applications. Translation from the German book: Handbuch Lithium-Ionen-Bat-
terien (Springer, 2013). Berlin, Germany: Springer 2018, pp. 21 — 28. ISBN: 978-3-662-
53071-9.

WACHET AL. 2022
Wach, L.; Kriegler, J.; Konwitschny, F.; Daub, R.: Scalable production of a polymer-based
matrix-supported solid-electrolyte separator for use in all-solid-state-batteries. From Fun-
damentals to Application. Poster, Solid-State Batteries V. Frankfurt am Main, Germany
(11/22/2022).

WACHET AL. 2024
Wach, L.; Khaydarov, Y.; Garkusha, P.; Daub, R.: Establishing laser cutting of compo-
nents for sulfide-based solid-state batteries. Journal of Laser Applications vol. 36 (2024) 4,
article 042026.



Bibliography 169

WACHSMAN ET AL. 2014
Property Right. USA US 2014/02873.05 A1 (09/25/2014). Wachsman, E. D.; Hu, L.;
Thangadurai, V., Pr.: 14/222,306 (03/21/2014). Wachsman, E. D.; Hu, L.; Thangadurai,
V.: lon conducting batteries with solid state electrolyte materials.

WACHSMAN ET AL. 2020
Property Right. USA US 2020/0243870A1 (07/30/2020). University of Maryland, MD,
USA, Pr.: 16/847,582 (04/13/2020). Wachsman, E. D.; Liangbing, I.; Thangadurai, V.;
Hitz, G. T.; McOwen, D.: lIon conducting batteries with solid state electrolyte materials.

WALDMANN ET AL. 2014
Waldmann, T.; Wilka, M.; Kasper, M.; Fleischhammer, M.; Wohlfahrt-Mehrens, M.: Tem-
perature dependent ageing mechanisms in Lithium-ion batteries — A Post-Mortem study.
Journal of Power Sources vol. 262 (2014), pp. 129 — 135.

WANGET AL. 2003
Wang, Z.; Zeng, X.; Huang, W.: Parameters and surface performance of laser removal of
rust layer on A3 steel. Surface and Coatings Technology vol. 166 (2003) 1, pp. 10 — 16.

WANGET AL. 2019a
Wang, Q.; Mao, B.; Stoliarov, S. L.; Sun, J.: A review of lithium ion battery failure mecha-

nisms and fire prevention strategies. Progress in Energy and Combustion Science vol. 73
(2019), pp. 95 — 131.

WANGET AL. 2019b
Wang, M. J.; Choudhury, R.; Sakamoto, J.: Characterizing the Li-Solid-Electrolyte Inter-
face Dynamics as a Function of Stack Pressure and Current Density. Joule vol. 3 (2019) 9,
pp. 2165 —2178.

WANGET AL. 2019¢
Wang, D.; Sun, Q.; Luo, J.; Liang, J.; Sun, Y.; Li, R.; Adair, K.; Zhang, L.; Yang, R.; Lu,
S.; Huang, H.; Sun, X.: Mitigating the Interfacial Degradation in Cathodes for High-Per-
formance Oxide-Based Solid-State Lithium Batteries. ACS Applied Materials & Interfaces
vol. 11 (2019) 5, pp. 4954 —4961.

WANG ET AL. 2019d
Wang, M.; Wolfenstine, J. B.; Sakamoto, J.: Temperature dependent flux balance of the
Li/LisLasZr 01> interface. Electrochimica Acta vol. 296 (2019), pp. 842 — 847.

WANG ET AL. 2022
Wang, R.; Cheung, C. F.; Wang, C.; Cheng, M. N.: Deep learning characterization of sur-
face defects in the selective laser melting process. Computers in Industry vol. 140 (2022),
article 103662.

WASSILIADIS ET AL. 2023
Wassiliadis, N.; Kriegler, J.; Gamra, K. A.; Lienkamp, M.: Model-based health-aware fast
charging to mitigate the risk of lithium plating and prolong the cycle life of lithium-ion
batteries in electric vehicles. Journal of Power Sources vol. 561 (2023), article 232586.



170 Bibliography

WATANABE ET AL. 2019
Watanabe, T.; Tsuda, T.; Ando, N.; Nakamura, S.; Hayashi, N.; Soma, N.; Gunji, T.;
Ohsaka, T.; Matsumoto, F.: An improved pre-lithiation of graphite anodes using through-
holed cathode and anode electrodes in a laminated lithium ion battery. Electrochimica Acta
vol. 324 (2019), article 134848.

WEBER ET AL. 2019
Weber, R.; Giedl-Wagner, R.; Foerster, D. J.; Pauli, A.; Graf, T.; Balmer, J. E.: Expected

X-ray dose rates resulting from industrial ultrafast laser applications. Applied Physics A
vol. 125 (2019) 9.

WEBER 2019
Property Right WO 2019/162314 Al (08/29/2019). Volkswagen Aktiengesellschaft, Wolfs-
burg, Germany, Pr.: PCT/EP20 19/054 192 (02/20/2019). Weber, D. A.: Coating for a tool
for handling lithium metal, tool and method for producing such a tool.

WEBER & GRAF 2021
Weber, R.; Graf, T.: The challenges of productive materials processing with ultrafast la-
sers. Advanced Optical Technologies vol. 10 (2021) 4 — 5, pp. 239 — 245.

WEISS ET AL. 2021
Weiss, M.; Ruess, R.; Kasnatscheew, J.; Levartovsky, Y.; Levy, N. R.; Minnmann, P.;
Stolz, L.; Waldmann, T.; Wohlfahrt-Mehrens, M.; Aurbach, D.; Winter, M.; Ein-Eli, Y ;
Janek, J.: Fast Charging of Lithium-Ion Batteries: A Review of Materials Aspects. Ad-
vanced Energy Materials vol. 11 (2021) 33, article 2101126.

WENZEL ET AL. 2015
Wenzel, S.; Leichtweiss, T.; Krueger, D.; Sann, J.; Janek, J.: Interphase formation on lith-
tum solid electrolytes — An in situ approach to study interfacial reactions by photoelectron
spectroscopy. Solid State Ionics vol. 278 (2015), pp. 98 — 105.

WESTERMEIER ET AL. 2013
Westermeier, M.; Reinhart, G.; Zeilinger, T.: Method for quality parameter identification
and classification in battery cell production quality planning of complex production chains
for battery cells: Proceedings of the 2013 3™ International Electric Drives Production Con-
ference (EDPC). Nuernberg, Germany, 10/29/2013 — 10/30/2013: IEEE 2013, pp. 1 — 10.
ISBN: 978-1-4799-1105-9.

WIETELMANN 2010

Property Right. USA US 2013/0122318 A1 (05/16/2013). Chemetall GmbH, Frankfurt am
Main, Germany, Pr.: 13/515,579 (11/16/2010). Wietelmann, U.: Surface-passivated lithium
metal and method for the production thereof.



Bibliography 171

WIETELMANN ET AL. 2013
Property Right EP 2 802 429 B1 (11/14/2018). Albemarle Germany GmbH, Frankfurt am
Main, Germany, Pr.: PCT/EP2013/050571 (01/14/2013). Wietelmann, U.; Hartnig, C.;
Emmel, U.; Schroeter, S.: Phosphorbeschichtete Lithiummetallprodukte, Verfahren zu
deren Herstellung und Verwendung (Translated title: Phosphorous-coated lithium metal
products, method for production and use thereof).

WILLIAMS ET AL. 2014
Williams, E.; Brousseau, E. B.; Rees, A.: Nanosecond YD fibre laser milling of aluminium:
effect of process parameters on the achievable surface finish and machining efficiency.
The International Journal of Advanced Manufacturing Technology vol. 74 (2014) 5 — 8,
pp. 769 — 780.

WILLNER ET AL. 2012
Willner, A. E.; Byer, R. L.; Chang-Hasnain, C. J.; Forrest, S. R.; Kressel, H.; Kogelnik, H.;
Tearney, G. J.; Townes, C. H.; Zervas, M. N.: Optics and Photonics: Key Enabling Tech-
nologies. Proceedings of the IEEE vol. 100 (2012) Special Centennial Issue,
pp. 1604 — 1643.

WLODARCZYK ET AL. 2016
Wlodarczyk, K. L.; Brunton, A.; Rumsby, P.; Hand, D. P.: Picosecond laser cutting and
drilling of thin flex glass. Optics and Lasers in Engineering vol. 78 (2016), pp. 64 — 74.

WOEHRLE 2018
Woehrle, T.: Lithium-ion cell. In: Korthauer, R. (Ed.): Lithium-Ion Batteries: Basics and
Applications. Translation from the German book: Handbuch Lithium-Ionen-Batterien
(Springer, 2013). Berlin, Germany: Springer 2018, pp. 101 — 111. ISBN: 978-3-662-
53071-9.

WOLF ET AL. 2021
Wolf, A.; Lorrmann, H.; Flegler, A.; Wolf, A. J.; Guerfi, A.; Mandel, K.; Giffin, G. A.:
Abrasive Blasting of Lithium Metal Surfaces Yields Clean and 3D-Structured Lithium
Metal Anodes with Superior Properties. Energy Technology vol. 9 (2021) 11, article
2100455.

WOLFENSTINE ET AL. 2018
Wolfenstine, J.; Allen, J. L.; Sakamoto, J.; Siegel, D. J.; Choe, H.: Mechanical behavior of
Li-ion-conducting crystalline oxide-based solid electrolytes: a brief review. Ionics vol. 24
(2018) 5, pp. 1271 — 1276.

WOOD ET AL. 2015
Wood, D. L.; Li, J.; Daniel, C.: Prospects for reducing the processing cost of lithium ion
batteries. Journal of Power Sources vol. 275 (2015), pp. 234 — 242.

WOOD ET AL. 2017
Wood, K. N.; Noked, M.; Dasgupta, N. P.: Lithium Metal Anodes: Toward an Improved
Understanding of Coupled Morphological, Electrochemical, and Mechanical Behavior.
ACS Energy Letters vol. 2 (2017) 3, pp. 664 — 672.



172 Bibliography

WOOD ET AL. 2019
Wood, D. L.; Li, J.; An, S. J.: Formation Challenges of Lithium-Ion Battery Manufactur-
ing. Joule vol. 3 (2019) 12, pp. 2884 — 2888.

WUET AL. 2017
Wu, B.; Lochala, J.; Taverne, T.; Xiao, J.: The interplay between solid electrolyte interface
(SEI) and dendritic lithium growth. Nano Energy vol. 40 (2017), pp. 34 —41.

WUETAL. 2018
Wu, F.; Yuan, Y.-X.; Cheng, X.-B.; Bai, Y.; Li, Y.; Wu, C.; Zhang, Q.: Perspectives for
restraining harsh lithium dendrite growth: Towards robust lithium metal anodes. Energy
Storage Materials vol. 15 (2018), pp. 148 — 170.

WUETAL. 2019a
Wu, B.; Yang, Y.; Liu, D.; Niu, C.; Gross, M.; Seymour, L.; Lee, H.; Le, P. M.; Vo, T. D.;
Deng, Z. D.; Dufek, E. J.; Whittingham, M. S.; Liu, J.; Xiao, J.: Good Practices for Re-
chargeable Lithium Metal Batteries. Journal of The Electrochemical Society (2019) 166,
article 16, pp. 4141 — 4149.

WUET AL. 2019b
Wu, X.; Song, K.; Zhang, X.; Hu, N.; Li, L.; Li, W.; Zhang, L.; Zhang, H.: Safety Issues in
Lithium Ion Batteries: Materials and Cell Design. Frontiers in Energy Research vol. 7
(2019), article 65.

WUETAL. 2019c
Wu, J.; Rao, Z.; Cheng, Z.; Yuan, L.; Li, Z.; Huang, Y.: Ultrathin, Flexible Polymer Elec-
trolyte for Cost-Effective Fabrication of All-Solid-State Lithium Metal Batteries. Ad-
vanced Energy Materials vol. 9 (2019) 46, article 1902767.

WUNDERLING ET AL. 2021
Wunderling, C.; Bernauer, C.; Geiger, C.; Goetz, K.; Grabmann, S.; Hille, L.; Hofer, A.;
Kick, M. K.; Kriegler, J.; Mayr, L.; Schmoeller, M.; Stadter; Christian; Tomcic, L.; Weiss,
T.; Zapata, A.; Zaeh, M. F.: Solutions of laser material processing for electric mobility —
evaluation of the Technology Readiness Level. In: Wissenschaftliche Gesellschaft Laser-
technik e.V. (Ed.): LiM 2021 proceedings, Lasers in Manufacturing Conference 2021. Mu-
nich, Germany, 06/21/2021 — 06/24/2021. Hannover, Germany 2021.

XIAOET AL. 2019
Xiao, W.; Wang, J.; Fan, L.; Zhang, J.; Li, X.: Recent advances in Lij+:AliTi>—«(PO4)3
solid-state electrolyte for safe lithium batteries. Energy Storage Materials vol. 19 (2019),
pp. 379 —400.

XIAO ET AL. 2020
Xiao, Y.; Wang, Y.; Bo, S.-H.; Kim, J. C.; Miara, L. J.; Ceder, G.: Understanding interface
stability in solid-state batteries. Nature Reviews Materials vol. 5 (2020) 2, pp. 105 — 126.



Bibliography 173

XIAO ET AL. 2023
Xiao, J.; Shi, F.; Glossmann, T.; Burnett, C.; Liu, Z.: From laboratory innovations to mate-
rials manufacturing for lithium-based batteries. Nature Energy vol. 8 (2023) 4,
pp. 329 — 339.

XU 2004
Xu, K.: Nonaqueous liquid electrolytes for lithium-based rechargeable batteries. Chemical
reviews vol. 104 (2004) 10, pp. 4303 —4417.

Xu 2014
Xu, K.: Electrolytes and interphases in Li-ion batteries and beyond. Chemical reviews
vol. 114 (2014) 23, pp. 11503 — 11618.

XUETAL. 2018
Xu, S.; McOwen, D. W.; Wang, C.; Zhang, L.; Luo, W.; Chen, C.; Li, Y.; Gong, Y.; Dai,
J.; Kuang, Y.; Yang, C.; Hamann, T. R.; Wachsman, E. D.; Hu, L.: Three-Dimensional,
Solid-State Mixed Electron-lon Conductive Framework for Lithium Metal Anode. Nano
Letters vol. 18 (2018) 6, pp. 3926 — 3933.

XUETAL. 2019
Xu, R.; Cheng, X.-B.; Yan, C.; Zhang, X.-Q.; Xiao, Y.; Zhao, C.-Z.; Huang, J.-Q.; Zhang,
Q.: Attificial Interphases for Highly Stable Lithium Metal Anode. Matter vol. 1 (2019) 2,
pp. 317 — 344.

XUETAL. 2020
Xu, L.; Lu, Y.; Zhao, C.-Z.; Yuan, H.; Zhu, G.-L.; Hou, L.-P.; Zhang, Q.; Huang, J.-Q.:
Toward the Scale-Up of Solid-State Lithium Metal Batteries: The Gaps between Lab-Level
Cells and Practical Large-Format Batteries. Advanced Energy Materials vol. 11 (2020) 4,
article 2002360.

XUET AL. 2021
Xu, R.; Liu, F.; Ye, Y.; Chen, H.; Yang, R. R.; Ma, Y.; Huang, W.; Wan, J.; Cui, Y.: A
Morphologically Stable Li/Electrolyte Interface for All-Solid-State Batteries Enabled by
3D-Micropatterned Garnet. Advanced Materials vol. 33 (2021) 49, article 2104009.

YAMADA ET AL. 2023
Yamada, M.; Soma, N.; Tsuta, M.; Nakamura, S.; Ando, N.; Matsumoto, F.: Development
of Roll-to-Roll High Speed Laser Micro Processing Machine for Preparing Through-holed
Anodes and Cathodes of Lithium-ion Batteries. International Journal of Extreme Manufac-
turing vol. 5 (2023) 3, article 035004.

YAMAMOTO ET AL. 2018
Yamamoto, M.; Terauchi, Y.; Sakuda, A.; Takahashi, M.: Binder-free sheet-type all-solid-
state batteries with enhanced rate capabilities and high energy densities. Scientific reports
vol. 8 (2018) 1, article 1212.



174 Bibliography

YANETAL. 2019
Yan, Z.; Mei, X.; Wang, W.; Pan, A_; Lin, Q.; Huang, C.: Numerical simulation on nano-
second laser ablation of titanium considering plasma shield and evaporation-affected sur-
face thermocapillary convection. Optics Communications vol. 453 (2019), article 124384.

YANET AL. 2022
Yan, B.; Yongchao, W.; Hongliang, R.; Xizhao, L.; Masashi, K.; Bin, L.; Kaiyong, J.: In-
terface Modification of NASICON-structured Lii sAlosGe1.5(PO4)3 (LAGP) by Femtosec-
ond Laser Structuring and Ionic Liquid. International Journal of Electrochemical Science
vol. 17 (2022) 5, article 220513.

YANGET AL. 2018a
Yang, F.; Wang, D.; Zhao, Y.; Tsui, K.-L.; Bae, S. J.: A study of the relationship between
coulombic efficiency and capacity degradation of commercial lithium-ion batteries. Energy
vol. 145 (2018), pp. 486 — 495.

YANGET AL. 2018b
Yang, C.; Zhang, L.; Liu, B.; Xu, S.; Hamann, T.; McOwen, D.; Dai, J.; Luo, W.; Gong,
Y.; Wachsman, E. D.; Hu, L.: Continuous plating/stripping behavior of solid-state lithium
metal anode in a 3D ion-conductive framework. Proceedings of the National Academy of
Sciences of the United States of America vol. 115 (2018) 15, pp. 3770 — 3775.

YANGET AL. 2018c
Yang, T.; Li, Y.; Wu, W_; Cao, Z.; He, W.; Gao, Y.; Liu, J.; Li, G.: The synergistic effect
of dual substitution of Al and Sb on structure and ionic conductivity of LizLa3Zr,O12 ce-
ramic. Ceramics International vol. 44 (2018) 2, pp. 1538 — 1544.

YANGET AL. 2020a
Yang, Y.; Pan, L.; Ma, J.; Yang, R.; Zhu, Y.; Yang, Y.; Zhang, L.: A High-Performance
Deep Learning Algorithm for the Automated Optical Inspection of Laser Welding. Applied
Sciences vol. 10 (2020) 3, article 933.

YANG ET AL. 2020b
Yang, Y.; Yang, R.; Pan, L.; Ma, J.; Zhu, Y.; Diao, T.; Zhang, L.: A lightweight deep
learning algorithm for inspection of laser welding defects on safety vent of power battery.
Computers in Industry vol. 123 (2020), article 103306.

YANGET AL. 2020c¢
Yang, X.; Jiang, M.; Gao, X.; Bao, D.; Sun, Q.; Holmes, N.; Duan, H.; Mukherjee, S.;
Adair, K.; Zhao, C.; Liang, J.; Li, W.; Li, J.; Liu, Y.; Huang, H.; Zhang, L.; Ly, S.; Lu, Q.;
Li, R.; Singh, C. V.; Sun, X.: Determining the limiting factor of the electrochemical stabil-
ity window for PEO-based solid polymer electrolytes: main chain or terminal —OH group?
Energy & Environmental Science vol. 13 (2020) 5, pp. 1318 — 1325.



Bibliography 175

YANG & WU 2022
Yang, H.; Wu, N.: Ionic conductivity and ion transport mechanisms of solid-state lithium-

ion battery electrolytes: A review. Energy Science & Engineering vol. 10 (2022) 5,
pp. 1643 — 1671.

YIETAL. 2020
Yi, E.; Shen, H.; Heywood, S.; Alvarado, J.; Parkinson, D. Y.; Chen, G.; Sofie, S. W.;
Doeff, M. M.: All-Solid-State Batteries Using Rationally Designed Garnet Electrolyte
Frameworks. ACS Applied Energy Materials vol. 3 (2020) 1, pp. 170 — 175.

YOSHINARI ET AL. 2019
Yoshinari, T.; Koerver, R.; Hofmann, P.; Uchimoto, Y.; Zeier, W. G.; Janek, J.: Interfacial
Stability of Phosphate-NASICON Solid Electrolytes in Ni-Rich NCM Cathode-Based
Solid-State Batteries. ACS Applied Materials & Interfaces vol. 11 (2019) 26,
pp. 23244 — 23253.

ZACHARIAS ET AL. 2013
Zacharias, N. A.; Nevers, D. R.; Skelton, C.; Knackstedt, K.; Stephenson, D. E.; Wheeler,
D. R.: Direct Measurements of Effective Ionic Transport in Porous Li-Ion Electrodes. Jour-
nal of The Electrochemical Society vol. 160 (2013) 2, A306 — A311.

ZEMAITIS ET AL. 2019
Zemaitis, A.; Gecys, P.; Barkauskas, M.; Raciukaitis, G.; Gedvilas, M.: Highly-efficient
laser ablation of copper by bursts of ultrashort tuneable (fs—ps) pulses. Scientific reports
vol. 9 (2019) 1, article 12280.

ZEMAITIS ET AL. 2020
Zemaitis, A.; Gedys, P.; Raciukaitis, G.; Gedvilas, M.: Efficient ablation by ultra-short
pulse lasers. In: Schmidt, M. et al. (Ed.): Proceedings of the 11™ CIRP Conference on Pho-
tonic Technologies, LANE 2020. Fuerth, Germany, 09/07/2020 — 09/10/2020. Erlangen,
Germany: CIRP 2020, pp. 962 — 965. (Procedia CIRP vol. 94).

ZHANG ET AL. 2006
Zhang, S. S.; Xu, K.; Jow, T. R.: Study of the charging process of a LiCoO,-based Li-ion
battery. Journal of Power Sources vol. 160 (2006) 2, pp. 1349 — 1354.

ZHANG ET AL. 2017
Zhang, Q.; Liu, K.; Ding, F.; Liu, X.: Recent advances in solid polymer electrolytes for
lithium batteries. Nano Research vol. 10 (2017) 12, pp. 4139 — 4174.

ZHANG ET AL. 2018
Zhang, N.; Long, X.; Wang, Z.; Yu, P.; Han, F.; Fu, J.; Ren, G.; Wu, Y.; Zheng, S.; Huang,
W.; Wang, C.; Li, H.; Liu, X.: Mechanism Study on the Interfacial Stability of a Lithium
Garnet-Type Oxide Electrolyte against Cathode Materials. ACS Applied Energy Materials
vol. 1 (2018) 11, pp. 5968 — 5976.



176 Bibliography

ZHANGET AL. 2019a
Zhang, Y.; Li, J.; Yang, R.; Liu, T.; Yan, Y.: Analysis of kerf quality on ultrafast laser cut-
ting of anode material for lithium-ion battery. Optics and Lasers in Engineering vol. 118
(2019), pp. 14 —21.

ZHANG ET AL. 2019b
Zhang, Y.; Zheng, Z.; Liu, X.; Chi, M.; Wang, Y.: Fundamental Relationship of Micro-
structure and Ionic Conductivity of Amorphous LLTO as Solid Electrolyte Material. Jour-
nal of The Electrochemical Society vol. 166 (2019) 4, A515 — A520.

ZHANGET AL. 2019¢
Zhang, B.; Tan, D.; Liu, X.; Tong, L.; Kazansky, P. G.; Qiu, J.: Self-Organized Periodic
Crystallization in Unconventional Glass Created by an Ultrafast Laser for Optical Attenua-
tion in the Broadband Near-Infrared Region. Advanced Optical Materials vol. 7 (2019) 20,
article 1900593.

ZHANG ET AL. 2020a
Zhang, Z.; Chen, S.; Yao, X.; Cui, P.; Duan, J.; Luo, W.; Huang, Y.; Xu, X.: Enabling
high-areal-capacity all-solid-state lithium-metal batteries by tri-layer electrolyte architec-
tures. Energy Storage Materials vol. 24 (2020), pp. 714 — 718.

ZHANG ET AL. 2020b

Zhang, X.; Han, A.; Yang, Y.: Review on the production of high-purity lithium metal.
Journal of Materials Chemistry A vol. 8 (2020) 43, pp. 22455 — 22466.

ZHANG ET AL. 2023a
Zhang, H.; Okur, F.; Cancellieri, C.; Jeurgens, L. P.; Parrilli, A.; Karabay, D. T.;
Nesvadba, M.; Hwang, S.; Neels, A.; Kovalenko, M. V.; Kravchyk, K. V.: Bilayer Dense-
Porous LisLa3Zr2O12 Membranes for High-Performance Li-Garnet Solid-State Batteries.
Advanced science vol. 10 (2023) 8, article 2205821.

ZHANG ET AL. 2023b
Zhang, H.; Dubey, R.; Inniger, M.; Okur, F.; Wullich, R.; Parrilli, A.; Karabay, D. T.;
Neels, A.; Kravchyk, K. V.; Kovalenko, M. V.: Ultrafast-sintered self-standing LLZO
membranes for high energy density lithium-garnet solid-state batteries. Cell Reports Physi-
cal Science vol. 4 (2023) 7, article 101473.

ZHANG ET AL. 2024
Zhang, H.; Okur, F.; Pant, B.; Klimpel, M.; Butenko, S.; Karabay, D. T.; Parrilli, A.;
Neels, A.; Cao, Y.; Kravchyk, K. V.; Kovalenko, M. V.: Garnet-Based Solid-State Li Bat-
teries with High-Surface-Area Porous LLZO Membranes. ACS Applied Materials & Inter-
faces vol. 16 (2024) 10, pp. 12353 — 12362.

ZHAOET AL. 2018
Zhao, C.; Liu, L.; Qi, X.; Lu, Y.; Wu, F.; Zhao, J.; Yu, Y.; Hu, Y.-S.; Chen, L.: Solid-State
Sodium Batteries. Advanced Energy Materials vol. 8 (2018) 17, article 1703012.



Bibliography 177

ZHENGET AL. 2012
Zheng, H.; Tan, L.; Liu, G.; Song, X.; Battaglia, V. S.: Calendering effects on the physical
and electrochemical properties of Li[Nii;3Mn13Co01,3]O> cathode. Journal of Power Sources
vol. 208 (2012), 52 — 57.

ZHENGET AL. 2017
Zheng, Y.; Smyrek, P.; Rakebrandt, J.-H.; Kuebel, C.; Seifert, H. J.; Pfleging, W.: Fabrica-
tion and characterization of silicon-based 3D electrodes for high-energy lithium-ion batter-
ies. In: Klotzbach, U. et al. (Ed.): Laser-based Micro- and Nanoprocessing XI, SPIE
LASE. San Francisco, CA, USA, 01/28/2017 — 02/02/2017. Bellingham, WA, USA: SPIE
2017. (SPIE Proceedings vol. 10092).

ZHENG ET AL. 2022
Zheng, Y.; Yin, D.; Seifert, H. J.; Pfleging, W.: Investigation of Fast-Charging and Degra-
dation Processes in 3D Silicon—Graphite Anodes. Nanomaterials vol. 12 (2022) 1, article
140.

ZHOoU 2020
Zhou, C.: Chirped pulse amplification: review and prospective from diffractive optics. Chi-
nese Optics Letters vol. 18 (2020) 11, article 110502.

ZHUET AL. 2015
Zhu, Y.; He, X.; Mo, Y.: Origin of Outstanding Stability in the Lithium Solid Electrolyte
Materials: Insights from Thermodynamic Analyses Based on First-Principles Calculations.
ACS Applied Materials & Interfaces vol. 7 (2015) 42, pp. 23685 —23693.

ZHUET AL. 2016
Zhu, Y.; He, X.; Mo, Y.: First principles study on electrochemical and chemical stability of
solid electrolyte—electrode interfaces in all-solid-state Li-ion batteries. Journal of Materials
Chemistry A vol. 4 (2016) 9, pp. 3253 — 3266.

ZHUET AL. 2019a
Zhu, Y.; Connell, J. G.; Tepavcevic, S.; Zapol, P.; Garcia-Mendez, R.; Taylor, N. J.; Sa-
kamoto, J.; Ingram, B. J.; Curtiss, L. A.; Freeland, J. W.; Fong, D. D.; Markovic, N. M.:
Dopant-Dependent Stability of Garnet Solid Electrolyte Interfaces with Lithium Metal.
Advanced Energy Materials vol. 9 (2019) 12, article 1803440.

ZHU ET AL. 2019b
Zhu, P.; Seifert, H. J.; Pfleging, W.: The Ultrafast Laser Ablation of Li(Nig.sMno2Co00.2)O>
Electrodes with High Mass Loading. Applied Sciences vol. 9 (2019) 19, article 4067.

ZHU ET AL. 2021
Zhu, P.; Han, J.; Pfleging, W.: Characterization and Laser Structuring of Aqueous Pro-
cessed Li(Nip.sMno2Co00.2)O2 Thick-Film Cathodes for Lithium-Ion Batteries. Nanomateri-
als (Basel, Switzerland) vol. 11 (2021) 7, article 1840.



178 Bibliography

ZHU ET AL. 2022
Zhu, G.; Xu, Z.; Jin, Y.; Chen, X.; Yang, L.; Xu, J.; Shan, D.; Chen, Y.; Guo, B.: Mecha-
nism and application of laser cleaning: A review. Optics and Lasers in Engineering
vol. 157 (2022), article 107130.

ZWAHR ET AL. 2023
Zwahr, C.; Serey, N.; Nitschke, L.; Bischoff, C.; Raedel, U.; Meyer, A.; Zhu, P.; Pfleging,
W.: Targeting new ways for large-scale, high-speed surface functionalization using Direct
Laser Interference Patterning in a roll-to-roll process. International Journal of Extreme
Manufacturing vol. 5 (2023) 3, article 035006.



Appendix

A. List of supervised student research projects
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Several student research projects contributed to the author’s research activities, and their results
have been integrated into the present dissertation (see Table A.1). The student research projects

were performed at the Institute for Machine Tools and Industrial Management (iwb) of the
Technical University of Munich (TUM). The author supervised the students in terms of research
methodology, problem statement, objectives, and approach, along with the interpretation and
documentation of the results in a scientific manner.

The author extends sincere gratitude to all supervised students for their valuable contributions

to this work.

Table A.1: The table summarizes the 21 supervised student research projects in chronological order of comple-
tion and contains the English title, the language of the written documentation, and the submission date
of the student research project.

Student name Type English title Language Submission
(original or translated from German) date
Wernoth, F. Master’s Effects of Material Changes and Innovative Bat- German 09/27/2019
thesis tery Cell Technologies on the Quality Manage-
ment System of a Battery Production Line
Forster, F. Master’s Laser Cutting Processes for the Production of German 10/31/2019
thesis All-Solid-State Batteries
Binzer, M. Bachelor’'s  Laser Cutting of Electrodes in Lithium-lon German 11/08/2019
thesis Battery Production
Rauch, F. Master’s Characterization of Novel Materials for Lithium- German 11/15/2019
thesis lon Batteries in the Production Environment
Lechner, M. Semester Potential Analysis of All-Solid-State Batteries German 12/01/2019
thesis Regarding Possible Fields of Application
Maurer, M. Bachelor’s  Production and Analysis of Polymeric Solid German 07/03/2020
thesis Electrolytes for Application as Protective Layers
in All-Solid-State Batteries
Mosler, K. Semester Empirical Process Investigation and Develop- German 08/14/2020
thesis ment for Laser Cutting of Lithium Metal in the
Production of Solid-State Batteries
Schubert, N. Semester Empirical Process Investigation and Develop- German 09/01/2020
thesis ment for Laser Cutting of Oxide Solid Electro-
lytes in All-Solid-State Battery Production
Khaydarov, Y. Bachelor's  Process Investigation on Laser Cutting of English 01/01/2021
thesis Polymer-Based Components in the Production

of All-Solid-State Batteries
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Kick, L.-F. Semester Modeling of Thermal Energy Input During Laser German 02/01/2021
thesis Cutting of Ceramic Solid Electrolytes in Battery
Production
Nguyen, M. D. Bachelor's  Empirical Process Investigation and Develop- German 07/18/2021
thesis ment for Laser Cutting of Metallic Lithium in

All-Solid-State Battery Production

Bewerunge, M. Master’s Numerical Modeling of the Thermal Energy In- German 10/15/2021
thesis put During Laser Cutting of Metallic Lithium in
the Production of All-Solid-State Batteries

Ruppert, C. Semester Optimization of Lithium Metal Laser Cutting in  German 11/15/2021
thesis All-Solid-State  Battery  Production  Using
Machine Learning
Schachtl, J. Bachelor’s  Laser Structuring of Ceramic Solid Electrolytes German 11/17/2021
thesis for the Production of All-Solid-State Battery
Composite Cathodes
Liu, T. Semester’'s  Detection of Quality Features in Laser Scanning German 12/01/2021
thesis Micro-scopy Images by Using Artificial Neural
Networks
Wach, L. Master’s Assembly and Electrochemical Analysis of German 05/31/2022
thesis Polymer-Type All-Solid-State Batteries
Liu, T. Master’s Modeling of Laser Micro-Material Processing German 09/15/2022
thesis using Methods of Machine Learning
Jaimez-Farn- Master’s Design and Production of Three-Dimensionally-  English 10/19/2022
ham, E. I. thesis Structured Oxide Composite Cathodes for All-
Solid-State Lithium Batteries
Weigl, M. Semester Empirical Process Investigation and Develop- German 03/01/2023
thesis ment of Ultrashort-Pulsed Laser Ablation of

Lithium Metal for Anode Fabrication

Landesberger, Bachelor’s  Empirical Process Investigation and Develop- German 03/05/2023
N. thesis ment of Lithium Metal Laser Micro-polishing for
Battery Production

Dib, S. Practical Laser-based Surface Modification of Lithium English n.a.
student Metal Anodes for Improving the Performance of
project Lithium Metal Batteries

B. Publications by the author

Appendix B presents the publications of the author of this thesis, which were prepared in the
course of his research activities at the Institute for Machine Tools and Industrial Management
(iwb) of the Technical University of Munich (TUM).

Where bibliographic details are missing, they are either unavailable or could not be determined
by the author.

Publications embedded into this dissertation

Table B.1 summarizes the publications that directly contributed to this dissertation.
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Further publications

During his work at the iwb, the author of this thesis contributed to 25 further publications that
are not directly included in this dissertation (see Table B.2).



182 Appendix
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Journal overview

The following table lists the journals selected for publishing the scientific contributions (cf. Ta-
ble B.3).

Table B.3: The table allocates the publications created in the course of this thesis to the respective journals of
publication, including details on the journals’ scopes and impact factors.
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Journal of Laser Applications Laser science 2 P1 (KRIEGLER ET AL. 2021b)
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199 The impact factor denotes the average number of citations received by articles published in a journal during a specific
timeframe, typically within the preceding two years. Here, the impact factors reported relate to the values given on the respec-
tive journal website as of June 2025 and are rounded to the nearest integer.



