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1 Introduction

1.1 Lithium-ion batteries: The workhorses of the 215! century

“The Nobel Prize in Chemistry 2019 rewards the development of the lithium-ion
battery. This lightweight, rechargeable and powerful battery is now used in
everything from mobile phones to laptops and electric vehicles. It can also store
significant amounts of energy from solar and wind power, making possible a fossil
fuel-free society.” (THE ROYAL SWEDISH ACADEMY OF SCIENCES 2019)

With these words, the scientists John B. Goodenough, M. Stanley Whittingham, and
Akira Yoshino were awarded the Nobel Prize for Chemistry by THE ROYAL SWEDISH
ACADEMY OF SCIENCES (2019) for the development of rechargeable lithium-ion
batteries. Since their first commercialization and market dissemination by SONY
(1991), lithium-ion batteries have established their position in the consumer
electronics market with virtually no alternative. But also for the decentralized storage
of electrical energy from renewable sources and electrically powered vehicles,
lithium-ion batteries have emerged as the dominant technology. Driven by political
incentives and increasingly strict greenhouse gas emission regulations, the global
automotive lithium-ion battery market is predicted to grow from 17.4 billion US
dollars in 2019 to 95.3 billion US dollars in 2030 (RooTs ANALYSIS 2019).

The market success of the lithium-ion technology can be attributed to the high
achievable specific energy with reference to the battery mass and volume as well as
the superior power delivery compared to other types of batteries (ANDRE ET
AL. 2015). Furthermore, lithium-ion batteries excel by their long service life due to
the almost entirely reversible reactions during charging and discharging
(BLOMGREN 2017).



1 Introduction

1.2 Challenges, objectives, and approach

Among the core components of a lithium-ion battery are the electrodes, also referred
to as anode and cathode. In most of today's battery designs, the electrodes are porous
layers of materials that enable the quasi-reversible storage and release of lithium ions
via an ion-conducting liquid electrolyte. The ion transport routes in the electrolyte
through the porous electrodes are complex and tortuous hindering the passing of the
charge carriers. As indicated in Figure 1 a), this issue is particularly pronounced at
the anode due to the flake-like shape of the commonly used natural graphite particles
(JARA ET AL. 2019). These graphite flakes tend to align in parallel to the current
collector during electrode production impeding efficient ion transport during battery
operation. At high current loads, this unfavorable electrode micro-morphology may
deteriorate the power delivery during discharge and restrict the applicable current
when charging (JOSSEN & WEYDANZ 2019, pp. 24 f.). A limitation of the charging
current implicates long charging times of the battery-powered devices, which, in turn,
may lead to low customer acceptance.

Improving the transport of the charge carriers in lithium-ion batteries has been the
objective of numerous research projects and development activities. A rather novel
approach pursued in the context of this thesis is the modification of the porous anode
by means of laser radiation (Figure 1 b)).

graphite

,_l particle \

current collector

current collector
current collector
current collector

o

\
i DIV IO
anode cathode anode

.Y charging

_ . laser-induced structure
" discharging

ion transport

Figure 1: Schematic illustration of the lithium-ion transport routes during charging
and discharging; a) conventional battery with complex and tortuous ion
transport routes in the anode, b) battery with laser-structured anodes and
shorter ion transport routes



1.3 Structure of the thesis

Hereby, the objective is to alter the pore structure by precisely removing anode
material so that the ion flow is favored by less complex and shorter transport routes.
This laser-based pore morphology modification process will be referred to as laser
structuring within the context of this work. The overall aim of this thesis is to
demonstrate the potential of the laser structuring process in order to enhance aspects
of battery performance?. This explorative research approach is substantiated by
efforts to generate a more profound understanding of the charge carrier transport in
lithium-ion batteries with laser-structured anodes.

To accomplish the abovementioned goals, fundamental evidence must first be
provided that laser structuring is an appropriate process for obtaining the desired
electrode morphology modifications. On the basis of this feasibility demonstration,
lithium-ion batteries with laser-structured anodes are assessed with regard to their
electrochemical properties in general and their charging and discharging
characteristics in particular. The results are compared to the properties of
conventional lithium-ion batteries containing untreated anodes. In order to create a
more thorough understanding of the impact of the laser-induced anode structures, a
physical-chemical model is developed that quantitatively represents the
characteristics of the batteries under study. This model serves as the basis for the
numerical simulation of the charge and mass transport inside the battery. It also
provides the capability to predict the influence of laser-structured anodes on the
battery performance in order to enable an application-specific electrode and battery
design. Furthermore, the laser structuring process is assessed with regard to its
technical viability in the context of mass production of battery cells. This includes
the identification of technical challenges for enhancing the overall performance,
particularly the processing speed, and the characterization of interactions with other
process steps in battery production.

1.3 Structure of the thesis

This thesis is divided into six chapters. Following the introduction in chapter 1,
chapter 2 provides selected fundamentals regarding the operating principles of
lithium-ion batteries as well as laser materials processing. In chapter 3, the state of
the art is presented. Here, the focus lies on published work on the laser-based

2 Lithium-ion battery performance measures include, but are not limited to, the specific energy, the energy
density, the power, the applicable charge current (particularly at low temperatures), the safety characteristics,
and the cost (ANDRE ET AL. 2015).
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modification of lithium-ion battery electrodes. Alternative processes for structuring
and approaches for the modeling of lithium-ion batteries with structured electrodes
are also included. Chapter 4 outlines the research approach of this thesis including
the definition of scientific objectives as well as the refinement of the pursued
methodology. Chapter 5 represents the publication-based part of this dissertation and
briefly summarizes the core research findings of the author. The publications
comprise process investigations on laser structuring of the anodes, experimental
analyses on resulting cell properties, work on electrochemical modeling and
simulation as well as considerations on the interactions of laser structuring with
subsequent processes in cell production. Chapter 5 ends with a discussion of the
results, a classification of the findings with reference to the state of the art, and a
reflection on the scientific objectives defined in chapter 4. Finally, the thesis
concludes in chapter 6 with a summary and an outlook on prospective research
activities.



2 Fundamentals

2.1 Chapter overview

In this chapter, the relevant background on lithium-ion batteries is provided in
section 2.2, while fundamentals in laser materials processing are presented in section
2.3.

Based on remarks on the scientific terminology in sub-section 2.2.1, sub-section 2.2.2
Is dedicated to the structure and operating principle of lithium-ion batteries. Sub-
section 2.2.3 provides electrochemical fundamentals, while in sub-section 2.2.4 more
detailed explanations regarding cell-internal resistances are offered. A thorough
understanding of these resistances is essential for the comprehension of the effects of
laser structuring on the electrochemical cell performance. Sub-section 2.2.5 is
dedicated to the rather specific phenomenon of lithium-plating, which can occur
during fast charging of lithium-ion batteries. The characteristics of the ion transport
properties in porous electrodes are addressed in sub-section 2.2.6. On this basis, sub-
section 2.2.7 summarizes scientific studies on electrode design providing an overview
of the interactions between individual electrode characteristics. Furthermore, in sub-
section 2.2.8, the battery production process is depicted to enable a classification of
the laser structuring of graphite anodes in the technical context of battery fabrication.

Building on general remarks regarding laser materials processing in sub-section 2.3.1,
sub-section 2.3.2 provides the fundamentals of the spatial laser beam propagation. In
sub-section 2.3.3, the difference between pulsed and continuous wave laser radiation
is explained. Sub-section 2.3.4 addresses the interaction between laser radiation and
matter. Since the precise removal of active material from the anode is essentially a
drilling process, explanations on laser drilling and ablation are provided in sub-
section 2.3.5. Sub-section 2.3.6 discusses the fundamentals of laser beam guidance
by means of scanner optics, which are typically employed for the processing of large
surface areas. A summary of chapter 2 is provided in section 2.4.



2 Fundamentals

2.2 Lithium-ion batteries

2.2.1 General remarks

The terms cell and battery are used ambiguously in the contemporary technical and
general language. Both terms designate galvanic systems that store chemical energy
and convert it into electrical energy. By definition, a cell is the smallest functional
galvanic element, while a battery is historio-linguistically referred to as the
interconnection of several cells. Since the cells or batteries primarily used today are
rechargeable systems, strictly speaking, they should be referred to as secondary
batteries or lithium-ion accumulators (JOSSEN & WEYDANZ 2019, p. 7). Following
customary usage, the terms battery and cell are used synonymously in this thesis,
whereas the term accumulator is not applied. Unless explicitly stated otherwise, the
terms cell and battery always refer to lithium-ion batteries within the context of this
thesis.

2.2.2 Structure and operating principle

In lithium-ion batteries, chemical energy is reversibly converted into electrical energy
in redox reactions. The main components of the battery are the porous electrodes, the
electrically insulating porous separator, and the ion conducting electrolyte liquid
(LEUTHNER 2018, p. 14). The electrodes consist of electrochemically active materials
(usually in form of particles), which are able to reversibly store lithium ions and
release them at a given point in time. This process of inserting an atom or a molecule
into a host structure is referred to as intercalation, whereas the reverse process is
denoted as de-intercalation. The active material particles are held together by a binder
to form a cohesive layer and are applied onto metallic current collector foils (cathode:
aluminum, anode: copper). Electrically conductive additives are commonly admixed
to the other electrode materials in cell production (cf. sub-section 2.2.8) in order to
improve the electrical conductivity (VUORILEHTO 2018, p. 23). When charging the
battery, the lithium ions de-intercalate from the active material of the cathode
overcoming the phase boundary to the electrolyte liquid and move to the anode, where
they intercalate into the active material of the anode. At the same time, an electrical
current (one electron per lithium ion) flows through the external circuit. When
discharging, these processes are reversed, see Figure 2. According to the
electrochemical definition (cathode: reduction; anode: oxidation), the assignment of
the terms cathode and anode to the positive and negative electrode is only correct in
the case of discharge, since the reduction and oxidation reactions are reversed during

6



2.2 Lithium-ion batteries

charging. In general usage, however, a component-related classification of the terms
has been established (VUORILEHTO 2018, p. 22), which is also used in this thesis.

For the anode and cathode, numerous combinations of active materials have proven
successful depending on the application scenario of the battery. As stated in the
introduction, the application-specific choice of the active materials depends on
various considerations, such as diverse electrochemical characteristics, the material
costs, the service life, and safety factors, which are often material inherent (ANDRE
ET AL. 2015).

voltagﬁ source
Y«

electrical circuit
\ \_/
graphite particle liquid electrolyte NMC particlef_
/ discharge

,/ charge

W

—

current collector (copper)
current collector (aluminum)

conductive
additive

Y
anode separator cathode

Figure 2: Structure and operating principle of an NMC-graphite lithium-ion
battery; exemplary lithium-ion transport routes are indicated for both the
charging and the discharging process; in the case of discharge, an
electrical consumer replaces the voltage source; adapted from
VUORILEHTO (2018)

Today, lithium nickel manganese cobalt oxide (LiNiyMn,CO1.,.O2, NMC, cf. Figure
2) and lithium nickel cobalt aluminum oxide (LiNiyCo:Al1.y-,02, NCA) are mostly
used for the cathode of battery electric vehicles and hybrid electric vehicles
(BLOMGREN 2017, p. 5022). The stoichiometric ratio of nickel, manganese, and
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cobalt varies depending on the desired cell characteristics and the ongoing innovation
in material development. For this thesis, a commercially well-established type of
NMC, LiNiyzsMn13C0O1302, was employed. To simplify the following chemical
reaction equations, the term lithium metal oxide (LiMO2) will also be used.

At the anode, mainly carbon compounds such as graphite (C) are used as active
materials (WURM ET AL. 2018, p. 44). Compared to metallic lithium, which
potentially enables the highest energy densities, graphite provides a longer cyclic life
and superior safety properties (JOSSEN & WEYDANZ 2019, pp. 121 ff.).

The reactions at the anode and the cathode are shown in equations (2 - 1) and (2 - 2),
respectively:

discharge
anode: Li,Cq pad Ce + xLit + xe™ (2-1)
charge
discharge
cathode: Li;_,MO, + xLi* + xe~ 2 LiMO, (2-2)
charge

where e is an electron and x is the stoichiometric factor of lithium in the reaction
(KURZWEIL & DIETLMEIER 2015, p. 158).

The liquid electrolyte enables the exchange of lithium ions between anode and
cathode during charging and discharging due to its ionic conductivity (YOSHIO ET
AL. 2009, p. 75). It fills the pores of the electrodes and the separator and thus ensures
complete wetting of the active material surface. The electrolyte usually consists of
organic solvents, conductive salts and additives. Mixtures of carbonates such as
ethylene carbonate (EC), dimethyl carbonate (DC), diethyl carbonate (DEC), or ethyl
methyl carbonate (EMC) are commonly used as solvents (HARTNIG &
ScHMIDT 2018, pp. 60 ff.). These can dissolve lithium salts, have a sufficiently low
viscosity to penetrate into the pores of the electrodes, and exhibit electrochemical
stability against the electrode materials in a wide voltage range (GULBINSKA 2014, p.
22). Today, lithium hexafluorophosphate (LiPFs) is almost exclusively used as the
conductive salt (HARTNIG & SCHMIDT 2018, p. 62). Soluble additives are employed
in many commercial electrolytes to improve the cell properties. For detailed
information on electrolyte additives, the reader is kindly referred to the work of
YOSHIO ET AL. (2009).



2.2 Lithium-ion batteries

2.2.3 Fundamentals and definitions

In this sub-section, essential concepts for understanding the lithium-ion transport
within lithium-ion batteries are illustrated. A detailed derivation of the equations is
omitted here and reference is made to fundamental literature on physical chemistry
by ATKINS & PAULA (2010) or electrochemistry by NEWMAN & THOMAS-ALYEA
(2012).

The equilibrium voltage Uo of a cell comprising two electrodes of electrochemically
active materials is determined by thermodynamics (JOSSEN & WEYDANz 2019, pp.
13f.). It corresponds to the difference of the two electrode equilibrium potentials 4Eo:

Uy = AE, = Ec,o - Ea,O (2 - 3)

where Eco and Eao are the cathode and anode potentials at equilibrium, respectively.
The amount of electrical charge that can theoretically be stored by the cell Qo is
defined by the atomic structure of the active materials and their quantity employed
within the cell (DANIEL & BESENHARD 2011). Qo is commonly referred to as the
nominal capacity of a cell. The amount of electrical charge that is provided under
specific operating conditions Q, commonly denoted as the capacity of a cell, depends
on various parameters such as the applied current I, the cell temperature T, the ionic
transport properties within the active materials and the electrolyte, the electrical
conductivity of the current collectors and the kinetic properties at the interface
between the active materials and the electrolyte (LEUTHNER 2018, p. 16), cf. sub-
section 2.2.4.

For the description of the condition of a cell, the terms state of charge (SOC) and
depth of discharge (DOD) have become established (KURZWEIL & DIETLMEIER 2015,
p. 225):

Q

SOC =5 DOD =1-50C 2-4)
0

An SOC of one corresponds to a fully charged cell, i.e. a high lithiation of the anode,
while an SOC of zero corresponds to a fully discharged cell, i.e. a high lithiation of
the cathode. Figure 3 schematically shows the equilibrium potential curves (versus
the potential of the lithium reference electrode) of a cathode Ec,, an anode Eap, and
the resulting equilibrium cell voltage Uo as a function of the SOC. The operating
voltage window is formed by the interval between the upper and the lower cut-off
voltage and describes the voltage range within which the battery cell is used. For the

9



2 Fundamentals

active material combination of NMC and graphite considered in this thesis, the
operating voltage window typically lies between approx. 2.7 V and 4.2 V.

A
424 UDDEr CUL-Off VOItAGE = —mm s -
operating
> voltage
£ window
+
< 2.7+ lower cut-off voltage -~ == —mmimimimm o Y -
-
2
_Tg .~~~ cathode (NMC) equilibrium potential E ,
§ - anode (C) equilibrium potential E, ,
o
o ~equilibrium cell voltage U,
N —_— -~
0.0 — === : >
0.0 SOC 1.0

Figure 3: Schematic representation of the equilibrium potential curves vs. Li/Li* of
the cathode Ecoand the anode Eag as well as the equilibrium cell voltage
Uo as a function of the SOC; the operating voltage window formed by the
upper and the lower cut-off voltage is indicated; based on GRAF (2013)
and WURM ET AL. (2018)

A frequently used measure of the current flow in a battery is the C-rate. It relates the
electric current | to the nominal capacity Qo:

I
C- = — 2-5
rate 0 ( )

0

and is applicable for both the charging and the discharging procedure
(HUGGINS 2009, p. 22). By referencing the electric current to the nominal capacity,
batteries of different sizes can be compared more effectively. Since the usable
capacity of lithium-ion batteries decrease with increasing discharge current due to a
higher internal resistance (cf. sub-sections 2.2.4, 2.2.6, and 2.2.7), it is important to
specify the C-rate at which a capacity is determined. In this context, the term C-rate
capability is frequently used. A high C-rate capability of a battery indicates that the
usable capacity decreases less at high discharge currents (and the battery is therefore
suitable for providing high electrical power) compared to a battery with a low C-rate
capability.

10



2.2 Lithium-ion batteries

2.2.4 Limitations due to overpotentials

The abovementioned electrode potentials are based on the assumption that no electric
or ionic current is flowing in the cell. In this context the term open circuit voltage
(OCV) is regularly used. The OCV indicates the potential difference measured at the
electrodes if no current flows. However, every charge and mass transport is subject
to resistances, which cause a deviation of the cell voltage U during operation from
the equilibrium cell voltage Uo. Such current- and temperature-dependent voltage
deviations are referred to as overpotentials  (NYMAN ET AL. 2010). Higher currents
generally lead to greater overpotentials, while higher temperatures result in their
reduction. When charging, the overpotentials increase the cell voltage and lead to a
premature attainment of the upper cut-off voltage, i.e. before an SOC of 1.0 is
reached. In order to enable further charging of the cell the charging current must be
reduced. If no reduction of the charging current occurs and the upper cut-off voltage
is exceeded, strong aging and increased safety risks are to be expected (cf. sub-section
2.2.5). In applications such as mobile devices or electric vehicles, these current
limitations are expressed by restricting the fast charging function to a confined SOC
range, which usually does not exceed an SOC of 0.7 or 0.8 (ZHANG 2020). In the case
of discharge, the overpotentials cause the cell voltage to decrease, resulting in the
lower cut-off voltage being reached before a DOD of 1.0 has been attained. Thus, at
high discharge C-rates, only a fraction of the nominal capacity Qo of a cell can be
used due to the occurring overpotentials.

The overpotentials in lithium-ion cells have different physical origins and can be
subdivided into ohmic, activation and diffusion components (JOSSEN &
WEYDANZ 2019, p. 19). They are discussed in the forthcoming paragraphs.

Ohmic overpotentials

The ohmic overpotentials 7o are due to the ohmic resistances of all the media
involved in the transport of the charge carriers, such as the electrolyte and the
electrodes, but also the current collector foils and the external current feeds within
the electric circuit (cf. Figure 2). The electrolyte usually plays a dominant role due to
its inferior ionic conductivity compared to the electrical conductivity of the solid state
conductors (JOSSEN & WEYDANZ 2019, p. 19). The solid electrolyte interphase (SEI),
a passivating layer consisting of decomposed organic and inorganic compounds
formed on the anode particles during the first charge cycles of a cell, also significantly
contributes to the ohmic overpotentials. For more information about the SEI, the
reader is kindly referred to the work of BALBUENA & WANG (2004).
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Activation overpotentials

During the charge transfer at the interface between the solid active material and the
liquid electrolyte, a transition between electric and ionic conduction occurs. For this
process, activation overpotentials 7a must be applied. The relationship between the
current density i and the required activation overpotentials is shown in the Butler-
Volmer equation, which aims at establishing a current balance for the electrode
interfaces (ERDEY-GRUZ & VOLMER 1930):

a, F a.F
i:i"'[eXp(Ra-T"’a)_eXp(_RC-T'"“)] (2-6)

where io is the exchange current density at equilibrium, R the general gas constant, aa
and ac the anodic and cathodic charge transfer coefficients (typically assumed to be
0.5 for battery applications) (NEWMAN & THOMAS-ALYEA 2012), F the Faraday
constant, and T the temperature. The exchange current density at equilibrium:

Oa
C
lp=F- kga ’ kgc " (Csmax — €s)%a - Csac ’ <—l> 2-7)
Cl,ref

depends on the anodic and cathodic rate constants &z and &, the solid phase lithium
concentration ¢, the maximum solid phase concentration cmax, the liquid phase
lithium concentration a, and the liquid phase reference concentration qrer. The
exchange current density io can thus be understood as an indication of the pace of the
electrochemical reaction (JOSSEN & WEYDANZ 2019, p. 21).

Diffusion overpotentials

When discharging a lithium-ion battery, lithium ions are de-intercalated from the
active material at the anode, thus increasing the lithium-ion concentration in the liquid
electrolyte in the anode pores (JOSSEN & WEYDANZ 2019, p. 24). Simultaneously,
lithium ions are consumed from the liquid electrolyte at the cathode, thus lowering
the lithium-ion concentration there. As a result, a concentration gradient is formed,
which can be only partially compensated by the ion influx from the anode through
the separator. At a low discharge current, this compensation occurs sufficiently
quickly so that the concentration gradient remains low. At a high discharge current,
however, the resulting concentration gradient can no longer be entirely compensated.
The result is a strong depletion of lithium ions in the electrolyte within the pores of
the cathode, while the lithium-ion concentration strongly increases in the electrolyte
within the pores of the anode. In order to sustain the reaction, i.e. the discharge
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2.2 Lithium-ion batteries

process, diffusion overpotentials 4 must be applied (DANIEL & BESENHARD 2011,
p. 20).

When charging the cell, the concentration gradients are formed in reverse. The
lithium ions de-intercalate from the cathode active material resulting in an increased
concentration in the cathode pores, which are filled with electrolyte. At the anode,
lithium ions from the electrolyte intercalate into the graphite. In order to maintain a
high charging current, diffusion overpotentials 4 must therefore also be applied.
These emerging concentration gradients are illustrated in Figure 4 for both the
charging and the discharging process.

A
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slow charge
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\ I A J
Y Y Y
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X

Figure 4: Lithium-ion concentration gradients in the electrolyte for charging and
discharging compared to the equilibrium concentration; the displayed
linear courses of the concentration gradients are for illustration purposes
only and the real courses are likely to deviate from that in a real system;
adapted from LANDESFEIND (2018, p. 5)

The abovementioned phenomena were modelled by DOYLE ET AL. (1993) for a binary
electrolyte (one solvent and one salt), resulting in the following balancing equations,
which are described in the scope of the Newman Model (NEWMAN & THOMAS-
ALYEA 2012). The mass balance (neglecting convection in the electrolyte within the
microporous media) is one-dimensionally described by:
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acl 0 acl ll(]. — t+)
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where ¢ is the volume fraction of the electrolyte of the porous medium (also referred
to as porosity, cf. eq. 2 - 11, sub-section 2.2.6), T the tortuosity of the porous structure
(cf. eq. 2 - 12, sub-section 2.2.6), D, . the effective electrolyte diffusion coefficient
(cf. eq. 2-14), i; the current density in the electrolyte, and t, the transference
number. The electrochemical potential in the electrolyte @; is described as follows:
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where k. is the effective ionic conductivity, and f, the mean molar activity
coefficient (LANDESFEIND 2018, DOYLE ET AL.1993). For a derivation of the
equations, the underlying theory of concentrated solutions, and the respective solid
phase equations, the reader is kindly referred to specific scientific literature, e.g.
NEWMAN & THOMAS-ALYEA (2012).

The overpotentials are particularly critical during fast charging since this process can
lead to a deposition of metallic lithium on the anode. This phenomenon is discussed
in the following sub-section.

2.2.5 Lithium-plating

During fast charging, the emerging concentration gradients cause an inhomogeneous
lithiation of the anode (HARRIS & Lu 2013). The higher lithium-ion concentration in
the electrolyte at the anode-separator interface results in a higher degree of lithiation
of the graphite particles in that area (LIU ET AL. 2010). In contrast, lithium ions are
quickly depleted in regions of the anode near the current collector causing the
graphite particles located in this area to suffer a low degree of lithiation. A high
degree of lithiation, i.e. a high SOC of the battery, cf. Figure 3, and the application of
overpotentials promote the deposition of metallic lithium on the anode, which is
referred to as lithium-plating (LIU ET AL. 2016). Lithium-plating occurs when the
ionic current in the electrolyte surpasses the intercalation current or the solid state
diffusion in the graphite. Thus, at high charging rates, the intercalation reaction (cf.
eg. 2 - 1) and the lithium-plating reaction coexist (LEGRAND ET AL. 2014). For details
on the lithium deposition process, the reader is kindly referred to the work of L1 ET
AL. (2014).
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A frequently used indication for the occurrence of lithium-plating is the local
potential difference between the local solid phase potential @s and the local liquid
phase potential & at the anode-separator interface:

&, — P, <0 (2 - 10)

The lithium-plating reaction is problematic for various reasons. Firstly, the lithium
deposition is not entirely reversible resulting in lithium residues on the anode and
reducing the amount of lithium available to the intercalation reaction. In practice, this
is expressed by a loss of available cell capacity Q (BURNS ET AL. 2015, p. 959).
Furthermore, the lithium tends to be deposited in dendritic form. The dendrite growth
is critical for cell safety, as the lithium dendrites can pierce the separator, which
operates as the electrical insulation layer between the electrodes. An internal short
circuit and a thermal runaway of the cell are among the possible consequences of that
(VUORILEHTO 2018, p. 25). Lithium-plating occurs particularly at low temperatures,
as all charge and mass transport processes in the cell operate more slowly (ZINTHET
AL. 2014).

To detect lithium-plating is challenging during cell operation. In laboratory cells, the
introduction of an additional lithium metal reference electrode is common. This
allows for the momentary electrochemical states of the electrodes to be recorded
directly and independently (WALDMANN ET AL. 2015). For commercial applications,
this appears not economically feasible. The same applies for advanced detection
methods like neutron diffraction which were utilized by LUDERS ET AL. (2017) and
ZINTHET AL. (2017). Several promising in situ detection methods have been assessed
to date focusing on the identification of a characteristic voltage plateau that forms
during a voltage relaxation period if lithium-plating occurred during the preceding
charging process (UHLMANN ET AL. 2015, PETZL & DANZzER 2014). To prevent
premature cell aging and reduce safety risks, lithium-ion batteries and the electronic
battery management systems (BMS) are usually designed very conservatively. This
includes limiting the operating voltage to an uncritical range regarding lithium-
plating and oversizing the anode, both in terms of electrode area (ensuring complete
coverage of the cathode by the anode) and area capacity (avoiding complete lithiation
of the anode).

2.2.6 Characteristics of porous electrodes

In the context of concentration gradients and diffusion overpotentials, the
microstructure of the electrode must be discussed in detail. In most of today’s lithium-
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ion batteries, both the anode and the cathode are characterized by their porous
structure. If the electrodes were pure solid state layers of the active materials, the cell
would exhibit an extremely poor power density, as the solid state ionic conductivity
is low compared to the ionic conductivity of the electrolyte. Thus, the porous structure
aims at enhancing the power density at the expense of a decreased energy density.
Furthermore, porous electrodes can be produced by cost-effective aqueous coating
processes (cf. sub-section 2.2.8). The porosity ¢ is defined as the volume fraction of
the electrolyte-filled pores in relation to the total volume of the electrode:

_ b 2-11
7 (2-11)

&
where V, is the pore volume and V. is the entire electrode volume, including the
volume of the active materials, the binders, the conductive additives, and the pores.
A smaller porosity leads to a reduction of the effective cross-sectional area for ion
transport, since only the pore volume can be used as diffusion paths (JOSSEN &
WEYDANZ 2019, p. 25). Therefore, the lithium ions are subject to complex transport
routes from the site of de-intercalation to the site of intercalation. A measure of the
complexity of the electrode structure is the tortuosity z. In the context of lithium-ion
batteries, this dimensionless quantity describes the influence of the structure of a
porous electrode on its effective ionic transport properties (NEWMAN & THOMAS-
ALYEA 2012):

dpath
— 2 = 12
T ( )

Geometrically interpreted, it relates the actual length of the lithium-ion transport path
in the porous electrode dpath to the direct path length d, which would be available
without the porous medium. A high tortuosity of the electrode hinders the transport
of lithium-ions. The porosity and the tortuosity are related via the generalized
Bruggeman relation (BRUGGEMAN 1935):

T=¢¢ (2-13)

where a is the Bruggeman exponent which depends on the size distribution and shape
of the employed particles and is approx. 1.5 for spherical particles of uniform size.
Recent investigations have shown that this purely geometric approximation of the
measure tortuosity is insufficient (LANDESFEIND ET AL. 2016). Rather, other factors,
such as the binder content of the electrode, must also be taken into account, since the
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binder can lead to a clogging of the pores. This may restrict the lithium-ion transport
paths. Experimentally determined tortuosities consequently tend to be higher than
those predicted by the Bruggeman relation (LANDESFEIND ET AL. 2018).

The porosity and the tortuosity influence the effective lithium diffusion coefficient in
the electrolyte D eff through the electrode pores:

&
Desr=—Do (2-14)

where Do is the electrolyte diffusion coefficient. Alternatively, the MacMullin
number:

N,, =£ 2-15)

is regularly applied to describe the impact of the porous electrode structure on the ion
transport (MACMULLIN & MUCCINI 1956). These considerations regarding the ion
transport in porous electrodes have various implications on the electrode design and
are briefly discussed in the following sub-section.

2.2.7 Aspects of electrode design

As stated in sub-section 2.2.6, for most applications today, porous electrodes offer
the desired balance between energy and power density. The electrode design
parameters, i.e. the porosity, the tortuosity, and also the electrode loading, which
designates the capacity per electrode area, fundamentally define the characteristics of
the lithium-ion cell. Thus, selected aspects of porous electrode design are presented
below.

Influence of the electrode loading

Assuming a given ratio of a certain active material, binders and conductive additives,
the energy density of an electrode can be enhanced either by increasing the thickness
of the electrode or by reducing its porosity. The improvement in energy density by
increasing the electrode thickness is due to the relative decrease in the mass share of
the metallic current collector foil, which does not contribute to the electrode’s energy
content.

ZHENG ET AL. (2012A) comprehensively examined the effects of the electrode
thickness on the electrochemical performance of lithium-ion batteries using NMC
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and lithium iron phosphate (LiFePOs, LFP) cathodes of different loadings. They
discovered that increasing the cathode thickness, and thus the loading, has a
restricting effect on the C-rate capability of the electrodes. The main cause of this
effect was attributed to the ionic transport properties which deteriorated with
increasing electrode thickness. Furthermore, it was observed that the aging of the
cells with thicker electrodes was accelerated. This was attributed on the one hand to
the higher lithium concentration gradients and on the other hand to a mechanical
failure (e.g. crack formation within the coating or delamination of the coating from
the current collector) of the electrodes with higher loading.

A similar trend was identified by SINGH ET AL. (2015) who compared NMC-graphite
cells with cathode thicknesses of 70 um and 320 um. The increased electrode
thickness led to a by 19 % enhanced energy density on the cell level due to the
reduced share of inactive components (e.g. current collectors). However, the thicker
electrodes suffered a significantly inferior high-current capability from a discharge
C-rate of C/2 onwards due to kinetic losses.

GALLAGHER ET AL. (2015) performed an application-specific optimization of the
areal capacities of the electrodes by studying the limiting mechanisms occurring at
high currents. Especially for electrodes with high loading, the ionic transport in the
electrolyte was identified as critical, as inadequate transport properties led to high
overpotentials. The authors concluded that realistic charge and discharge profiles
from the application must be considered for the design of the electrodes.

SONET AL. (2013) explored the influence of the anode and cathode loading ratio. For
this purpose, cathodes of the same capacity with differently oversized anodes were
examined in test cells. The authors showed that highly oversized anodes led to both
a decrease in the Coulomb efficiency during operation and accelerated cell aging due
to enhanced SEI formation.

Influence of the electrode porosity

The porosity is an important factor in the design of electrodes. It is set in the
calendering process during electrode production (described in sub-section 2.2.8 of
this thesis). The influence of the porosity on the ionic transport within graphite anodes
was examined by MANEV ET AL. (1995) in a comparative study. The electrodes
yielding the highest capacity and showing the least aging had a porosity of
approx. 30 %. NOVAK ET AL. (1997) used pore-forming additives to create defined
porosities in graphite anodes and confirmed the results of MANEV ET AL. (1995).
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SHIM & STRIEBEL (2003) and STRIEBEL ET AL. (2004) investigated the influence of
compression on natural graphite anodes in relation to various parameters relevant to
the operation of lithium-ion cells. They found that highly porous as well as strongly
compressed electrodes both resulted in accelerated cyclic aging of lithium-ion cells.
However, a moderate compression of the electrodes was found to be advantageous.

ZHENG ET AL. (2012B) studied the influence of the porosity of NMC cathodes on their
mechanical and electrochemical properties. They discovered an enhanced electrical
conductivity of the porous electrode with an increasing compression, while the ionic
conductivity decreased. In addition to a generally lower wetting of the active material
particles with electrolyte at low porosity, a blocking of the ionic transport paths in the
void volume of the electrode by the binder was discovered. In addition, a mechanical
embrittlement of the electrodes at a low porosity was observed. A porosity range
between 30 % and 40 % was identified as a reasonable compromise between energy
density and high current capability. Supporting results also indicating such a trade-
off were later found by ANTARTIS ET AL. (2015).

HASELRIEDER ET AL. (2013) found that, in contrast to NMC cathodes, the electrical
conductivity of graphite anodes cannot be significantly enhanced by increasing
compaction. They attributed this to the generally high electrical conductivity of the
graphite layer, which could not be significantly enhanced by further inter-particular
contact due to compression.

SHENG ET AL. (2014) examined the influence of the porosity on the wettability of the
electrodes with the electrolyte liquid. The wettability decreased with declining
porosity indicating a poorer electrolyte penetration and, thus, a restriction of the ionic
transport through the electrode. Related studies were carried out by KITADA ET AL.
(2016). They found that, within highly compressed NMC cathodes with a porosity of
18 %, areas with limited access to the electrolyte are formed which are severely
limiting the C-rate capability.

Influence of the electrode tortuosity

A high electrode tortuosity impedes effective ion transport (cf. sub-section 2.2.6). In
contrast to the porosity, which can be calculated by recording the mass and the
thickness of the electrode, the tortuosity cannot be quantified using basic
measurement techniques. However, as precise knowledge of the tortuosity is essential
for understanding and modeling the intra-cellular process, many research activities
focus on the determination of tortuosity values for porous electrodes.
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THORAT ET AL. (2009) developed measuring techniques to determine the tortuosity
of electrodes and separators. They found that the measured tortuosity and the
corresponding MacMullin Number (cf. eq. 2 - 15) did not quantitatively match the
prediction from the Bruggeman relation (cf. eq. 2 - 13) but yielded significantly
higher values. This observation was confirmed by the subsequent work of
DUBESHTER ET AL. (2014) and LANDESFEIND ET AL. (2016). As an explanation, an
overestimation of the free pore volume in the Bruggeman relation was provided, due
to the fact that, in physical electrodes, some pores are not accessible to ion transport.
LANDESFEIND ET AL. (2018) were later able to show that, among other factors, the
binder which accumulates in the electrode pores can be responsible for the
underestimation of the MacMullin numbers by the Bruggeman relation.

EBNER ET AL. (2014) found out that the electrode tortuosity is usually not equal in all
spatial directions but that a pronounced anisotropy is formed, particularly for
aspherical active material particles, such as graphite flakes (cf. Figure 1). These flakes
tend to align parallel to the current collector foil during electrode production. This
results in a significantly higher through-plane than in-plane tortuosity for this type of
electrode. Based on these findings, EBNER & W0OOD (2014) developed an open-source
software tool, the so-called BruggemanEstimator, which can be used to calculate the
tortuosity of electrodes. As the input, a microscopic image of the electrode surface
and a cross-section of the electrode is required, which can be recorded with the help
of a scanning electron microscope (SEM).

Based on the findings on the tortuosity anisotropy of graphite anodes, BILLAUD ET
AL. (2016) developed a method for magnetically aligning the graphite particles
perpendicularly to the current collector during electrode production. The magnetic
alignment was enabled by the addition of superparamagnetic nanoparticles to the
electrode. The authors demonstrated that a through-plane tortuosity reduction can be
achieved by the magnetic process resulting in a higher C-rate capability. While the
reference electrodes had a tortuosity of z =14, the modified electrodes showed a
tortuosity of z=3.8, which equals a reduction by a factor of almost four. The
technology is currently being further developed by the Swiss company BATTRION
under the name Aligned Graphite® Technology (BATTRION 2020). Related
approaches were pursued by DANG ET AL. (2020) and BITSCH ET AL. (2016),
attempting to produce low-tortuous electrodes using adapted drying or slurry
manufacturing processes (cf. sub-section 2.2.8).

The large number of studies on the systematic improvement of the electrode structure
clearly underlines the immense potential associated with this field of research. For
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evaluating the feasibility of the proposed technologies for large-scale production, a
thorough understanding of the production process for lithium-ion batteries is
indispensable. Consequently, the following sub-section provides a brief overview of
the process chain for the manufacturing of lithium-ion batteries.

2.2.8 Production process

In order to assess the laser-assisted modification of anodes in a production
engineering context, a basic understanding of the manufacturing processes of lithium-
ion cells is required. The production of lithium-ion cells encompasses numerous
interdependencies between the individual processes and between the process
parameters and the quality characteristics of the end product (GUNTHER ET AL. 2016,
KWADE ET AL. 2018). Fundamentally, the production of lithium-ion batteries can be
subdivided into the three stages electrode production, cell assembly, and cell
conditioning (KWADE ET AL. 2018), each of which comprise several individual
production steps and processes.

The individual procedures in cell assembly differ depending on the cell housing type.
For industrially relevant large-format cells, a distinction can be made between three
different housing types: cylindrical cells, pouch cells, and prismatic hard-case cells
(WOEHRLE 2018, p. 105). Each cell housing type has inherent advantages and
disadvantages, and in the field of electromobility all cell types have been used to date
(SCHRODER ET AL. 2017). Figure 5 shows the production process for pouch cells as it
is implemented at the research institute of the author of this dissertation (Institute for
Machine Tools and Industrial Management, iwb, of the Technical University of
Munich, TUM) (REINHART ET AL. 2013).

Electrode production

The electrode production begins with the preparation of the active material pastes,
also referred to as slurries. To produce these slurries, the active materials, which are
initially in powder form, are mixed with binders, conductive additives, and a solvent.
The resulting viscous slurries are applied to both sides of the metallic current collector
foils in a coating process. At the cathode, aluminum is used as the current collector
foil material, while copper is used at the anode (cf. sub-section 2.2.2). The foil
thicknesses are usually between 6 and 15 pum for the copper foil compared to 15 and
25 pum for the aluminum foil (PETTINGER ET AL. 2018, p. 214).
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Figure 5: Production processes of lithium-ion pouch cells at the Institute for
Machine Tools and Industrial Management (iwb) at the Technical
University of Munich (TUM); adapted from REINHART ET AL. (2013)

The commonly employed binder polyvinylidene diflouride (PVDF) is not soluble in
water, which is why N-Methyl-2-pyrrolidone (NMP) is needed as the solvent for the
production of cathode slurries. Water-soluble binders are increasingly employed on
the anode side. For water-based systems, mixtures of carboxymethylcellulose (CMC)
and styrene-butadiene rubber (SBR) are applied. During the subsequent drying
process, the solvents evaporate and leave the porous electrode structure behind
(VUORILEHTO 2018, p. 23). It is important that the coatings are applied
homogeneously in order to prevent local deviations in the electrode loading (cf. sub-
section 2.2.7). This leads to enormous challenges in production and quality control,
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as the area throughput during coating is very high. According to PETTINGER ET AL.
(2018), even in a rather small battery factory with a production capacity of two
million 20-Ah cells per year, 26 000 km of anode and cathode foil are processed
annually. This equals the production of around 14 000 m? of virtually immaculate
electrode surface per day.

Subsequently, a rolling process is carried out, known as calendering, in which the
electrode porosity is intentionally reduced. Thus, a higher energy density is achieved
on the one hand, and, on the other hand, the interparticular contact is increased aiming
at an improved electrical conductivity of the coating (PETTINGERET AL. 2018, p. 215).
The coating, drying, and calendering are continuous roll-to-roll processes. The end
products of the electrode production are anode and cathode coils.

Cell assembly

The production processes of cell assembly (cf. Figure 5) differ depending on whether
cylindrical cells (e.g. 18650 or 21700 cells), prismatic hard-case cells, or pouch cells
are manufactured. Here, only the production processes for pouch cells will be
discussed (TRASK ET AL. 2014), since these were assembled within the experimental
framework of this thesis. The manufacture of laboratory coin cells, which were also
employed, will not be described in detail. In general, the coin cell assembly performed
in this thesis followed the guidelines published by MARKS ET AL. (2011), while the
details can be retrieved from the experimental parts of the publications of this
dissertation according to section 5.2.

Starting from the electrode coils, the cathode and anode sheets are first cut to shape
in a separation process which can be performed by mechanical punching as well as
laser cutting (KRONTHALERET AL. 2012). This is followed by the assembly of the cell
stack consisting of an alternating arrangement of cathodes and anode sheets separated
by separator layers (TRASK ET AL. 2014). The uncoated foil overhangs are joined with
the cell tabs which are thin aluminum (cathode) and nickel-plated copper (anode)
sheets. These tabs conduct the electrical current out of the cell and form the external
cell poles. The pre-assembled cell stacks are then packaged into a metal-polymer foil
(pouch foil) from which only the tabs protrude. An opening is provided at one side of
the packaging enabling the electrolyte injection. After the filling of the electrolyte,
the cell housing is temporarily sealed (process step not displayed in Figure 5). Before
the cell can be further processed, the electrolyte liquid must have wetted the entire
cell stack. This is the only way to ensure ionic conductivity and thus the functionality
of the cell (cf. Figure 2). Especially for large-format cells with a high number of
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electrode and separator layers, this wetting process can take a very long time (several
hours to days) (WEYDANZ ET AL. 2018, WooD ET AL. 2015) and requires long
intermediate storage, often at elevated temperatures (KNOCHE & REINHART 2015).
The non-permeable current collector foils additionally impede the propagation of the
liquid. Furthermore, the wetting progress is rather difficult to quantify (GUNTER ET
AL. 2018). In industrial production, the application of various pressure cycles has
been established, which are intended to accelerate the wetting process (PETTINGER ET
AL. 2018, p. 218).

Cell conditioning

In the formation process, the cells are charged and discharged several times with a
low current under controlled conditions, so that a prediction can be made about the
cell capacity and other quality-related parameters. During the formation, the SEI (a
passivation layer on the anode consisting of organic as well as inorganic components,
cf. sub-section 2.2.4) develops. The forming of this layer has a significant influence
on the cell properties. Hence, numerous studies on the effects of electrolyte additives
that are intended to support a controlled SEI formation have been carried out (JOSSEN
& WEYDANZ 2019, pp. 148 f.). During formation, gas evolution may occur inside the
cell, which is why a degassing procedure is performed before the cell is permanently
sealed.

Following the cell production, the individual cells are then assembled into modules
or battery packs. Details of the subsequent process steps and the applied components
can be found in the technical literature, e.g. KORTHAUER (2018).

2.3 Laser materials processing

2.3.1 General remarks

The term laser is an acronym for light amplification by stimulated emission of
radiation and describes the physical process of amplifying radiation by stimulated
emission. This section provides the fundamentals of materials processing using laser
radiation that are essential for this thesis. The focus lies on the use of pulsed laser
radiation for the ablation of materials with the aim of introducing structures into a
workpiece, which is the anode coating within the framework of this thesis. For a
comprehensive description of further aspects of laser materials processing, please
refer to the scientific literature, such as HUGEL & GRAF (2009) or POPRAWE (2005).
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2.3.2 Characteristics of laser radiation

In order to use laser radiation for materials processing, it is essential to focus the laser
beam by means of an optical lens. The minimum beam diameter df, also referred to
as the focus diameter, and the highest radiation intensity are achieved in a distance
from the lens center called the focal length f. The Rayleigh length zr is the distance
along the optical axis measured from the focus point at which the cross-sectional area
of the laser beam is doubled. These characteristics of laser beam caustics are
illustrated in Figure 6.

lens

laser beam

workpiece

Figure 6: Laser beam caustics with characteristic parameters; adapted from HUGEL
& GRAF (2009, p. 34)

The aperture angle & can be determined using the Rayleigh length zz and the focus
diameter ds:

ds

ZR

To evaluate the possibility to focus a laser beam, the beam parameter product BPP
and the beam quality factor M2 have been established:

d: -0
Bpp= L T = 2. (2-17)

4

A
/[

where A is the wavelength of the laser radiation. A high laser beam intensity 1. is
achieved by a high laser power P and a small cross-sectional area of the laser beam
in the focal plane:

25



2 Fundamentals

= 20 2-18

L — T - dz ( - )
where d. is the diameter of the laser spot on the workpiece assuming a homogeneous
intensity distribution (cf. Figure 6).

2.3.3 Laser operating modes and process parameters

Lasers are often classified according to their operating mode. A distinction is made
between continuous wave (cw) laser operation and pulsed laser operation. The
operating mode has a significant influence on the introduction of the laser energy into
the workpiece.

Continuous wave laser operation

In continuous wave laser operation, the laser resonator?® is continuously stimulated,
resulting in a permanent emission of the radiation. In materials processing, these cw
systems operate with an output of up to several kilowatts and are mostly used for
welding and cutting applications (HUGEL & GRAF 2009, p. 57).

Pulsed laser operation

The emission of laser radiation can also be discontinuous in pulse mode. Within a
laser pulse, the power is usually considerably higher than in continuous operation.
The high laser power, in combination with the short irradiation time, can induce
process phenomena that are not achievable in cw operation (cf. sub-section 2.3.4).
The pulse durations of commercially available laser sources vary from a several
hundred milliseconds down to a few femtoseconds. Depending on the desired pulse
duration, the laser pulses are generated by means of different technical systems,
which are described in detail in the scientific literature, e.g. by HUGEL & GRAF
(2009), EICHLER & EICHLER (2015) and POPRAWE (2005).

To further characterize the process of pulsed laser machining, knowledge of
additional variables is required. In this respect, one important parameter is the pulse
energy Ep, which represents the amount of energy contained in one single pulse. This
parameter can be determined from the average laser power P, and the repetition rate
frep, Which is the number of emitted pulses per second:

3 A resonator is an arrangement of mirrors surrounding a laser-active medium. By reflecting the light back into
the laser-active medium, the stimulated emission is reinforced before the laser beam is coupled out of the
resonator (HUGEL & GRAF 2009, pp. 55 f.).
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Py

E, =
F f;”ep

(2 - 19)

If the laser beam is moved over the workpiece surface at a certain velocity v in pulsed
operation, an offset ls, between two incoming laser pulses results:

%9

l.. =
°P frep

(2 - 20)

In case of a distance lsp between the circular exposure areas smaller than their
diameter on the workpiece di, the points overlap and form a continuous, line-like
machining area. Particularly with very short pulses, the influence of the translational
speed v. on the shape of the laser spot on the workpiece surface is negligible. For
example, at a pulse duration of 1ps, even a very high deflection velocity of
ve =500 m/s only causes focus point distortions of 0.5 nm, which is four orders of
magnitude below the typical focus diameter of a laser beam in micro materials
processing.

2.3.4 Interaction between laser beam and workpiece

When a laser beam reaches a workpiece, a part of the radiation energy is absorbed,
another part is reflected and, in the case of materials that are transparent for the
corresponding wavelength, a third part is transmitted. For materials processing, the
absorbed laser power Py abs is particularly important, since this share contributes to
the modifications to the workpiece. The magnitude of P aps depends on the laser
power Py, the intensity I, and the degree of absorption #abs, Which in turn depends
on a number of influencing variables, such as the wavelength A, the irradiated
material, its temperature and its surface properties (HUGEL & GRAF 2009, p. 116):

Pops = PLNaps (2'21)

Influence of the intensity

In materials processing with laser radiation, four characteristic process regimes can
be formed depending on the intensity of the incident laser beam. In Figure 7, the
process regimes for the coupling of laser radiation into a metal workpiece are
displayed. Depending on the irradiated workpiece material, not all of these process
regimes are applicable, e.g. if no molten phase of a material exists. The intensity
values specified here are to be interpreted as an approximation and may vary
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depending on the applied material and its surface condition. Particular interaction
phenomena in materials processing with very short laser pulses will be discussed in
more detail in the further course of this sub-section.

heating melting vaporization material removal

laser beam

,'" molten
\ g heated .
Vi material

volume .

103 W/cm? — Intensity ||, ——— > 10° W/cm?

Figure 7: Process regimes for the coupling of laser radiation into a metal workpiece
at increasing intensity with a) heating, b) melting, c) vaporization, and
d) plasma formation and material removal; adapted from HUGEL & GRAF
(2009, p. 2)

At a low intensity of the laser beam, the workpiece temperature in the processing
zone remains below the melting temperature of the material so that the material is
merely heated. If the intensity is increased, the melting temperature of the material is
surpassed so that a melt pool is formed. This process regime is used, for example, in
heat conduction welding of metals. A further increase in intensity leads to a partial
evaporation of the material and the formation of a vapor capillary which is often
referred to as a keyhole. This phenomenon is exploited, for example, in deep
penetration welding of metals. At even higher intensities of the incident laser
radiation, the proportion of the vaporized material increases further compared to that
of the molten material. In addition, due to the evaporation of the material, a high
pressure is built up in the interaction zone, which causes vapor, plasma, and melt to
be expelled from the process zone. Thus, a large share of the material is removed and
only a small amount of melt remains. This process regime is used for laser drilling
and laser ablation (cf. sub-section 2.3.5) (HUGEL & GRAF 2009, pp. 2 f.).
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Influence of the interaction duration

Besides the intensity, the duration of the interaction t; substantially determines the
occurring process regime. For pulsed laser radiation, t; is equal to the pulse duration
tp. The pulse duration has a decisive influence on the interaction between the laser
beam and the workpiece. Fundamentally, a distinction can be made between short
and ultrashort pulses, whereby the distinction between these two categories is subject
to a certain ambiguity in the literature. According to MEIER ET AL. (2002), laser
pulses can be considered as ultrashort when the thermal diffusion depth:

dpp= VA a-t (2 - 22)

during the pulse duration is equal to or lower than the optical penetration depth 6.
Here, a is the thermal diffusivity of the material and t is the time. The optical
penetration depth ¢ is defined by

2
5= 2-23
o (2-23)

where aopt IS the optical attenuation coefficient of the material. According to the
Lambert-Beer law, the intensity of a laser beam I, incident in the z-direction, is
reduced from its initial intensity lo by

[(2) = I, e %ont? (2 - 24)

given a homogeneous attenuation coefficient of the material. For most materials,
these definitions result in a threshold duration of a few picoseconds, below which
laser pulses can be classified as ultrashort. For further details on the light absorption
phenomena on an atomic level, the reader is kindly referred to specialized literature,
e.g. LIVET AL. (1997) or MEIJER ET AL. (2002).

Figure 8 illustrates the differences of the ablation processes for short and ultrashort
laser pulses. For short pulses (Figure 8, left), the ablation is based on the vaporization
and sublimation of material and thus on photo-thermal effects. The heating rate of the
material depends on its absorption rate and the energy loss from the processing area
through thermal conduction (LIU ET AL. 1997). The heat affected zone (HAZ) extends
well beyond the ablated area and thus forms a boundary between the redeposited melt
and microstructurally unaffected areas (MISHRA & YADAVA 2015). At higher
intensities, vapor bubbles form, the material begins to boil, and a plasma cloud is
created. For these micro- or nanosecond pulses, precise material removal is difficult
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due to the fluid dynamics of the liquid and gaseous phases in the processing zone
(CHICHKOV ET AL. 1996, p. 111).

When ultrashort laser pulses are applied to a workpiece, explosive boiling occurs with
rapid formation and expansion of vapor bubbles. The absorption mechanism is based
on the excitation of an electron by several photons which is referred to as multiphoton
ionization (MISHRA & YADAVA 2015). The material absorbs the pulse energy very
quickly while maintaining a constant density. Imbalances in the form of extreme
pressures and temperatures build up and accelerate the ionized material rapidly along
shock wave fronts (see Figure 8, right). A directed particle cloud then forms above
the area of influence of the laser, which, at high laser intensities, turns into a plasma
cloud (LEITZET AL. 2011). There is almost no heat transport to the surrounding matter
(CHICHKOV ET AL. 1996).

short laser pulse ultrashort laser pulse
\ /
\ /
\ [ e d \\ //
\ | ejecte shock waves e
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vapor/
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Figure 8: Ablation by short (left) and ultrashort (right) laser pulses; adapted from
DESBIENS & MASSON (2007, p. 55) and LEITZET AL. (2011, p. 231)

Especially for low intensities, this leads to a high machining precision with a low heat
impact to the surrounding material, qualifying ultrashort laser pulses for
micromachining. In order to remove as much material as possible per laser pulse and
thus achieve a high process efficiency, the interactions between material-specific
parameters and the characteristics of the laser radiation must be taken into account
(NEUENSCHWANDER ET AL. 2014).

30



2.3 Laser materials processing

2.3.5 Laser drilling and ablation

According to DIN 8580, both drilling and ablation are processes that leave defined
geometric structures on the workpiece by removing material from its surface. Based
on classical definitions, drilling designates the production of circular, cylindrical, or
conical structures in which the ratio of depth to diameter of the structure is of the
order of one or higher. The term ablation refers to the creation of structures that
feature arbitrary two-dimensional shapes on a workpiece surface, where the depth is
generally by far less than the largest lateral dimension (HUGEL & GRAF 2009, p. 329).

From a production perspective, drilling with laser radiation is appropriate whenever
conventional drilling methods reach their limits. These limits can be due to a
challenging machinability of the employed material, or they can be of an economic
or a geometric nature. For instance, the minimum drill diameters achievable with
mechanical tools are significantly coarser than those achievable with highly focused
laser radiation (HUGEL & GRAF 2009, p. 352). In contrast to single-pulse drilling,
where the final drill structure is generated by a single pulse, in percussion drilling
laser pulses are applied repeatedly onto the same spot (PATWA ET AL. 2013). This
allows for higher structure depths and aspect ratios (AR), which denote the ratio of
the depth of a structure to its lateral dimensions. In the case of a bore hole, the AR is
the ratio of the bore hole depth Dn to the bore hole diameter ds at the surface:

Dy

AR =
dy

(2 - 25)

Laser drilling and ablation have been established as the preferred technologies for
micro materials processing and are used in a wide range of applications, such as
micro-optics, micro-electronics, microbiology and micro-chemistry (MISHRA &
YADAVA 2015, p. 90, DUET AL. 2012, DEMIR ET AL. 2013). A comprehensive review
on pulsed laser drilling was provided by GAUTAM & PANDEY (2018). Lasers with
pulse durations in the order of femto- to microseconds and wavelengths from the deep
ultraviolet to the mid-infrared range are industrially used. Due to its inherent
geometric flexibility and the achievable processing speed (JAEGGI ET AL. 2013), one
laser system may substitute a multitude of mechanical tools (DUBEY &
YADAVA 2008).
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2.3.6 Beam guidance and shaping

In order to place and dynamically move the focus of the laser beam on the workpiece,
optical focusing and beam guidance elements are required. A distinction is made
between two fundamentally different technical systems, fixed optics and scanner
optics. In fixed optics, the laser beam is shaped by optical elements, e.g. lenses, in
such a way that the laser beam is focused at a defined processing distance outside of
the fixed optics. The beam is deflected by moving the entire optical system (or the
workpiece) with external handling devices, e.g. linear axes or robots. In contrast,
scanner optics additionally contain elements for beam deflection, with which the laser
beam can be positioned in a defined working field. As depicted in Figure 9, this
function is usually realized via rotating mirrors, which, due to their orthogonal
arrangement, allow a highly dynamic two-dimensional deflection of the laser beam.
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Figure 9: Internal structure and operating principle of scanning optics; adapted
from HUGEL & GRAF (2009, p. 95)

Focusing can be achieved either by lenses arranged in the beam path before or after
the mirrors. The latter are referred to as f-theta lenses (HUGEL & GRAF 2009, p. 96).
They ensure that the focal point is always located in the working plane perpendicular
to the optical axis of the lens during scanning. Due to the highly dynamic beam
deflection, scanner optics are used for ablation, cutting, structuring, welding, and
laser beam melting in additive manufacturing. Even though the forces required for
beam deflection are small due to the low mirror masses and inertias, limitations arise
at high deflection speeds or accelerations (JAEGGI ET AL. 2012). For applications with
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the highest demands concerning the velocity of the laser beam on the workpiece
surface, polygon scanners are also used, in which a continuously rotating multi-facet
wheel provides the feed rate, whereas the fine positioning continues to be carried out
via galvanometer mirrors (DE LOOR 2013). These polygon scanners enable beam
deflection speeds of several hundreds of meters per second and continue to gain
importance in the industrial processing of large surface areas (VAN DER STRAETEN ET
AL. 2018).

2.4 Concluding remarks

In the preceding sections, the fundamentals of lithium-ion batteries (section 2.2) as
well as laser materials processing (section 2.3) were presented. On the basis of an
overview regarding the design and the operating principles of lithium-ion batteries,
electrochemical fundamentals were outlined. A special focus lay on the
understanding of the cell-internal ion transport. The occurrence of lithium
concentration gradients throughout the electrode pore structure was discussed and
related to the electrode morphology. The conclusion was drawn that electrode
morphology modifications may have the potential to enhance the ion transport within
the cell and thereby improve the fast charging and discharging characteristics. Section
2.2 was concluded with an overview on the production processes of lithium-ion
batteries.

Section 2.3 then provided the background information on laser materials processing.
Here, the emphasis was set on the pulsed mode of laser operation and the use of laser
pulses for the generation of defined structures in workpieces. Finally, a short
overview of technical systems for beam guidance and shaping was given.

The two research fields considered in sections 2.2 and 2.3 form the foundation on
which the state of the art for laser structuring of electrodes for lithium-ion batteries,
which is explained in chapter 3, is based. Thus, in the further course of this work, an
overview of previous research on the generation of structured electrodes is presented.
Available experimental and numerical investigations on the influence of electrode
structures on the cell properties will also be discussed.
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3 State of the Art

3.1 Chapter overview

As described in sub-section 2.2.7, numerous research activities have been dedicated
to intentionally altering the pore morphology of the electrodes of lithium-ion batteries
in order to enhance their performance. In many of these studies, the ion transport in
the electrolyte was identified as the limiting factor for the performance of lithium-ion
batteries. The approach to enhance the ion transport through the porous electrode,
which is pursued in this dissertation, is the introduction of additional cavities into the
anode. These aim at simplifying and shortening the ion transport paths and thus
reducing the mean tortuosity (cf. Figure 1). Focused laser radiation is one possible
tool to create these cavities in a subtractive process by the precise removal of a small
volume fraction of the anode coating (SAUTER 2012).

Chapter 3 offers an overview on the state of the art concerning the morphology
modification of lithium-ion battery electrodes. Section 3.2 specifically focuses on
laser structuring of electrodes, while in section 3.3 alternative processes for the pore
morphology modification are discussed. In section 3.4, numerical approaches for the
modeling of structured electrodes are provided, whereas in section 3.5, the state of
the art is summarized and the need for action is derived. Throughout chapter 3, both
cathode and anode modifications are discussed, although the scope of this dissertation
is confined to the processing of anodes.
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3.2 Laser structuring of electrodes

General remarks

In addition to the subsequently discussed findings on the modification of porous
electrodes by laser radiation, numerous publications on the laser-based processing of
thin-film electrodes exist (KiMm ET AL. 2014). These types of electrodes are typically
applied in low-energy batteries and small-scale applications such as micro-electro-
mechanical systems (MEMS). The dimensions of these batteries are usually between
1 and 10 mm?, including all housing components (ROBERTS ET AL. 2011). In contrast
to the production of porous thick-film electrodes by slurry coating (cf. sub-section
2.2.8), the application of the thin electrode films is performed by chemical or physical
vapor deposition of the active materials. The resulting film thicknesses usually do not
exceed a few micrometers (ROBERTSET AL. 2011). An overview regarding advances
in the field of laser-based thin-film electrode processing is given by PFLEGING (2018)
and reference is made to several publications from his research group, e.g. KOHLER
(2014), KOHLER ET AL. (2013), and PROLL ET AL. (2013). The physical effects
occurring in the laser treatment of the thin-film electrodes differ significantly from
those in batteries comprising porous thick-film electrodes. For example, KOHLER ET
AL. (2013) observed the formation of conical, self-organized surface structures on the
sub-micrometer scale when irradiating lithium cobalt oxide (LiCoO, LCO) thin-film
electrodes. Such effects are not examined in this thesis. For this reason, a discussion
of the publications regarding thin-film batteries is not included below. Likewise,
related processes, such as laser cutting of electrodes, which was assessed e.g. by
SCHMIEDER (2016), KRONTHALER ET AL. (2012), LUETKE ET AL. (2011), and LEEET
AL. (2013), will not be discussed in detail in this thesis.

Various patterns for the laser structuring of thick film electrodes have been introduced
in the literature described in the forthcoming paragraphs. In principle, a distinction
can be made between grid (Figure 10 a)), line (Figure 10 b)), and hole structures
(Figure 10 c)), whereby the grid structures consist of intersecting lines. The spacing
between the lines or holes as well as other structure parameters (e.g. diameter, depth,
conicity etc.) were varying depending on the production process. The electrode
recipes and laser process parameters are described in detail in the respective
publications, which is why they are not included exhaustively in the following
explanations.
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Figure 10:Schematic illustration of typical patterns for the structuring of electrodes;
a) grid structure, b) line structure, c) hole structure

Laser structuring of cathodes

PROLL ET AL. (2015) and PROLL ET AL. (2014) produced four different types of
LiMn20O4 cathodes by laser printing. Type 1 of the cathodes remained untreated,
type 2 was calendered, type 3 was laser-structured without calendering, and type 4
was first calendered and then laser-structured. A grid was chosen as the structuring
pattern. The authors used a femtosecond laser operating at a wavelength of 515 nm,
a repetition rate of 200 kHz, a laser power of 25 mW, and a pulse duration of 350 fs.
The different cathodes were installed in half cells (lithium metal as anode) and
underwent various electrochemical tests. The calendered and laser-structured
electrodes (type 4) showed the best results, both in terms of the C-rate capability and
the capacity loss at the 35" cycle which was used as a measure for the cell aging.

A pulsed nanosecond laser and a femtosecond laser were used by SMYREK ET AL.
(2015) and SMYREK ET AL. (2016) in order to generate cavities in NMC cathodes.
They introduced both line and grid structures into the cathode coating and then
conducted electrochemical tests in half cells versus lithium metal. The cells with
laser-structured electrodes showed a higher specific capacity in the C-rate discharge
tests than their unstructured counterparts. However, the loss of the NMC due to laser
structuring, which results in a decrease in the energy density of the electrode, was not
specifically mentioned.

In a subsequent study, the loss of cathode active material was quantified by
RAKEBRANDT ET AL. (2017) to be in the range between 9 and 15 %. For structuring,
a femtosecond laser was employed emitting laser pulses with a pulse duration of
380 fs, a wavelength of 515 nm, a repetition rate of 200 kHz, and an average power
of 2 W. A pattern of parallel lines with a pitch distance of 200 um was produced
while applying scanning velocities in the range of 500 to 1500 mm/s. Three different
electrode types were electrochemically characterized in C-rate discharge tests, each
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of them with and without the induced line structures. For all three electrode types, an
increased discharge capacity could be determined due to laser structuring, especially
at higher discharge currents. Similar observations regarding the high current
capability of NMC cathodes with laser-induced line structures were made by PARK
ET AL. (2019) and ZHU ET AL. (2019).

PROLL (2014) investigated the laser structuring of NMC electrodes for his dissertation
with a focus on the creation of capillary structures. To create the capillaries, line
structures were introduced into the active material by directing the laser beam over
the electrode at a continuous velocity. This way, an overlapping of the pulses was
achieved (cf. sub-section 2.3.3). In addition to an improved high-current capability,
PROLL (2014) observed an enhanced wettability with the electrolyte fluid. In lifetime
tests, in which the formation of the cells was started immediately after the electrolyte
filling, the cells with structured electrodes showed slower aging. This was attributed
to a higher degree of wetting at the commencement time of the formation process.
The improved wettability was also reported by PFLEGING & PROLL (2014) and
PFLEGING ET AL. (2014). Furthermore, PROLL (2014) established a model hypothesis
regarding the removal process of the electrode coating, in which he refers to
preliminary work by SLocoMBE & LI (2000) on the ablation of metal-polymer
composites. This hypothesis states that the removal of the coating is not only due to
the evaporation of the active material but also due to the thermal heating of the
processing zone and its surroundings, which includes a fast heating of the binder.
Since the binder evaporates at a much lower temperature, whole active material
particles can be ejected without exceeding their evaporation or melting temperature.
On the one hand, this results in a more efficient use of the introduced laser energy,
since not all the active material is evaporated. On the other hand, it may result in
structuring geometries that can be significantly larger than the laser beam diameter at
the focal point. This theory was later referred to by PFLEGING ET AL. (2016) in a
manuscript on laser-based electrode processing.

MANGANG ET AL. (2014), MANGANG ET AL. (2015), and MANGANG ET AL. (2016)
studied the pulsed laser structuring of LFP cathodes. Based on the results of SMYREK
ET AL. (2016), they found out that laser structuring resulted in an enhancement of the
C-rate capability of LFP cathodes. In addition, they observed that the material
removal rate varied depending on the laser beam source used (pulse durations 200 ns
to 350 fs), with shorter pulses yielding an improved ablation efficiency. An increased
melt formation on the structure flanks was found for longer laser pulses, while melt
formation in the femtosecond range could be suppressed. The abovementioned results
were summarized by PFLEGING (2018) and PFLEGING & GoTcu (2019).
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A technological overview on applications of ultrafast laser processing was presented
by MOTTAY ET AL. (2016). Battery applications, and especially the structuring of
cathode materials were the focus of the review. The authors concluded that many
future commercial applications will benefit from the progressing advancements in
laser system technology, enhanced knowledge about laser-matter interaction, and the
further development of high-speed beam deflection systems.

Laser structuring of anodes

Compared to the multitude of publications on laser structuring of the cathode, laser
structuring of the anode has received much less attention to date. The focus of the
existing work was on the structuring of silicon-containing anodes with the aim of
compensating for the high volume expansion of the silicon during charging by
creating void volumes within the electrode layer. For this purpose, silicon-graphite
composite anodes were structured by ZHENG ET AL. (2017A), ZHENG ET AL. (2017B),
ZHENG ET AL. (2018), and ZHENG ET AL. (2019A) using laser radiation. A grid
structure was chosen so that the remaining “micro-pillars” could expand into the
additionally created void volume. As a result, an improved C-rate capability could be
achieved combined with a reduced degradation at the end of the cell testing.
Additionally, ZHENG ET AL. (20198B) used laser-induced breakdown spectroscopy in
order to experimentally determine the spatially resolved lithiation degree of the
anodes, e.g. after a fast charging process.

Although PROLL (2014) focused on the laser-assisted modification of cathodes (cf.
previous paragraph on the laser structuring on cathodes), he presented some
investigations of cells with laser-structured graphite anodes as part of his dissertation.
For structuring, a pattern of parallel lines with a 200 um line spacing was chosen
(PROLL 2014, p. 133). The applied nanosecond laser pulses (t,=200ns) at a
repetition rate of 80 kHz, a laser power of 8.5 W and a scanning velocity of 200 mm/s
caused the removal of a significant share* of the graphite coating. In electrochemical
tests in pouch cells with NMC cathodes, the cells with the laser-structured anodes
failed quickly. Lithium-plating was suggested as the main reason for the failure, as
some lithium ions coming from the cathode could not intercalate into the remaining
graphite (PROLL 2014, p. 197). Due to the high material removal from the anode, the
area-specific capacities of the anode and the cathode were no longer correctly
matched. The work of PROLL (2014) shows that the share of removed material at the
anode must remain very low in order to not considerably alter the ratio of the area-
specific capacities of cathode and anode (also referred to as balancing). Alternatively,

4 approx. 30%, estimation of the author of this thesis by analysis of Figure 6-80, p. 133 (PROLL 2014).
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a higher anode loading could be deliberately applied prior to structuring in order to
achieve the desired balancing after structuring. However, such approaches were not
further pursued within the work described.

KIMET AL. (2018) fabricated thick and highly compressed graphite anodes with three
different loadings (1.15, 4.00, and 5.50 mAh/cm?2), introduced pores by laser
structuring, and assessed the C-rate capability during fast charging. A significant
increase of the average specific capacity during charging was observed due to laser
structuring, but only for the electrodes with the highest loading (5.50 mAh/cm?).
Post-mortem analyses of the cells proved a more uniform lithium intercalation for
laser-structured anodes.

YANG ET AL. (2019) provided process investigations regarding the laser ablation of
graphite anodes with the aim to establish a relation between the laser pulse energy
and the resulting ablation dimensions. Furthermore, they found that the graphite
particle size has an influence on both the structure dimensions and the heat affected
zone.

WATANABE ET AL. (2019) investigated whether a complete perforation of the anode
and the cathode can be exploited to perform a pre-lithiation. The aim of this process
Is to avoid capacity reductions due to an irreversible lithium loss in the first charge
and discharge cycle during formation. It was demonstrated that a perforation can
facilitate the pre-lithiation process. Other effects of the perforation were not
examined in this study.

Interim conclusion

The generation of structures in the microporous lithium-ion electrodes by means of
laser radiation has received much attention in the scientific community in the last
decade. The authors focused mainly on the modification of the cathode coating, and
most of the common cathode active materials were considered. As structures, mostly
lines were introduced, which in some cases overlapped forming grid structures (cf.
Figure 10). To analyze the effects on the electrochemical behavior of the lithium-ion
cells, discharge C-rate tests and cyclic voltammetry in half-cells with a metallic
lithium anode were performed. The results consistently show an improved C-rate
capability of cells with laser-structured cathodes, which is expressed by increased
specific discharge capacities at high discharge currents. The findings are explained
by an improved ion transport in the electrolyte enabled by the laser-induced cavities.
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It should be noted that, in many publications, only the specific usable capacities
during discharging are provided. This is problematic as the structuring of the cathode
results in a loss of active material and thereby electrode capacity, while the electrode
volume remains constant. In practice, laser structuring of the cathode may result in a
gain in usable capacity at high discharge C-rates, but at the cost of a loss of the
nominal capacity of the cell. In order to ensure comparability, the loss of active
material and thus in the energy density of the electrode would have to be
compensated, for example by reducing the porosity through higher compaction. So
far, the current state of the art still lacks a sophisticated analysis that compares the
potential benefits of structuring the cathode with the potential negative effects due to
material removal.

Compared to the large number of studies aiming at the laser structuring of the
cathode, the laser structuring of the anode has so far been considerably less
intensively explored. This is remarkable, since graphite anodes typically have a
higher tortuosity in the preferential direction of lithium transport than cathodes (cf.
sub-sections 2.2.6 and 2.2.7) due to the flake-like shape of the graphite particles
(EBNER ET AL. 2014). Thus, laser structuring can be expected to offer a particularly
high potential to enhance the effective diffusion coefficient by reducing the electrode
tortuosity (cf. eq. 2 - 14) and improving the ion transport upon charge and discharge.
Until now, the state of the art for laser structuring of anodes has lacked experimental
investigations on the fast charging performance of laser-structured anodes. Especially
the occurrence of lithium-plating has not been adequately explored. Furthermore,
although the approaches to explain the laser-induced improvements are plausible and
intuitive, they lack a scientific model-based substantiation.

In this context, numerical simulation is of particular importance. It enables the
calculation of the effects of morphological changes of the electrodes on the properties
of the cell. Before the work in this research area is discussed in section 3.4, alternative
processes for the structure generation in electrodes are considered in the following
section.

3.3 Alternative electrode structuring processes

Laser structuring is only one of many potentially suitable processes for the creation
of electrodes with 3D features such as line, grid, or hole structures. Various other
concepts for the production of such electrodes can be found in the literature. Even
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though most of the processes mentioned are still in an early development stage, they
will be briefly discussed below.

In 2014, SAUTER (2012) from the Robert Bosch GmbH in Germany disclosed a patent
on the structuring of electrodes, regardless of the structuring pattern and production
process. The patent names a number of processes that can potentially be used to
produce structured electrodes. These include the embossing of indentations with a
mechanical tool, e.g. pre-structured rollers, drying the electrode slurry in such a way
that drying cracks are formed which then serve as ion transport paths, and the layered
build-up of electrodes in printing processes. Scientific publications exist for all of
these techniques, some of which are mentioned hereafter.

KIM ET AL. (2007) used a laser printing process (laser direct write, LDW) to create
discrete LCO electrode structures. LDW processes have been widely used in the
production of micro batteries, but a transfer to large-format battery cells, e.g. for
automotive applications, does not seem economically feasible at present.

BAE ET AL. (2013) iteratively co-extruded, assembled, and sintered LCO feed rods in
order to create fine hole structures with hole diameters of approx. 6 um. The channel
spacing was adjustable down to 15 pum and improvements in electrode kinetics were
achieved. BAE, et al. (2012) also patented a co-extrusion process in which electrode
structures can be produced using a special print head. The potential of this technology
was later analyzed by CoBB & BLANCO (2014) and CoBB & SOLBERG (2017) using
numerical simulations (cf. section 3.4). Especially for high areal loadings of the
electrodes, enormous improvements of the C-rate capability were numerically
predicted. Publications on experimental work are not known. However, the
technology is being developed commercially (PARC 2020).

LEE ET AL. (2018) manufactured electrodes with various NMC slurry formulations,
so that cracks in the coating appeared during drying (so-called mud-cracking). These
cracks were to serve as additional ion transport paths. Since the intended
enhancements in the Kkinetic behavior of the electrodes could not be clearly
demonstrated in cell tests and, in addition, premature aging of the cells was detected,
the authors concluded that the electrical conductivity also needs to be examined for
electrodes produced in this manner.

MAUREL ET AL. (2019) printed the electrodes for an LFP-graphite battery using Fused
Deposition Modeling (FDM). In this initial study, the focus of the considerations was
the fabrication of the printing filament, which must contain the electrochemically
active materials and additives in order to obtain the required mechanical flexibility.

42



3.3 Alternative electrode structuring processes

Due to its complexity, this process will not be able to compete with conventional
processes in electrode production for large-format lithium-ion cells in the foreseeable
future.

In the context of his dissertation on laser processing of cathode materials (cf. section
3.2), PROLL (2014) analyzed an embossing process using a profiled calender roll.
This method, however, led to an excessive compaction of the structure flanks, since
ultimately no active material is removed from the electrode but rather displaced
towards adjacent areas. The displacement in the direction of the structure flanks
locally reduced the porosity in these areas, which resulted in a blockage of the lithium
transport routes. Therefore, PROLL (2014) questioned whether the desired effect of
an electrochemical activation by a reduction of the tortuosity can be achieved by
mechanical structuring methods.

Interim conclusion

Several different methods to generate structures in electrodes have been assessed in
the scientific community. The variety and versatility of the processes examined
underlines the importance of the matter. Especially the generative and additive
processes (e.g. printing and extrusion) have a unique appeal, as they do not involve
any loss of active material compared to subtractive processes, such as laser
structuring. This can potentially lead to cost savings, even though, from today's
perspective, the throughput times, and thus also the processing costs, do not appear
to achieve competitiveness within a foreseeable future.

As described in section 2.3, developments in the field of laser technology continue to
advance at a rapid pace. This applies both to the beam generation and the beam
deflection. New pulsed beam sources with higher average powers are under
continuous development and enable greater area processing rates. In the field of beam
deflection, the technological advances allow for an increasingly high-precision and
yet faster processing. Finally, the processing speed, the processing costs, the
integrability into existing production plants, and the created technical benefit will
decide upon whether structuring of the electrodes is economically feasible and which
process will prevail in an industrial production scenario.
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3.4 Modeling and numerical simulation of structured electrodes

Most of the work on the numerical simulation of the electrochemical processes in
lithium-ion batteries with porous intercalation electrodes is based on the work of
DOYLE ET AL. (1993) and FULLER ET AL. (1994). They developed a one-dimensional
model, extended by a pseudo-dimension in the porous phase, to describe the
concentration of ions in the particles of the active material and the electrolyte (cf.
sub-section 2.2.4). This so-called Newman model consists of three domains (cathode,
anode, and electrolyte) and two phases (solid and liquid), whereby electrical
conduction only occurs in the solid phases of the anode and the cathode. The one-
dimensional approach is enabled by defining an imaginary straight line orthogonally
through the electrode-separator plane. In the electrode domains, it is assumed that
both active material (represented by the radial pseudo-dimension) and electrolyte are
present at each point. Therefore, the model is commonly designated as homogenized
and pseudo-two-dimensional (p2D). The publications discussed in the following are
based on the considerations by DOYLE ET AL. (1993) and FULLER ET AL. (1994),
whereby the models were adapted for the respective batteries under consideration.

CoBB & BLANCO (2014) and CoBB & SOLBERG (2017) used the finite element
method (FEM) software COMSOL Multiphysics® (COMSOL INC. 2020) in order to
three-dimensionally depict the electrode structure that resulted from their newly
developed co-extrusion process (cf. section 3.3). Spherical cathode material particles
were implemented, resulting in isotropic diffusion properties within the electrode.
The trenches caused by the extrusion process were assumed to be filled with the liquid
electrolyte, thus showing a tortuosity of T = 1 in all spatial directions. Most model
parameters were derived from literature.

NEMANI ET AL. (2015) developed a 2D model for the calculation of charge and mass
transport processes in LCO-graphite batteries. The graphite anode featured a strong
tortuosity anisotropy (cf. EBNER ET AL. (2014)) and the additionally introduced
channel structures were implemented by assuming a tortuosity of t = 1 (for the
definition see eq. 2 - 12 on p. 16) in both considered spatial dimensions. The model
was used to carry out a purely numerical study, which led to the conclusion that many
finely distributed structures are more beneficial for the electrode kinetics than a few
coarse structures. For reasons of comparability, the volume taken up by the
introduced pores was kept constant. Furthermore, NEMANI ET AL. (2015) found that
a conical shape of the structures (opening towards the separator) resulted in higher
C-rate capability enhancements than a cylindrical structure. This was attributed to the
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increasing ionic current density close to the separator. Most of the model parameters
were adopted from the scientific literature. An experimental model calibration or
validation was not performed within the context of the described work. Furthermore,
no production process was explored in order to create the structures.

Interim conclusion

The modeling of the electrochemical processes in lithium-ion cells has led to
numerous publications over the last years. Most of the publications are based on the
Newman model, which contains the fundamental cell-internal balance equations. The
few existing research papers on the modeling of lithium-ion batteries containing
electrodes with additional cavities were discussed above. These studies predict very
encouraging effects of structuring, especially with respect to the enhanced ionic
transport properties of the electrodes. So far, however, no experimentally calibrated
or validated model exists that relates the numerical calculations to experimentally
acquired data from cell analyses. This circumstance limits the applicability of the
existing models and unveils the potential for further research.

3.5 Conclusion and need for action

Based on the fundamentals provided in chapter 2, chapter 3 described the state of the
art in the field of structured electrodes for lithium-ion batteries. Section 3.2 provided
a comprehensive overview of existing approaches for laser structuring of the
electrodes. Various publications have been issued in this area of research in recent
years. A large part of these works deals with laser structuring of the cathodes, while
laser structuring of the anodes has been studied much less intensively. Although the
underlying idea of a tortuosity reduction of the electrodes does not depend on whether
structuring of the anode or the cathode is performed, the research gap in the field of
anode laser structuring is significant. Especially since the anode is often characterized
by a much higher tortuosity, the improvements due to the laser-induced pores at the
anode should be substantial. Furthermore, only few considerations of the rapid
charging capability of lithium-ion cells with laser-structured anodes exist. However,
predominantly this area of research promises enormous potential, as the rapid
charging capability of lithium-ion cells is one of their most crucial characteristics.
Especially in the automotive sector, the fast charging capability is a very important
criterion for customer acceptance and the market success of the lithium-ion
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technology. The avoidance of lithium-plating (cf. sub-section 2.2.5) is a crucial
prerequisite in this context.

Section 3.3 covered alternative electrode structuring processes. These processes
usually serve the same goal of reducing the electrode tortuosity. The generative
processes, such as printing or extrusion processes, appear particularly promising, as
they potentially enable a structure creation without material loss. However, these
processes are hardly compatible with the conventional, cost-efficient electrode
production (cf. sub-section 2.2.8). Laser removal processes, on the other hand,
already exhibit a high process speed due to the ever-rising power of the industrially
available beam sources and rapid developments in the field of beam deflection. Since
laser structuring can be carried out on conventional electrodes as an additional
process step, the integration into the existing battery production process (cf. Figure
5) appears to be feasible. However, no research is currently known that has
considered the scaling of the structuring process of electrodes beyond laboratory
experiments and in which industrially relevant cells with laser-structured electrodes
have been produced.

Section 3.4 provided a brief overview of existing work in the field of modeling and
numerical simulation of lithium-ion batteries with structured electrodes. The
presented work suggests significant enhancements of the lithium-ion transport
properties by structuring. However, prior to the publication date of the papers
prepared by the author in the context of this dissertation, no experimentally supported
or validated model existed to describe the electrochemical effects of structured
electrodes on intracellular processes.

The prevalent research deficit is summarized below. The following remarks refer to
the state of the art at the respective time of the publications issued according to the
research findings section (chapter 5) of this dissertation.

e Very few publications describing the potential of laser structuring of graphite
anodes to enhance the performance of lithium-ion batteries exist. In particular,
there is a lack of studies on the influence of hole structures, which are promising
in that they lead to a low active material removal. Furthermore, there is a research
deficit in the field of fast charging of lithium-ion cells with laser-structured
anodes, especially with a focus on the occurrence of lithium-plating.

e The available models for the description of the cell-internal mass and charge
transport are not able to precisely depict the processes in batteries with laser-
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structured anodes. Experimental model calibration or validation approaches are
not known to date.

e The accelerated electrolyte uptake of laser-structured electrodes has already been
identified on a laboratory scale. However, the state of the art lacks investigations
of this phenomenon under production-like conditions that allow an assessment of
the quantitative potential of this technology, e.g. in terms of increasing the speed
of the wetting process.

e Studies regarding the integration of the laser structuring process into battery
production are scarce. For an economic industrialization, a high process speed is
required. Since modern pulsed laser beam sources operate at increasingly high
pulse repetition frequencies, the further development of powerful beam
deflection systems is necessary.

The abovementioned unresolved issues justify the need for action and provide the
basis for the research approach, which is presented in the following chapter and which
was pursued over the course of this publication-based doctoral thesis.
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4.1 Chapter overview

This chapter outlines the scientific objectives of this thesis and the pursued research
approach, which led to the publications discussed in chapter 5. The state of the art
described in chapter 3 serves as a foundation. In section 4.2, the overall objective is
initially specified from which sub-objectives are derived. These sub-objectives
constitute the framework for the methodical approach presented in section 4.3. The
integration of the six publications, which form the research core of this work, into the
methodology is also provided in this context.

4.2 Scientific objectives

The global objective of this thesis is to improve particular characteristics of lithium-
ion batteries by introducing additional structures into the porous anode by means of
pulsed laser radiation. The structures are intended to ease the lithium-ion transport
through the anode, resulting in a reduction of overpotentials during fast charging and
discharging (cf. sub-section 2.2.4). Expected effects include a higher usable capacity
during discharging and a reduced occurrence of lithium-plating (cf. sub-section 2.2.5)
during fast charging. These benefits are to be experimentally demonstrated and
substantiated by a model in order to numerically derive quantitative insights
regarding the intracellular processes. Production-related aspects, such as the
reduction of the process time of the electrolyte wetting in cell production (cf. sub-
section 2.2.8) and the rate of the structure generation itself, will also be considered.
Five sub-objectives (SO) characterizing the need for action prior to this thesis (cf.
section 3.5) can be derived and are listed below.
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SO1:

SO2:

SO3:

SO4:

SO5:

Qualification of the laser as a tool for beneficial anode structuring

The applicability of pulsed laser radiation to generate structures in graphite
anodes is to be proven. A fundamental demonstration has to be provided that
the structuring of the anode has a positive influence on the discharge C-rate
capability.

Determination of performance improvements (charging and discharging)

The impact of laser structuring on various cell characteristics must be explored
in further detail. Experimental investigations on the charging and discharging
performance at different temperatures have to be carried out. The influence of
the laser-induced structures on the occurrence of lithium-plating has to be
examined.

Knowledge gain on the charge transport in laser structured anodes

A model of a structured anode is to be developed, on the basis of which
electrochemical simulations can be carried out. The aim of these simulations
Is to gain an in-depth understanding of the charge carrier transport and to
obtain quantitative information, e.g. on lithium concentration gradients. The
model is intended to provide the basis for an application-specific electrode
design.

Proof of accelerated electrolyte uptake under near-industrial production
conditions

It must be examined whether the laser structuring of the electrodes can
significantly accelerate the electrolyte wetting during cell production. For the
investigations, the production conditions have to be close to the industrial
practice.

Identification of required technological advances and measures for
process acceleration

A production scenario is to be defined, which allows for an evaluation of the
laser structuring process under technological and economic aspects.
Challenges for increasing the process speed must be identified and addressed.

The research methodology ensuing from the sub-objectives is described in section 4.3
and schematically illustrated in Figure 11.
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4.3 Methodology and integration of the publications

This section provides a classification of the publications elaborated in the course of
the author's research activities on the basis of their thematic focus with regard to the
research objectives formulated in section 4.2. The classification and integration of the
publications into the methodology are summarized in Figure 11, while a more
detailed description of the core research findings is provided in section 5.2.

Feasibility study and process investigations m

* Qualification of the laser as a tool for the structuring of graphite anodes
* Demonstration of an improved C-rate capability during discharging

____________________________________________________________________________________

Experimental electrochemical research m
i« Study of cell characteristics at different temperatures
' « Demonstration of reduced lithium-plating and shortened charging times

____________________________________________________________________________________

Electrochemical modeling and numerical simulation SO3
\ + Development of a physical-chemical model for structured anodes
i « Model calibration and simplification with experimentally gained data
i « Simulation of the charge and discharge processes
'« Quantitative explanation of the enhanced ion transport

Measurement of accelerated electrolyte wetting m
|« Observation of the electrolyte wetting by neutron radiography
+ * Quantification of the wetting time reduction in production-like conditions

____________________________________________________________________________________

Technological assessment of the laser structuring process m
« Definition of a production scenario and process requirements @
 * Identification of technological challenges regarding the processing speed

____________________________________________________________________________________

Figure 11: Methodical approach, conceptual classification, and thematic focus of the
publications P1 to P6 with regard to the research sub-objectives (SO)
defined in section 4.2
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Feasibility study

Initially, process investigations for the laser structuring of graphite anodes are
required. In this feasibility study, the laser has to be qualified as a suitable tool for
the modification of the anode coating and advantageous process regimes for efficient
laser structuring have to be identified. The material removal and the structuring
pattern must be adjusted in such a way that the cell is still functional and no premature
failure, e.g. due to lithium-plating, occurs. Finally, the positive effect of the anode
structures on the C-rate capability of lithium-ion cells must be experimentally
confirmed, providing the basis for the succeeding investigations. This feasibility
study is represented by publication P1 as part of the methodical procedure shown in
Figure 11 and addresses SO1, which was introduced in section 4.2.

Experimental electrochemical research

Subsequently, experimental investigations on the electrochemical characteristics of
lithium-ion cells with laser-structured anodes compared to conventional cells must be
carried out. A study using electrochemical impedance spectroscopy (EIS) (ORAZEM
& TRIBOLLET 2017) is to be provided in order to compare the cell-internal resistances
(cf. sub-section 2.2.4). Discharge rate tests must be presented with a focus on the
performance at low temperatures. Special attention has to be paid to the experimental
detection of lithium-plating during fast charging. These investigations are presented
in the framework of publication P2 and address SO2.

Electrochemical modeling and numerical simulation

The publications P3 and P4 provide results that contribute to achieving SO3. First, a
3D FEM model of a lithium-ion battery containing laser-structured anodes has to be
developed. The model can build on well-established approaches for the modeling of
lithium-ion batteries (cf. sub-section 3.4). The geometric dimensioning of the
structures implemented in the model should be based on the structures generated for
P1. Electrochemical simulations of the discharge processes at different C-rates and a
comparison with the experimentally obtained measurement data are to be performed.
The results are to be used to acquire knowledge about the lithium concentration
throughout the electrodes (e.g. at the end of a discharge process), which may provide
a starting point for optimizing the electrode structures in future work. The procedure
specified here was implemented as part of publication P3.

The knowledge gained from the 3D model is subsequently to be used to establish a
simplified p2D model. Here, the reduction of the tortuosity due to laser structuring
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can be taken into account by adjusting the effective transport parameters of the
electrode (cf. sub-section 2.2.6). The aim is to reduce the computing times of the
calculations allowing for the efficient simulation of a large parameter space. The
focus of the subsequent numerical and experimental parameter study should be on
the quantification of the discharge capacity improvement by laser structuring of the
anode at different area loadings. In addition, the overpotential shares (ohmic,
diffusion and activation overpotentials, cf. sub-section 2.2.4) are to be quantified for
both the solid and the liquid phase. The development of the model discussed above
was presented in publication P4.

Measurement of accelerated electrolyte wetting

In order to demonstrate the accelerated electrolyte uptake of laser-structured
electrodes under near-production conditions, large format cells are to be produced.
Since the progress of the electrolyte uptake in these cells is difficult to measure in
situ, the cells are to be subjected to neutron radiography during wetting. This
measuring technique was applied recently for the first time to measure the wetting
degree of lithium-ion cells in production and offers the possibility to visualize the
electrolyte distribution within the cell (KNOCHE ET AL. 2016). By evaluating the
transient wetting degree, conclusions can be drawn about the fluid dynamic processes
during electrolyte wetting. This work is described in publication P5 and contributes
to the achievement of SO4.

Technological assessment of the laser structuring process

Based on a production scenario for electrodes, requirements for the processing rate
of the laser structuring must be determined in publication P6 assessing the laser
structuring process technologically and meeting the SO5. The requirements are to be
derived from the feasibility study, embodied by P1, as well as from the insights of the
electrochemical modeling investigations in P3 and P4. Based on this, specifications
for the laser beam source and the laser beam deflection unit can be derived. The
considerations aim at indicating the technological development requirements that
must be met for the future industrial integration of the laser structuring process.
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5.1 Chapter overview

Building on the methodical approach presented in section 4.3, this chapter presents
the research findings obtained in the context of this work. The results are provided in
the form of short recapitulations of the author's publications. After the short summary
of each publication, the respective contributions of the authors are briefly reviewed.
A classification of the core findings in reference to the state of the art is given in
section 5.3.

5.2 Recapitulation of the imbedded publications

5.2.1 P1: Femtosecond laser structuring of graphite anodes for
improved lithium-ion batteries: ablation characteristics and
process design

In publication P1 "Femtosecond laser structuring of graphite anodes for improved
lithium-ion batteries: Ablation characteristics and process design” (HABEDANK ET
AL. 2018A), the basic approach of the structure generation in the anode with pulsed
laser radiation was described. The structuring was performed using laser pulses with
a pulse duration of 400 fs and a maximum pulse energy of 40 pJ. Such short pulses
have the quality of inducing virtually no thermal damage to the surrounding material
(cf. sub-section 2.3.4). First, investigations on the ablation of the anode coating were
carried out. It was found that, even at the highest pulse energy of 40 pJ, several pulses
were necessary to achieve significant structure depths in the approx. 50 um thick
coating. Subsequently, the depths of the generated structures were determined for 6,
10, 100, and 1000 laser pulses and correlated to the applied pulse energy per irradiated
area. For this experiment, a low pulse repetition rate of 10 Hz was chosen in order to
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avoid any optical interaction between the consecutively applied laser pulses and
ejected ablation products. It was found that high pulse energies are crucial for an
efficient ablation process. Low pulse energies led to a lower structure depth, even if
the cumulated energy applied per structure was equalized by a higher number of
pulses. In accordance with this trend, a disproportionally high number of additional
pulses had to be applied to achieve a targeted structure depth of 40 um increasing the
overall energy input. Furthermore, it was discovered that the pulse repetition rate has
a significant influence on the ablation depth. For the purpose of determining that, the
structure depths were measured at repetition rates of 10 Hz, 100 Hz, 1 kHz, and
10 kHz. At high repetition rates, significantly lower ablation depths were observed.
This was attributed to shielding effects caused by ablated particles and plasma. The
studies on the repetition rate are of great importance for the practical process
execution. Related considerations are addressed in publication P6 in sub-section
5.2.6. In order to consider workpiece-related impacts on the ablation process, the
influence of the PVDF content of the electrode on the ablation depth was investigated.
For this purpose, anodes with binder contents of 2, 5, and 8 % were manufactured
and laser-structured. A lower binder content led to a significant increase in the process
efficiency, as significantly higher structure depths could be achieved for identical
process parameters. This trend was explained by the lower cohesive forces acting in
the electrode at a reduced binder content and supports existing observations by
SLOCOMBE & L1 (2000). The authors discovered that in laser machining of granular
composite materials containing a component with a low evaporation temperature (the
PVDF binder in the case of the graphite electrode), entire particles are removed by
thermal and shock-based effects. Accordingly, a complete vaporization of the
graphite, which was evaluated e.g. by LENNER ET AL. (2009), HOFFMAN ET AL.
(2014), and SINHA (2018), does not occur as even a comparatively low energy input
leads to the creation of holes of considerable depth. Consequently, the binder content
of the electrode is an important factor in the design of the laser structuring process.

Following the process investigations, three coin cells with structured anodes were
manufactured and compared to three conventional cells in a discharge C-rate test. A
pattern of hexagonally distributed holes with a distance of 70 um was selected as the
target structure. The depth of the structures was adjusted so that they nearly reached
the current collector. The diameter of the structures at the anode surface was approx.
25 pum. The aim of the measurements was to fundamentally demonstrate the
improvement of the discharge capacity at high currents by anode structuring, which
was expected based on the theoretical considerations on electrode kinetics (cf. section
2.2). At low C-rates from C/10 to 1C, no significant variations in the discharge
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capacity occurred, which suggested that no substantial damage to the remaining
graphite was caused with regard to its functionality as an anode material (e.g. by
thermal influences). This observation was confirmed in a cell aging study published
in P3. At higher C-rates from 2C to 5C, an enhancement of up to 20 % in the discharge
capacity was measured. This was attributed to lower cell resistances and reduced
overpotentials.

Within the framework of P1, for the first time, the positive effects of laser-based
anode structuring on the discharge capacity of lithium-ion cells at high C-rates were
demonstrated. Process analyses served as a basis and provided insights into the
ablation characteristics of porous graphite anodes. In the outlook section of P1, the
need for an electrochemical simulation model was derived aiming at a deeper
understanding of the effect of the anode structures. Such a model is presented in
publication P3 (sub-section 5.2.3) and refined in publication P4 (sub-section 5.2.4).
Furthermore, more detailed studies on the electrochemical properties of lithium-ion
cells with laser-structured electrodes were proposed. These are addressed in
publication P2 (sub-section 5.2.2).

Contributions of the authors

Jan Bernd Habedank, the author of this thesis, developed the idea for the laser
structuring of graphite anodes. He planned the experiments and was responsible for
the evaluation of the measurement data. Joseph Endres assisted within his master’s
thesis project in the execution of the experiments. The manuscript was written by Jan
Bernd Habedank and edited by Joseph Endres, Patrick Schmitz, Heinz P. Huber, and
Michael F. Zaeh. All authors discussed and commented on the findings. Jan Bernd
Habedank presented the results in a talk at the International Congress on Lasers and
Electro Optics (ICALEQO) in Atlanta, GA, USA in 2017.
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5.2.2 P2: Enhanced fast charging and reduced lithium-plating by
laser-structured anodes for lithium-ion batteries

Publication P2 "Enhanced fast charging and reduced lithium-plating by laser-
structured electrodes for lithium-ion batteries” (HABEDANK ET AL.2019A)
summarized experimental investigations which were carried out on the basis of
publication P1 in order to provide a deeper insight into the effects of laser structuring
of the anodes on electrochemical cell characteristics.

A laser emitting pulses with a duration of 150 ps was used to structure the anodes.
Hexagonally arranged holes with a center distance of 100 um were introduced into
the anode. Electrochemical impedance spectroscopy (EIS) measurements were
performed at temperatures of -15 °C, 0 °C and 25 °C for cells with laser-structured
anodes and conventional reference cells. Three OCV levels (2.7 V, 3.7 V, and 4.2 V)
were analyzed (cf. sub-section 2.2.4). The impedance of the lithium-ion cells with
laser-structured anodes was lower than that of the reference cells. Building on the
results from the publication P1, the current-dependent discharge capacity was
investigated in C-rate tests at varying temperatures (-15 °C, 0 °C, and 25 °C). Since
all charge and mass transport processes are slower at lower temperatures, the C-rate
capability of all cells was generally inferior at lower temperatures, which is expressed
in lower achievable discharge capacities. However, the cells with structured anodes
showed a significantly improved capacity across the entire temperature spectrum
compared to the conventional counterparts. The position and the level of the optimum
of the capacity improvement by structuring were different for each temperature. The
highest capacity increase at 25 °C was 9 % at a C-rate of 8C. At 0 °C, an increase of
21 % at 4C was observed. At -15 °C, an increase of 27 % at 2C was achieved. This
demonstrates that, when evaluating the potential benefits of laser structuring,
attention must be paid to the use scenarios of the lithium-ion battery.

The main focus of publication P2 was on the rapid charging characteristics and in
particular the occurrence of lithium-plating. As explained in sub-section 2.2.5,
lithium-plating denotes the deposition of metallic lithium on the anode and primarily
occurs during fast charging of the battery, especially at low ambient temperatures.
The detection of lithium-plating was carried out by evaluating the OCV curve after a
charging process. If lithium-plating occurred during charging, a characteristic voltage
plateau developed which persisted until the plated lithium re-intercalated into the
graphite. The occurrence of lithium-plating became even more apparent when the
differential voltage was considered, since a clear local minimum of the differential
voltage denotes the end of the posterior re-intercalation process. The two temperature
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levels of 0 °C and -15 °C were analyzed and different charging C-rates were applied.
It was shown that, with conventional cells, significant lithium-plating already
occurred during a charging process with 1C, which was expressed in a persistence of
the characteristic voltage plateau after charging of approx. 30 minutes. Cells with
laser-structured anodes showed hardly any evidence of lithium-plating for the same
charging procedure. When charged with 2C, lithium-plating occurred in both cell
types. However, the conventional cells were much more severely impacted. At a
temperature of -15 °C, the positive effects due to laser structuring were considerably
smaller. These measurements showed that at -15 °C, the ion transport processes in
the electrolyte and the associated diffusion overpotentials no longer have a defining
effect on lithium-plating.

Finally, the effect of structuring on the charging time was investigated when using a
common CCCV (constant current constant voltage) charging protocol, where a
constant current was applied until the upper cut-off voltage was reached (CC-phase).
Then, this voltage was maintained until the current fell below a specified threshold
(CV-phase). The charging time for the cells with laser-structured anodes was
significantly shorter because the upper cut-off voltage (cf. Figure 3) was reached at a
higher SOC, resulting in a shortened CV phase.

Publication P2 shows that laser structuring of the anodes of lithium-ion batteries
potentially enables higher charging currents while maintaining the cell safety,
especially in critical conditions regarding lithium-plating, e.g. at low temperatures.

Contributions of the authors

Jan Bernd Habedank planned, coordinated, and executed the experiments. Johannes
Kriegler supported in the experiment execution within the framework of his master’s
thesis. Jan Bernd Habedank and Johannes Kriegler analyzed the experimental data
and discussed the findings. The manuscript was written by Jan Bernd Habedank and
edited by Johannes Kriegler and Michael F. Zaeh. All authors commented on the
results.
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5.2.3 P3: Increasing the discharge rate capability of lithium-ion
cells with laser-structured graphite anodes: modeling and
simulation

In publication P3 "Increasing the discharge rate capability of lithium-ion cells with
laser-structured graphite anodes: modeling and simulation” (HABEDANK ET
AL. 2018B), reference was made to the results of the publication P1. A simulation
model was introduced, which numerically depicts the processes within a lithium-ion
cell with laser-structured anodes.

The test data of the cells with conventional, unstructured anodes from P1 were first
used for the experimental calibration of a p2D model, based on the work of DOYLE
ET AL. (1993) and FULLER ET AL. (1994). On this foundation, a homogenized three-
dimensional model was presented. The hexagonally arranged hole structures (cf.
publication P1, sub-section 5.2.1) allowed for the simplification of the model due to
the symmetry of the pattern, which was used as a means to reduce the computational
effort. The model takes into account the mass and charge transport in the cell and the
lithium transport in radially symmetrical particles (p2D approach, cf. section 3.4).
The calibrated parameter set of the p2D model was transferred to the homogenized
3D model and used for the numerical calculation of the transient voltage curve for
different C-rates.

The simulation results for the cells with structured anodes showed an excellent
agreement with the experimentally acquired data, both in the transient voltage curves
and in the measured discharge capacities. In accordance with P1, it was calculated
that, at low C-rates, no significant influence of the structures on the discharge
capacity is to be expected. This C-rate regime (C-rates at which laser structuring had
a negligible impact) was designated as stage 1. Furthermore, a C-rate regime was
identified in which the enhancements due to the structuring become particularly clear.
This regime was subdivided into two stages. In stage 2 there is an intensifying
beneficial effect of the laser structuring up to a maximum, after which, in stage 3, the
enhancements of the C-rate capability decline. This result was explained by a more
detailed consideration of the lithium-ion concentration in both the liquid and the solid
phases of the electrodes, allowing for an identification of the limiting mechanisms for
the three stages. While ohmic losses and the kinetics of charge transfer dominate in
stage 1, the overpotentials in the liquid phase gain importance in stage 2 (cf. sub-
section 2.2.4). The positive effect of the structures could thus be elucidated, as
significantly lower concentration gradients were calculated in the liquid phase
throughout the electrode. These, in turn, cause lower concentration gradients in the
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solid phase, which suggests a fundamentally more homogeneous de-lithiation of the
anode in the discharge process. In stage 3, i.e. at very high C-rates, the positive
influences of the anode structures decrease. Here, limiting effects increasingly occur
at the cathode, since an almost complete ion depletion of the electrolyte is achieved,
which results in high ion transport resistances. In addition, the lithium concentration
in the liquid phase of the anode increases significantly, which may lead to a reduction
of the ionic conductivity of the electrolyte.

The developed model thus not only contributes to the precise representation of the
processes in lithium-ion cells with structured electrodes, but can also serve as a basis
for an optimization of the electrode structure. A modification of the cathode structure
is explicitly encouraged within the framework of a future optimization process, as is
the adaptation of the structuring pattern. Hereby, not only the structure distances can
be changed, but also fundamentally different geometries, such as lattice or line
structures, can be numerically examined with minor adjustments to the model.

In addition to the published model and the numerical studies, a lifetime study with
NMC-graphite cells with structured and conventional anodes was presented within
the framework of the publication P3. While the three cells with structured anodes still
maintained more than 80 % of their original capacity after 1000 charge and discharge
cycles, two of the three conventional cells had already degraded and only provided
less than 70 % of their original capacity. Even if this study does not allow for
statistically reliable statements about the aging behavior of cells with structured
electrodes, the extended service life of the cells with laser-structured anodes was
interpreted as an indication that the structuring does not cause long-term damage.

The results published in publication P3 on the modeling of lithium-ion cells with
laser-structured anodes were further elaborated on in publication P4. These
continuative developments are briefly summarized in the following sub-section 5.2.4.

Contributions of the authors

Jan Bernd Habedank proposed the development of a numerical model to evaluate the
effects of anode structuring. He provided the experimental data, such as galvanostatic
measurements, SEM images, and information about the structure dimensions.
Ludwig Kraft performed the simulation studies and optimized the model parameters.
Alexander Rheinfeld developed the homogenized 3D electrode model. Christina
Krezdorn supported the model development within a student research project which
was supervised by Jan Bernd Habedank. The data was analyzed by Jan Bernd
Habedank, Ludwig Kraft, and Alexander Rheinfeld, who also elaborated the

61



5 Research Findings

manuscript together. Andreas Jossen and Michael F. Zaeh edited the manuscript. All
authors discussed the findings and commented on the results.

5.2.4 P4. Modeling and simulation of pore morphology
modifications using laser-structured graphite anodes in lithium-
ion batteries

Publication P4 "Modeling and simulation of pore morphology modifications using
laser-structured graphite anodes in lithium-ion batteries" (KRAFT ET AL. 2020)
followed up on the results from publication P3. The homogenized 3D model from
publication P3 was simplified to a p2D model in publication P4 by considering the
laser structuring of the anode merely as an adjustment of the effective transport
parameters, e.g. the tortuosity and the MacMullin number (cf. sub-section 2.2.6),
compared to the conventional anode. The spatial dimensional model reduction led to
a significantly lower computational effort, which allowed for a parameter study using
batteries with varying electrode characteristics.

A total of eight different cells (four different loadings: L1 =2.26 mAh/cm?,
L2 =2.50 mAh/cm?, L3 =2.90 mAh/cm?, and L4 =3.82 mAh/cm?, each laser-
structured and unstructured) were assessed, both numerically and experimentally.
First, the correlation described in section 2.2.7, meaning that a high area capacity of
the electrodes leads to a reduction of the specific cell capacity at high discharge C-
rates, was confirmed. For all four loadings, an increase in the specific discharge
capacity due to laser structuring was determined, both numerically and
experimentally. However, the C-rate regimes at which the improvements occurred
were different for each loading: For higher loadings, the enhancements due to laser
structuring (stages 2 and 3, see publication P3) were observed at lower C-rates, while
for lower loadings, the enhancements occurred at higher C-rates. These observations
are plausible, since electrodes with high loadings generally exhibit kinetic limitations
due to overpotentials already at lower C-rates compared to electrodes with low
loadings (cf. sub-section 2.2.4). Thus, the beneficial effects of laser structuring
already appear at lower C-rates for electrodes with high loadings (high-capacity
electrodes), enhancing their otherwise poor C-rate capability. The high degree of
congruence between the experimentally determined and the numerically calculated
values indicates a high model accuracy.

Subsequently, a purely numerical study was carried out to investigate the influence
of different levels of tortuosity reduction, as they may be achieved by different
structuring patterns. Starting from a reference value (z = 8.5), the attainable discharge
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capacity improvements for tortuosities from z = 7.5 to = = 3.5 were quantified. It was
discovered that, with decreasing tortuosity, higher discharge capacity enhancements
were achieved while the respective maximum enhancements tended towards higher
C-rates.

A numerical analysis was then carried out with the aim of attributing the occurring
overpotentials to their physical origin (cf. sub-section 2.2.4). First, a global analysis
of the cell consisting of the overpotentials in the anode, the cathode, the separator,
and the contact resistances was performed. A more detailed examination of the anode
followed. A distinction was made between the ohmic overpotentials in the liquid and
the solid phase, the diffusion overpotentials in the liquid and the solid phase, and the
activation overpotentials (cf. sub-section 2.2.4). It was found that the improvements
in the discharge capacity due to the laser structuring of the anode can be
predominantly attributed to a reduction of the diffusion overpotentials in the liquid
phase of the anode domain.

Publication P4 was concluded by a numerical investigation of the charging process,
i.e. the lithiation of the anode, with a focus on lithium-plating. The potential
difference between the solid and the liquid phase was used as a criterion for the
occurrence of lithium-plating (cf. eq. 2 - 10, sub-section 2.2.5). It was determined that
lithium-plating occurs at different charging C-rates and at different SOCs depending
on the anode loading. An improvement of the effective transport parameters in the
electrode, as achieved e.g. by laser structuring, showed a clearly positive influence
on the lithium-plating sensitivity in the numerical study. Furthermore, it was found
out that the structuring allowed for an increase in the charging C-rate, without risking
lithium-plating. Depending on the loading, the maximum allowable C-rate was
increased from 2.5C to 3.3C (L1), from 2.1C to 2.9C (L2), from 1.2C to 1.7C (L3),
and from 0.7C to 0.9C (L4). In practice, this has the effect of proportionally
shortening the battery's charging time in the CC charging phase. The numerical
calculations thus confirmed the experimental observations of reduced lithium-plating
from publication P2.

Contributions of the authors

Ludwig Kraft developed the idea of assessing the performance of lithium-ion cells
with laser-structured anodes with different area-specific capacities. He planned and
coordinated the acquisition of the data. Jan Bernd Habedank carried out the laser
structuring process of the graphite anodes. The data was analyzed and interpreted by
Ludwig Kraft and Jan Bernd Habedank. Alexander Frank and Alexander Rheinfeld
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supported the overpotential analysis. The manuscript was written by Ludwig Kraft
and edited by Jan Bernd Habedank and Andreas Jossen. All authors discussed the
data and commented on the results.

5.2.5 P5: Rapid electrolyte wetting of lithium-ion batteries
containing laser-structured electrodes: in situ visualization by
neutron radiography

For publication P5 "Rapid electrolyte wetting of lithium-ion batteries containing
laser-structured electrodes: in situ visualization by neutron radiography" (HABEDANK
ET AL. 20198B), the influence of laser structuring on a subsequent production process,
the electrolyte filling, was investigated. P5 was based on the concept presented by
PFLEGING & PROLL (2014) to accelerate the wetting process of the electrodes by
introducing capillaries into the electrodes using laser radiation. As discussed in sub-
section 2.2.8, the electrolyte filling and the subsequent wetting phase are process
steps in battery production which are associated with a high expenditure of time and
costs.

For P5, the electrodes of large-format lithium-ion pouch cells (anode dimensions:
104 mm x 76 mm; cathode dimensions: 101 mm x 73 mm; varying thicknesses)
were structured using pulsed laser radiation. In contrast to the publications P1 to P4,
instead of a pattern of hexagonally arranged holes, grid structures with a rather large
line spacing of 1.55 mm were introduced into both the anodes and the cathodes. Three
different electrode types were produced: unstructured electrodes with a porosity of
30 %, unstructured electrodes with a porosity of 40 % and laser-structured electrodes
with a porosity of 30 %. From these electrodes, multi-layer cell stacks were formed
in which the separator was inserted by means of a Z-folding process (cf. sub-section
2.2.8). The pouch cell housing was left open on one side for electrolyte filling.

The electrolyte wetting was then examined by neutron radiography. This measuring
method involves directing a neutron beam onto the object under investigation and
recording the transmitted radiation with a detector (KNOCHE ET AL. 2016). Since the
electrolyte liquid absorbs the neutron radiation more effectively than the other cell
materials, the electrolyte-soaked cell areas appear dark on the recorded images.
During the wetting process, radiographs were taken at defined time intervals to
provide information about the temporal and local electrolyte distribution in the cell.
Care was taken to ensure conditions as close as possible to industrial production
standards. For this purpose, a fully automated electrolyte filling system was
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constructed in which the electrolyte injection and the cell sealing occurred under
vacuum. After sealing, the cells were exposed to ambient pressure.

The evaluation of the neutron radiographs revealed that the cells with laser-structured
electrodes had wetted approx. twelve times as fast with electrolyte compared to the
reference cells with 30 % electrode porosity. Due to the laser structuring, complete
wetting was achieved after approx. 15 minutes, whereas the reference cells did not
reach complete wetting within the entire observation period of 90 minutes. By linear
extrapolation, a wetting time of approx. 180 minutes could be estimated. The cells
with 40 % electrode porosity also showed accelerated electrolyte wetting, but approx.
90 minutes were required to achieve complete electrolyte infiltration. Thus, for the
first time, it could be demonstrated under realistic production conditions that laser
structuring can contribute to shortening the processing time of the cost-intensive
wetting process.

Contributions of the authors

Jan Bernd Habedank developed the idea to monitor the wetting process of lithium-
ion cells with laser-structured electrodes by neutron radiography. Together with
Florian Gunter, he was responsible for the experimental design and execution. Jan
Bernd Habedank prepared the cell samples and performed the laser structuring.
Nicolas Billot supported the practical performance of the experiments at the neutron
source. Ralph Gilles and Tobias Neuwirth supervised the experiments at the neutron
source. Jan Bernd Habedank and Florian Giinter evaluated the measured data. The
manuscript was written by Jan Bernd Habedank and edited by Florian Gunter, Ralph
Gilles, Gunther Reinhart, and Michael F. Zaeh. All authors discussed the data and
commented on the results.

5.2.6 P6: Paving the way for industrial ultrafast laser structuring
of lithium-ion battery electrodes by increasing the scanning
accuracy

In publication P6 "Paving the way for industrial ultrafast laser structuring of lithium-
ion battery electrodes by increasing the scanning accuracy" (HABEDANK ET AL. 2020)
the laser structuring process of the anode was elucidated with regard to its industrial
applicability. The results from the process investigations of publication P1 were used
as a basis. The focus of the publication P6 was set on the upscaling of the structuring
process with the aim of a conceptual integration into the production of lithium-ion
electrodes (cf. sub-section 2.2.8).
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For this purpose, a hypothetical roll-to-roll process in electrode production with a
defined line speed of 20 m/min and an electrode width of 200 mm was assumed as
the production scenario. A pattern of hexagonally arranged holes (cf. P1 to P4) with
an equidistant hole spacing of 200 um was presumed as the preferable target
structure, in which one hole was created by six laser pulses (cf. publication P1). With
the help of this baseline scenario, the required scanning speed and laser power were
calculated. It was assumed that the structuring is carried out in repeated passes of a
certain electrode area (cf. sub-sections 2.3.5 and 2.3.6). These estimates led to a high
required laser power of 462.4 W, which is, however, attainable by modern pulsed
beam sources. The required beam deflection velocities of more than 2000 meters per
second pose a far greater challenge, assuming that only one laser beam source and
one scanner is available. Such deflection velocities cannot be achieved by
conventional galvanometer scanners (cf. sub-section 2.3.6) due to the inertia of the
moving components (e.g. mirrors, see Figure 9). Instead, so-called polygon scanners
must be used, in which the beam deflection is mostly performed by a polygon mirror
wheel, rotating rapidly in one direction (cf. sub-section 2.3.6).

However, challenges arise in the precise positioning of the laser beam, which are due
to the electronic control architecture and the communication between the laser beam
source and the scanner sub-system. At such high beam deflection velocities, small
temporal inaccuracies in the electronic signal transmission (so-called temporal jitter)
cause significant spatial offsets (spatial jitter) in the application of the laser pulses.
In conventional controllers, the temporal jitter lies in the range of several
nanoseconds and is responsible for spatial inaccuracies of several tens of micrometers
when the beam deflection velocities rise. With a pulse repetition rate of 20 MHz, for
example, a processing speed of 4000 m/s is required to achieve a pulse spacing of
200 pm. In this example, the temporal jitter of 10 ns leads to an inaccuracy of the
pulse application of up to 40 um, which is in the order of magnitude of the focus
diameter of the laser beam. As a result, precise machining is no longer possible at
high deflection speeds with state-of-the-art scanner systems.

To alleviate these technical barriers, a novel electronic controller was developed by
the industrial research partner ARGES GmbH® (Germany), which is capable of
reducing the typically occurring inaccuracies in signal transmission by more than four
orders of magnitude (from 10 ns to 0.5 ps). An oscilloscope was used to verify the
increased accuracy of the signal transmission. These measurements were presented
in the context of P6. Once this controller is integrated into a suitable laser-scanner-

5 Since 2019, the ARGES GmbH is part of Novanta Inc.
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system, a sufficiently accurate positioning of the laser beam can be achieved, even at
high beam deflection velocities.

Contributions of the authors

Jan Bernd Habedank defined the technological requirements for the laser structuring
process. Together with Daniel Schwab, he developed the concept for the roll-to-roll
laser processing of the electrodes and derived the requirements for the laser scanner.
Daniel Schwab and Bernhard Kiesbauer designed the control architecture for the
synchronous control of the network participants (devices) in the overall system and
provided the measurement data. The manuscript was written by Jan Bernd Habedank
and edited by Michael F. Zaeh. All authors discussed the results. Jan Bernd Habedank
presented the results at the International Congress on Lasers and Electro Optics
(ICALEO) in Orlando, FL, USA in 2019.

5.3 Discussion of the findings

In this section, the results obtained and leading to the publications P1 to P6 are briefly
discussed with a focus on their main contributions to the body of knowledge
compared to the most relevant works from the state of the art. As shown in Figure 12,
the results can be categorized according to the field of research in which they have
led to knowledge gain or have contributed to technical innovations. These research
fields are: battery performance, laser processing, and battery production. The
publications in the field of battery performance can be further sub-classified
according to their scientific approach (experimental study or model-based
simulation). As described in the chapter on the state of the art, there are various
technological approaches to electrode structuring (cf. section 3.3). This is taken into
account in Figure 12 by the use of different background colors for the selected
research contributions (grey for laser structuring and white for other approaches).
Furthermore, a distinction is made concerning the electrode under investigation
(anode or cathode).
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Figure 12: Classification of the publications P1 to P6, arranged according to their
respective field of research/innovation and the type of work
(experimental or simulation) considering the closest publications from
the previous state of the art (cf. chapter 3)

The publication P1 of this dissertation can be mainly assigned to the research field
laser processing, particularly the laser structuring of graphite anodes. From the
explanations in section 3.2, it is apparent that the state of the art lacked studies on the
influences of characteristic laser pulse features on the generation of drill structures in
graphite anodes. In the works of PROLL (2014) and MANGANG ET AL. (2016),
comparable approaches were considered, but with a focus on the modification of
cathodes. These contain active materials which have entirely different ablation
characteristics. Especially the considerations on the influence of the processing
strategy and the binder content of the electrode on the ablation efficiency go beyond
the state of the art, cf. sub-section 5.2.1. In P1, it was also experimentally proven for
the first time that laser structuring of the anode enhances the C-rate capability during
discharging, which is why it affects the research field of battery performance in
Figure 12 as well. Until then, this effect had only been predicted by means of
numerical simulations, but without suggesting a specific process for the structure
generation and taking its characteristics into account (NEMANI ET AL. 2015). Thus,
P1 meets the scientific sub-objective SO1 which was defined in section 4.2.

The publication P2 of this dissertation provided results that experimentally
substantiated the benefits of anode laser structuring. Among the most important new
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findings were the influence of the structuring on the temperature-dependent C-rate
capability during discharge and the experimental proof of reduced lithium-plating
during rapid charging of the cells. With regard to electrode structuring, these results
go beyond the state of the art in the research field of battery performance (cf.
Figure 12). The work of BAE ET AL. (2013) also addressed the generation of anode
structures with the aim to enhance the battery performance, however by using an
extrusion and sintering process. This process is not compatible with the established
electrode production process of wet coating (cf. sub-section 2.2.8). In contrast, the
structuring process considered in this thesis can be performed on conventionally
produced electrodes. Thus, an easier integration into existing production plants can
be presumed. The exemplary research of ZHENG ET AL. (2018) addressed the laser
structuring of silicon-graphite composite anodes for lithium-ion batteries. A positive
effect on the discharge capacity could be demonstrated as well. However, the
charging characteristics and, in particular, the occurrence of lithium-plating were not
considered by ZHENG ET AL. (2018). Due to the high volume expansion and the
associated degradation during cycling, the use of high silicon shares in silicon-
graphite anodes still poses a great challenge for the market dissemination of such
cells. Thus, the scientific sub-objective SO2 is fulfilled, in which an investigation of
various cell characteristics was required (cf. section 4.2).

The publications P3 and P4 contributed to a more profound understanding of the
charge transport mechanisms in lithium-ion batteries with laser-structured electrodes.
By means of numerical simulations, these publications provided new insights into the
field of battery performance. Thematically related works are, for example, NEMANI
ET AL. (2015) and CoBB & BLANCO (2014) who also modelled electrochemical
processes in lithium-ion cells with structured electrodes. P3 differs from the existing
work in that a real structuring geometry (a laser borehole) was modelled three-
dimensionally, using symmetry effects to limit the computational -effort.
Additionally, the established FEM model was, for the first time, calibrated using
experimentally obtained measurement data. The simplification of the model setup
presented in P4, taking into account the ion transport parameters affected by the
structuring, combined with the presented overpotential analysis, also goes beyond the
state of the art. Thus, the requirements formulated in the sub-objective SO3 in section
4.2 were met.

Based on laboratory-scale tests (individual electrode sheets) by PFLEGING ET AL.
(2014), P5 demonstrated that laser structuring of electrodes can accelerate the
electrolyte wetting process in cell production. The findings can thus be attributed to
the broader research field battery production, cf. Figure 12. The investigations in P5
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were carried out using pouch cells containing a multi-layer electrode stack that was
assembled in a partially automated production process. By creating production-like
conditions during electrolyte filling (automatic dosing, evacuation of the process
chamber, and automatic sealing of the cells) and applying neutron radiography as
measuring method, the wetting progress in cells with laser-structured electrodes
could, for the first time, be determined in situ. The sub-objective SO4 (section 4.2)
regarding the characterization of the impact of laser structuring on the electrolyte
wetting was thereby fulfilled.

The contents of publication P6 can be allocated to the interface between the research
fields of laser processing and battery production (cf. Figure 12). For the first time, a
production scenario was specified in which, based on boundary conditions in battery
production, requirements were set for a potential anode laser structuring process.
Since these requirements were highly demanding for the beam deflection mechanism,
a novel controller with an innovative architecture tailored for extreme beam
deflection speeds was developed. This was a contribution to the development of
advanced laser scanners that are suitable for high-precision and fast processing of
large surfaces. Such laser scanners are by no means exclusively deployable for the
structuring of electrodes but can also open up new potentials for other applications.
Sub-objective SO5 regarding the identification of required technological advances
for the industrial application of the structuring process (cf. section 4.2) was thus
accomplished.
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Lithium-ion batteries are used as electrical energy storage systems in countless
applications worldwide. Originating from the consumer electronics sector, they today
serve, for example, as energy storage for various power tools and electric vehicles.
But also the buffer storage of electrical energy generated by solar or wind power is
increasingly performed by lithium-ion battery systems. Within a lithium-ion cell,
lithium ions migrate back and forth from cathode to anode during charging and
discharging while an electrical current passes through an external circuit (cf. sub-
section 2.2.2). The conventional porous electrode structure limits the mass and charge
transport during battery operation, which leads to the occurrence of overpotentials of
different physical origins (cf. sub-section 2.2.4). A capacity loss during discharging,
a limitation of the maximum current during charging, and lithium-plating (cf. sub-
section 2.2.5) are among the undesired consequences.

The underlying idea of the research performed within this dissertation is to use pulsed
laser radiation to locally remove active material from the anode so that additional
lithium-ion transport paths are formed (cf. Figure 1). These are intended to promote
the charge carrier flow though the electrode and reduce the internal cell resistance.
Compared to competing processes, laser machining technology is highly developed
and allows for large electrode areas to be processed in a short time. Future
developments in laser scanning technology, e.g. advancements in the field of high-
speed polygon scanners, will further enhance the applicability of laser technology for
the precise and rapid structuring of large surfaces (cf. sub-section 2.3.6). In principle,
however, alternative structuring methods (cf. section 3.3) also exhibit inherent
potentials and may enable the effective structuring of electrodes in the future.

The explorative research approach followed in this thesis includes laser process
investigations (cf. sub-section 5.2.1), electrochemical measurements and cell tests
(cf. sub-section 5.2.2), the modeling of the electrochemical system with subsequent
numerical simulations (cf. sub-sections 5.2.3 and 5.2.4), as well as analyses regarding
production technology aspects (cf. sub-sections 5.2.5 and 5.2.6). An enhancement of
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the state of the art could be attained in all these research fields (cf. section 5.3). In
particular, the numerical depiction of the cell-internal processes is emphasized, as it
contributes to a better comprehension of the influence of the electrode pore
morphology on the cell operation. The knowledge acquired in this field can thus
quickly be transferred to electrodes produced and structured by other techniques. In
summary, the benefits of laser structuring of anodes identified in this work are

e an increase in the C-rate capability during discharge, which is expressed in an
enhanced usable capacity Q at high discharge currents in a wide temperature
range,

e reduced lithium-plating during fast charging of the battery under demanding
conditions (e.g. low temperatures), potentially leading to reduced aging of the
battery,

e shorter charging times by reducing the overpotentials and thus later attainment of
the upper cut-off voltage in a CCCV charging process,

e and a significant reduction of the wetting time with the electrolyte fluid in cell
production.

All the battery performance enhancements were explained and substantiated by
electrochemical models, which were used to quantify the reduction of the emerging
concentration gradients during cycling as well as the occurring overpotentials (cf.
sub-section 2.2.4).

Citing the publications P2, P3, and P4 of this dissertation, CHEN ET AL. (2020)
published a study on the fast charging of lithium-ion cells with laser-structured
graphite anodes. An electrochemical model based on the ones developed in the
publications P3 and P4 of this thesis was also presented. Several of the results
obtained in the framework of this dissertation were confirmed by CHEN ET AL. (2020),
e.g. the enhanced C-rate capability due to laser structuring and the reduced lithium-
plating in fast charging procedures. The authors furthermore demonstrated that the
decreased lithium-plating due to laser structuring significantly slowed down the cell
aging. These confirmatory results by CHEN ET AL. (2020) underline the appeal of the
approach pursued in this dissertation to enhance the performance characteristics of
lithium-ion batteries.

Several aspects regarding the industrial laser structuring of electrodes have not been
examined to date and remain to be addressed in future work, e.g. the hardware
integration into existing production plants including the necessary laser safety as well
as particle extraction and filtering systems. Especially the removal of potential
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ablation residues from the electrode surface (cf. Figure 8) could be a challenge for
large-area laser structuring, since the ablated material volume is of a considerable
magnitude. A detailed evaluation regarding investment and process costs is also
required. However, since the production costs of lithium-ion batteries are largely
dominated by the costs of the electrode materials (especially the cathode) (WooD ET
AL. 2015), it can be assumed that the additional process step of laser structuring will
only lead to a cost increase of a few percentage points (PFLEGING 2018). On the other
hand, potential time and cost savings in the electrolyte filling process (cf. P5; sub-
section 5.2.5) and improvements regarding the battery performance (cf. P1, P2, P3,
and P4; sub-sections 5.2.1 to 5.2.4) will most likely justify the additional expenditure
for electrode structuring.

All considerations within this work refer to conventional lithium-ion batteries, in
which the electrodes are essentially planar. The lithium transport therefore follows a
preferential direction (i.e. along the x-axis in Figure 4). In principle, however, other
forms of electrodes are also conceivable, such as interdigitated cylindrical cathodes
and anodes (Figure 13 a), interdigitated plate arrays of cathodes and anodes (Figure
13 b), rod arrays of cylindrical cathodes which are coated with an ionically
conductive electrolyte and imbedded into an anode matrix (Figure 13 c), and sponge-
like architectures, in which the cathode material is surrounded by a thin layer of
electrolyte and the remaining volume is filled by the anode material (Figure 13 d)
(LONG ET AL. 2004).

I anode
[ cathode
electrolyte

Figure 13: Exemplary 3D battery concepts; a) interdigitated cylindrical electrodes,
b) interdigitated plate arrays of electrodes, c) rod arrays of cathodes in
an anode matrix, d) sponge-like architectures with anode material
surrounding the cathode (LONG ET AL. 2004, ZADIN ET AL. 2011)

In these electrode arrangements, the lithium transport no longer occurs one-
dimensionally, but two- or three-dimensionally between interlocking electrodes. The
concept of such 3D electrodes has been discussed in numerous publications. An
overview of the manufacturing processes used to produce different types of 3D
electrodes was given by OUDENHOVEN ET AL. (2011), ARTHUR ET AL. (2011) and
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ROBERTS ET AL. (2011). Four years later, a review paper on the latest developments
in the field of 3D micro batteries was published by FERRARI ET AL. (2015), again with
a particular focus on the processes used to manufacture the complex interlocking
microstructures. Considered processes are, for example, laser printing (Kim ET
AL. 2007), electro deposition (OLTEAN ET AL. 2011), and the growth of nanowires
(XIA ET AL. 2014). At present, all these processes are in a very early development
stage, and a practical application of such batteries is currently considered merely in
the field of MEMS. A scale-up of the production processes yielding battery sizes, as
they are of interest in electromobility, is currently not considered realistic for cost and
productivity reasons (FERRARI ET AL. 2015). Nevertheless, these approaches offer
enormous potential to mitigate the conflict of objectives between a high energy
density and a high power density of future lithium-ion batteries.

In addition to these further research activities regarding new battery concepts, the
laser structuring process for graphite anodes, which was in the focus of this thesis,
should be implemented in a pilot-scale battery production facility. Thereby, the
effects of anode structuring on lithium-ion cells of an industrially established cell
format or even entire energy storage systems can be explored. This step will lead to
the next milestone towards the industrial application of the laser structuring of anodes
for functionally enhanced lithium-ion batteries.
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Lithium-ion batteries are widely used as energy storage devices due to their high energy density
and versatile applicability. Key components of lithium-ion batteries are electrically isolated electro-
des and a liquid electrolyte solution which enables ion transport between the electrodes. Laser struc-
turing of electrodes is a promising approach to enhance the high-current capability of lithium-ion
batteries by reducing cell internal resistances, as a larger contact area of the active material with the
electrolyte solution is created. In the work described here, lithium-ion battery anodes were struc-
tured by locally ablating small fractions of the coating using femtosecond laser pulses with infrared
wavelengths. A study on ablation characteristics depending on different process parameters such as
laser fluence and repetition rate was performed. Special focus was on the ablation efficiency, enab-
ling an optimized process design. The influence of the electrode composition was taken into
account by studying the ablation behavior at a varying binder content. Evenly distributed micro
holes were chosen in order to keep active material removal at a minimum. To evaluate the effect of
structured graphite anodes on the electrochemical properties of lithium-ion batteries, test cells were
manufactured and galvanostatically cycled at different current rates. Results show improvements in
high-current performance which is expressed by an increased discharge capacity yield. © 2018
Laser Institute of America. https://doi.org/10.2351/1.5040611

Key words: laser structuring, electrodes, lithium-ion batteries, graphite

I. INTRODUCTION

Lithium-ion batteries are currently the dominant energy
storage solution for consumer electronics and electric vehi-
cles. Rapid developments in material science and engineer-
ing have led to significant gains in performance, reliability,
and safety of battery-powered products at shrinking costs.' In
order to meet future customer expectations in automotive
applications, the energy content per battery volume and mass
as well as power delivery have to be increased. These con-
flicting requirements are greatly influenced by the electrode
attributes. The electrodes typically consist of a composite
layer made of active material, binder, and conductive agents
coated onto metallic current collector foils.” As only the
electrochemically active materials contribute to the deploy-
able capacity of a cell, the content of non-active material per
areal dimension has to be reduced. This can be achieved by
decreasing the content of binder and conductive agent,
increasing the compression of the porous material matrix, or
raising the coating thickness.” Electrodes with a higher
coating thickness contain more energy; therefore, fewer elec-
trodes are required to reach the nominal cell capacity.
However, such electrodes with high active material loading
struggle with an increased cell resistance in operation,
leading to performance losses at higher charge and discharge
currents. The resistance is mainly caused by a limited trans-
port speed of the ions through the porous electrode layer and
results in an early meeting of voltage limits, amplified heat
generation, and faster initiation of degradation processes.* It
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has been demonstrated that structured electrodes can have a
positive impact on cell performance at higher current
rates.” ™ Simulative and experimental approaches attribute
this to an increase of reaction surface and reduced diffusion
pathways through the tortuous electrode structure, facilitating
ion transport.

Femtosecond laser processing has been widely intro-
duced as a precise and flexible patterning method with a neg-
ligible thermal damage zone.”'® Laser structuring of
electrodes is currently not used in industrial production of
lithium-ion batteries. However, several research studies have
been published on this matter. Proll er al.,'' Smyrek ez al.,'*
and Mangang et al.'® focused on cathode materials and were
able to observe a notable increase in deployable mass-
specific capacity at high-current rates. They used different
pulsed laser sources with pulse durations in the range from
nanoseconds (ns) to femtoseconds (fs). When treating
porous cathode materials such as lithium-nickel-manganese-
cobalt-oxide (NMC), they created grid or channel structures
that were filled with electrolyte during cell assembly.
Pfleging et al. were able to observe improvements in the
electrolyte wetting time as the electrolyte liquid is soaked in
more rapidly by capillary forces.'* Lutey er al. performed a
study on the ablation of different electrode coatings including
graphite with nanosecond laser pulses and analyzed the inci-
sion depths at different translational velocities.'> Schmieder
developed an analytical model of laser ablation mechanisms
with ns laser pulses.'® The study focused on the cutting

© 2018 Laser Institute of America
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process of electrodes, limiting the transferability of the
results for structuring. Hoffman et al. studied the effect of
the laser wavelength and fluence on the ablation of solid
carbon surfaces.!” To our knowledge, neither the effect of
laser structuring of graphite anodes on the battery perform-
ance nor the ablation characteristics of porous graphite
anodes with femtosecond laser radiation have been thor-
oughly analyzed yet. However, the structuring of graphite
anodes should have a high potential, as graphite particles
usually have a flake-like shape and tend to arrange in a paral-
lel manner to the substrate foils due to production processes,
creating particularly long and branched ion migration
paths.'® This behavior is displayed in Fig. 1 (top).

By creating laser induced pores, the effective lengths of
the ion migration paths are reduced and thereby the internal
cell resistance is decreased. Simulations indicate that the
increase in cell performance by reduced cell resistance
strongly depends on the structure dimensions. Nemani et al.
identified an aspect ratio >1 (relation between structure diam-
eter and depth) to be of high importance, suggesting struc-
tures with small diameters and large structure depths.'® As
state-of-the-art electrodes usually have coating thicknesses of
50-100 um, the desired structure diameters are <50 um with
a structure depth of >50 um. To achieve these dimensions,
mechanical manufacturing processes are unsuitable, espe-
cially as a large number of structures have to be created in a
short amount of time. Laser structuring appears to be highly
suitable for the manufacturing of the desired structure
dimensions.

Il. OBJECTIVES AND APPROACH

As described above, laser structuring of graphite anodes
is expected to have a great potential for improving the per-
formance characteristics of lithium-ion batteries by

Lithium-ion migration path

Graphite particle

Electrolyte
solution

Laser-induced
micropore

Copper current collector

FIG. 1. Illustration of the lithium-ion flow through a graphite anode, top:
unstructured electrode with long ion migration paths, bottom: structured
electrode with short and direct ion migration paths.
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shortening ion migration paths. In this work, a study regard-
ing the ablation characteristics of the porous coating material
of the electrode is presented. Several laser parameters such
as peak fluence and pulse frequency as well as different elec-
trode compositions were taken into account. A special focus
was put on the ablation efficiency, as high ablation rates will
be necessary for industrial electrode production. Test cells
were manufactured to demonstrate the benefit of laser struc-
turing of graphite anodes as well as to rule out any potential
damage to the electrochemically active components.

lll. MATERIALS AND METHODS
A. Electrode materials and fabrication

To ensure a high degree of comparability between separ-
ate ablation measurements, commercially available anodes
with excellent homogeneity were chosen for the experiments.
The material composition of the anodes was 92.5 wt. %
graphite, 7.0 wt. % binder, and 0.5 wt. % conductive carbon
coated onto both sides of a copper foil with a thickness of
10 um. The coating thickness was 50 um on both sides with
a porosity of approximately 32%, resulting in a weight
loading of 6.5mg/cm® on each side. Other electrode
characteristics as well as utilized production processes are
unknown to the authors. For the studies on the ablation
mechanisms with varying binder content as well as the pro-
duction of test cells, tailored electrodes were manufactured.
The anode ink was prepared by mixing 95.0 wt. % graphite
(SGL Carbon) and 5.0wt. % polyvinylidene fluoride
(PVDF) with N-methyl-2-pyrrolidone (NMP, Sigma Aldrich)
in a multi-step mixing process described in Giinther er al.*
The cathode ink contained 96.0 wt. % NMC (BASF), 2.0 wt.
% PVDF, and 2.0 wt. % Carbon (C65, Timical). Mixing was
performed in a planetary centrifugal vacuum mixer (Thinky
ARV-310). Both inks were coated onto current collectors
(anode: copper, cathode: aluminum) in a tape casting process
and dried overnight at 50 °C to remove the NMP from the
coating. After drying, the electrodes were compressed to a
porosity of 35%. The resulting coating thickness after com-
pression was 64 um on average. Further details on the manu-
factuging process of electrodes can be found in Marks
et al.”!

B. Laser structuring and structure measurement

Laser structuring was performed using a pulsed femtose-
cond laser (Spirit® One™ 1040-8, Spectra-Physics) with a
pulse duration 7, of 400 fs and a wavelength A of 1040 nm in
ambient air. Specifications of the laser source such as the
beam quality factor M and the pulse energy E,, are presented
in Table L.

TABLE L. Specifications of the laser source Spirit® One 1040-8.

A dy T fr E,
(nm) M (um) (fs) (Hz) uh
1040 1.2 17.2 400 10-10* max. 40
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FIG. 2. Experimental setup for laser structuring of anodes.

The experimental setup is displayed in Fig. 2. The
electrode was fixed using a vacuum clamping plate and moved
in the x—y-plane in order to spatially distribute the structures.
The laser beam was expanded before being focused on the
electrode surface in order to achieve a small focus diameter.

The dimensions of the structures were measured using a
confocal microscope (Leitz Ergoplan) and analyzed with the
corresponding evaluation software (Gwyddion).

C. Cell assembly and testing

Coin cells were assembled in an argon filled glove box
(M-Braun) with H;O<0.1 ppm and O, <0.1 ppm. Prior to
transferring the electrodes into the glovebox, they were dried
overnight at 120 °C in a vacuum oven. All other cell compo-
nents were dried overnight at 70 °C under vacuum. Two cell
types were manufactured: reference cells with unstructured
anodes and cells with structured anodes. The cathodes in all
cells remained unstructured. Three cells of each type were
produced to ensure statistical relevance. Cathode coins were
14 mm in diameter, anode coins 15 mm, and the glass micro-
fiber separator (VWR, Type 691) 16 mm to ensure complete
coverage of the cathode by the anode material and to avoid
internal short circuits. Electrodes were matched to an area
specific capacity ratio between anode and cathode of around
1.2 to 1. The electrolyte was LP572 (BASF) which consists
of ethylene carbonate and ethyl-methyl-carbonate 3:7 with
1M lithium-hexafluorophosphate (LiPFg) conductive salt and
2% vinylene carbonate.

After assembly, the cells went through formation by
charging and discharging them three times at C/10 in a
laboratory battery testing system (Basytec). The discharge
capacity of the third cycle was defined as the theoretical cap-
acity of the cell. To determine the rate capability, the cells
were cycled from 4.2 to 3V at increasing C-rates from C/10
to 5 C. Charging was done using a constant current constant
voltage procedure with a charging current of C/10 for the
corresponding discharge cycles with C/10, C/5, and C/2 and
a charging current of C/2 for the corresponding discharge
cycles with 1 C, 2 C, and 3 C. Discharging was performed
using a constant current procedure.
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FIG. 3. Scanning electron microscopy image of a laser structured and an
unstructured graphite anode surface.

IV. LASER ABLATION OF GRAPHITE ANODES

Separate holes with a distance of 70 um and a structure
diameter of approximately 25um were created and evenly
distributed in a triangular pattern. However, due to the
porous character of the electrode coating consisting of parti-
cles with different particle sizes, certain deviations in struc-
ture dimensions were observed. In contrast to line or grid
structures, the hole pattern causes a large increase in elec-
trode surface area while keeping the removal of active mater-
ial at a minimum. An exemplary structure is displayed in
Fig. 3 together with an image of the unstructured anode
surface.

A. Peak fluence and number of repetitions

In order to evaluate the effect of the peak fluence

2-F
Dy =52, ey

2
o m

and the number of applied pulses on the depth of the ablation
craters, an analysis on ablation characteristics was performed.
E,, is the pulse energy and ry is the radius of the laser beam
in the focal plane. According to Nolte et al., the ablation
depth D can be described by Eq. (2), with the threshold
fluence @y, and a scaling parameter &:**

— S* ¢0
D—51n <%) . @

The experimental results are displayed in Fig. 4.

For each constant number of laser pulses, an increasing
ablation depth D was observed when the peak fluence was
increased. Also, a greater number of laser pulses with the
same peak fluence led to an increased ablation depth. The
parameters for the fit functions are presented in Table II.
The fits were created using the least squares method.

However, a disproportionally large number of laser
pulses n were needed to achieve a comparable ablation depth
when the peak fluence was slightly decreased. This effect is



032205-4 J. Laser Appl., Vol. 30, No. 3, August 2018
70 TT T T T TTTT1
2] copper substrate| ' ' |
) 6 pulses N
um {4 10 pulses
V¥ 100 pulses -
50 | @ 1000 pulses

30 —

20 —

Ablation depth D —
ES
|

10 —

1 J/em? 100
Peak fluence @, —

FIG. 4. Depths of ablation craters in graphite anodes for a varying number
of applied pulses, standard deviations are displayed, f; = 10 Hz, fits according
to Table II.

presented in Fig. 5. The higher accumulated energy E that is
introduced into the workpiece

2
n-@y-7-rg

E=n-E,= 5 , 3)

is an indication of the more inefficient ablation with smaller
fluences.

The experiments were conducted with a pulse frequency
of 10Hz, in order to rule out effects that may occur due to
heat accumulation, shielding by ablation products, or any
other interaction between separate pulses. As the coating
thickness of the electrode was approximately 50 um, deeper
penetration of the specimen could only be obtained by ablat-
ing a fraction of the copper current collector. This effect was
not examined in further considerations.

It can be concluded that the single pulse fluence has a
greater influence on the ablation depth than the accumulated
energy that is introduced into the electrode over time. In
order to accomplish a better process efficiency and short
process times, large pulse fluences are essential. It has to be
noted that even with the highest fluence applied, several
pulses on the same spot were necessary to achieve significant
structure depths >50% of the coating thickness. This brings
up the question whether these pulses should be applied con-
secutively (forming one structure at a time) or in separate

TABLE II. Results for the logarithmic fits [Eq. (2)] displayed in Fig. 4.

5 Dy,
Number of pulses (n) (um) (J/em?)
6 43.50 13.74
10 41.81 9.54
100 17.49 1.92
1000 19.31 2.26
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FIG. 5. Accumulated energy input E for a constant ablation depth of 40 um
into the graphite coating, f; = 10 Hz.

runs (structuring a certain electrode area repetitively). This
issue is addressed in Sect. IV B.

B. Pulse fluence and repetition rate

For process design, it is crucial to evaluate the effects of
an increasing pulse repetition rate on the process efficiency,
especially as available industrial laser sources have been con-
tinuously gaining average power over the last years.
Therefore, the influence of the pulse frequency at a varying
peak fluence was determined. The number of applied pulses
was 10 for all runs. The results are displayed in Fig. 6.

It becomes apparent that the pulse repetition rate has a
significant influence on the amount of ablated material if all
other process parameters remain constant. At low repetition
rates (10 and 100 Hz), the influence of the repetition rate on
the ablation depth was rather small. However, at higher rates,

70 ] copper substrate] 17 T T T TTTT1T
¢ {=10Hz -
1 M| @ £=100Hz
v f=1kHz
Q 50 B
= £=10kHz
=
)
8 40 —
g -
‘5 30 —
= L
©
< 20 [—
10 —
0 L1 1111
1 J/em? 100

Peak fluence D, —

FIG. 6. Depths of ablation craters in graphite anodes for different pulse
repetition rates, standard deviations are displayed, 10 pulses for all runs, fit
according to Table III.
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TABLE III. Results for the logarithmic fits [Eq. (2)] displayed in Fig. 6.

Repetition rate ) Dy,
*) (um) (J/em?)
10 Hz 41.81 9.54
100 Hz 37.63 7.86
1kHz 30.33 9.25
10kHz 45.74 16.11

the resulting ablation depth decreased significantly in
case the pulses were applied on the same surface area. This
may be attributed to heat accumulation or shielding effects
caused by ablated graphite particles.

The parameters for the fit functions are presented in
Table III. The fits were created using the least squares
method.

In Fig. 7, the resulting structure depths are presented for
different repetition rates from 10Hz to 10kHz. The peak
fluence and the number of pulses were constant. If the struc-
tures were created one by one, a rise in repetition rate caused
substantial losses in process efficiency. For a repetition rate
of 10kHz, an ablation depth of only 20 um was observed,
while at repetition rates <100 Hz, the ablation depth was
approximately 45um, even though the energy input was
identical.

As repetition rates below 100 Hz are much too slow for
industrially relevant processes and at the same time large
repetition rates cause laser ablation efficiency losses if struc-
tures are formed one at a time, the structures will have to be
created in consecutive runs over a certain machining area.
Thus, shielding effects can be avoided and the high pulse
repetition rates of state-of-the-art laser sources combined
with highly dynamic scanning optics can be exploited.

C. Influence of electrode composition on ablation

Additionally to the studies on the laser beam parameters
such as peak fluence and repetition rate, an analysis of the

70
I I

10' 10 10° Hz

10° 10°

Ablation depth D —
e} w I w B
S S S S 8
| | I | |
|
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[}
I

Repetition rate f, —

FIG. 7. Resulting ablation depths and standard deviations at different pulse
repetition rates, 10 pulses per measurement point, @, =25 J/cm>.
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FIG. 8. Ablation depths and standard deviations of graphite anodes with a
varying binder content, 10 pulses per measurement point, @,= 33 J/cm?,
fr=1kHz.

influence of the electrode composition was carried out.
Electrodes with a different content of PVDF binder were
manufactured and laser structured with 10 laser pulses with a
peak fluence of 33 J/cm? at a repetition rate of 1kHz. The
examined values of binder content were 2.0 wt. %, 5.0 wt. %,
and 8.0 wt. %. The results are presented in Fig. 8. The abla-
tion depth decreased significantly with an increasing binder
content of the electrode. At 2.0 wt. % binder content approxi-
mately 37um of active material coating were removed
compared to 18 um at 5.0wt. % and 14um at 8.0 wt. %.
This indicates that small changes in binder content may lead
to large alterations in ablation behavior of electrode material.

As the binder creates cohesion among the graphite parti-
cles, this result is highly plausible. If laser structuring of
electrodes will gain importance in future electrode produc-
tion, special attention should be paid to possible reductions
in binder content or alternate binder types which could make
ablation of the coating more effective.

V. LI-ION CELLS WITH LASER STRUCTURED
ANODES

To evaluate the beneficial effects of laser structuring of
graphite anodes for lithium-ion batteries, test cells were manu-
factured. They were galvanostatically cycled at different
C-rates from C/10 to 5 C. A C-rate of one represents a current
that discharges the full capacity of a cell in one hour. The
measured cell capacities at C/10 for the cells with unstructured
anodes were 4.00, 3.69, and 3.90mAh. For structured anodes,
the cell capacities were 4.00, 3.77, and 3.85 mAh, resulting
in average capacities of 3.86 mAh for cells with unstructured
anodes and 3.87 mAh with structured anodes. To facilitate a
comparison between the cells, the discharge capacities were
normalized with respect to the theoretical cell capacity.
As the theoretical capacities of structured and unstructured
cells and the electrode balancing are highly similar, this
normalization is considered to not alter the results.
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FIG. 9. Normalized discharge capacities and standard deviations of Li-ion
coin cells with laser structured and unstructured anodes.

The results of the discharge rate test are presented in
Fig. 9. The test indicated significant and substantial improve-
ments in discharge capacity of approximately 20% for the
cells with laser structured anodes compared to unstructured
anodes for C-rates between 2 C and 5 C. At C-rates below
1 C, the reference cells and the cells with laser structured
anodes showed almost equal performance. This indicates that
no notable damage has been done to the surrounding active
material particles by laser structuring, e.g., by creating a sig-
nificant heat affected zone.

The improvements in the discharge characteristics of test
cells with laser structured anodes can be attributed to
reduced overpotentials and thereby decreased -electrode
polarization during discharge. The laser induced structures
create lithium-ion migration paths that facilitate ion transport
out of the electrode. In particular, the flake-like form of the
graphite particles has repeatedly been suspected to slow
down ion transport at high C-rates due to highly tortuous
paths through the electrode’s microstructure. This issue is
partially overcome by laser structuring. It has to be noted
that by laser structuring of anodes (in contrast to cathodes),
the theoretical capacity of the cell is not decreased as the
amount of active material on the cathode mainly determines
the theoretical cell capacity. The active material loading on
the cathode side is not changed, so if functional balancing of
the electrodes is maintained, no reduction in theoretical cap-
acity is created. This is of great importance, as commercial
lithium-ion cells are operated in various current regimes and
a capacity trade-off at varying C-rates is not likely to be
accepted by customers.

VI. SUMMARY AND OUTLOOK

In this work, anodes for lithium-ion batteries were struc-
tured using femtosecond laser pulses. A detailed study on
ablation characteristics was performed. A high laser peak
fluence was identified to be more important for an efficient
ablation process than the accumulated energy input into the
electrode over time. High pulse repetition rates on the same
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electrode area should be avoided in order to circumvent
shielding from ablation products. Lithium-ion cells with
laser structured anodes were manufactured and tested. They
outperformed their unstructured counterparts in terms of
high-current capability, delivering a 20% higher discharge
capacity at current rates >1 C. At low current rates, no reduc-
tion in capacity was detected. This makes laser structuring of
anodes highly interesting for all high-current applications of
lithium-ion batteries. The laser process may also contribute
to the introduction of ultra-high energy density cells with
thick electrodes, as a satisfactory C-rate capability is likely to
be maintained. The authors will continue to work on opti-
mizing structure design by electrochemical simulations, on
experimental validation and also on the process scale up to
prove the adaptability of the laser structuring process for
large format lithium-ion batteries.
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Within this paper we report on a lithium-ion battery with laser-structured graphite anodes, alleviating current drawbacks of lithium-
ion batteries such as the reduced discharge capacity at high C-rates and the on-set of lithium-plating during fast charging. These
issues are intensified at low temperatures, as reaction and diffusion kinetics decelerate, which is why a focus of the presented work
lies on low temperature performance. Electrochemical impedance spectroscopy was used to show a reduction in the impedances of
cells with laser-structured anodes in comparison to their conventional counterparts. The discharge capacity retention at high C-rates
was enhanced by up to 27% compared to conventional cells, proving potential for high power applications. For the cells with laser-
structured anodes, the on-set of lithium-plating at 0°C was observed at higher charging C-rates by analyzing the voltage relaxation
after charging. At —15°C, a smaller amount of plated lithium was detected, even though lithium-plating could not be entirely avoided.
Laser structuring also enabled shorter charging times, as the upper cutoff voltage was reached at a higher SOC. The results point out
that laser structuring of the anode improves the fast charging capability of lithium-ion cells, especially under demanding operating

conditions.
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Lithium-ion batteries (LIBs) are the key-components for the suc-
cess of electric vehicles and a sustainable energy economy. Their per-
formance is highly dependent on the charge and mass transport kinetics
between the porous electrodes.! At low temperatures, the cell internal
resistances rise due to a decreasing ionic conductivity of the liquid
electrolyte, sluggish charge transfer processes on the interfacial area
between the active material and the electrolyte, and slow lithium dif-
fusion within the active material.? The increasing resistances result in
high overpotentials and electrode polarization during cell operation.’
For discharge, the consequences are a reduced deployable capacity
and an amplified heat generation. However, high overpotentials dur-
ing charging can cause the deposition of metallic lithium (Li-plating)
onto the anode surface, specifically when the anode surface potential
falls below 0 V.* Li-plating has been reported to accelerate the ageing
of the LIB? and presents severe safety risks due to dendrite formation.®
Among others, a low anode-to-cathode capacity ratio, low tempera-
tures, high charging rates, and overcharging favor the deposition of
metallic lithium, as these factors have an effect on the anode kinetics
and the diffusion rate.? Thus, the charging currents have to be strictly
limited, especially at low temperatures. While in laboratory cells the
individual electrode potentials can be measured by applying reference
electrodes, the detection of Li-plating in commercial full cells is chal-
lenging. The Li-plating process is partially reversible and some of the
deposited lithium re-intercalates into the graphite when a relaxation
phase occurs after charging. During this period, a distinctive voltage
plateau can be observed, making the on-set of Li-plating detectable
with nondestructive electrochemical methods.” Similar observations
were made when skipping the relaxation phase and examining the
voltage in the discharge process after fast-charging at low tempera-
tures instead.® In this case, the plated lithium mostly dissolves into the
electrolyte before it re-intercalates into the anode (Li-stripping).’ By
analyzing the differential voltage during this Li-stripping process,'
the identification of previously plated lithium can be further
facilitated.!

Conventional electrodes of LIBs consist of active material parti-
cles, binders and conductive agents which are coated onto metallic
current collector foils. While there are many possible chemistries for
the cathode, such as LiCoO,, LiFePO, or LiNiyMn,Co,0, (NMC,
X +y + z = 1), the majority of anodes in commercially available cells
are made of carbon (mostly graphite). In cell production, the electrode
constituents form a porous layer with a tortuous void volume which
is filled by the liquid electrolyte. The effect of the porous microstruc-
ture on the ion transport is commonly described by the MacMullin
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which provides a relation between the ionic conductivity k and the
effective conductivity ks through the porous media. From a geomet-
rical perspective, the tortuosity t

Ny = (1]

dparh

= [2]
is a characteristic value for describing the ion transport restraint of the
porous electrode microstructure, where d,,., is the actual transport path
of anion through the electrode and d is the direct path between the point
of de-intercalation and intercalation while charging or discharging.'?
The tortuosity t has been reported to have a major influence on diffu-
sion and concentration overpotentials within the electrode structure.'?
As the lithium transport into and out of the electrode is impeded, large
concentration gradients are formed, creating a strongly inhomoge-
neous charge carrier distribution.'® This effect predominantly occurs
in anodes containing flake-like graphite particles'* which are com-
monly used as anode material in LIBs due to their lower cost compared
to spherical graphite, which is roughly three times more expensive due
to high scrap rates in spherical graphite production.'> Due to the cal-
endering process in LIB production, the preferential orientation of the
graphite flakes is parallel to the current collector and perpendicular to
the diffusion direction through the electrode.'® This generates a spa-
tial tortuosity anisotropy and creates particularly long diffusion path-
ways d,q; through the electrode.!” Among many other parameters,'
the ionic resistance within LIB electrodes can be assessed in situ
by measuring the cell impedance using electrochemical impedance
spectroscopy (EIS),!° enabling a calculation of the tortuosity.'> By
measuring the impedance of cells at different states of charge (SOC)
and temperatures, conclusions concerning the kinetics of lithium ions
within the electrodes can be drawn.?-?> Impedance spectra for LIB
are represented in the form of Nyquist plots and typically consist of
two partially overlapping semicircles and a straight sloping line in the
low frequency region.”>?* As the effective impedances of cathode and
anode in full cells cannot be precisely distinguished, the recorded EIS
spectra represent the total impedance of the electrochemical cell. The
size of the semicircles provides information about the magnitude of the
resistances resulting from the charge transfer processes between the
electrodes and the electrolyte as well as the passing through the solid
electrolyte interface (SEI).>> When measuring at very low frequen-
cies, the resulting quasi-linear slope can be related to the solid-state
diffusion processes within the active material particles.’>*” At low
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temperatures”>2'>* and low SOCs,?”® the charge transfer resistances
within the cell rise, resulting in an increase in the overall impedance,
which can be seen in the EIS spectra.

One promising way for enhancing the lithium transport in LIBs is
the creation of three-dimensional (3D) electrode structures, aiming at
areduction of the average electrode tortuosity t. Thereby the effective
diffusion of lithium in the electrolyte D, s, can be increased according
to

€
D,y = ;Do [3]

where ¢ is the electrode porosity and Dy is the diffusion coefficient of
lithium in the liquid electrolyte. The 3D-structures can be created by
laser pulses which precisely remove a small fraction of the coating. It
has been reported that the shortened ion transport pathways lead to a
reduced cell resistance and thereby improve the discharge rate capabil-
ity compared to conventional unstructured electrodes.?*° This effect
was computationally analyzed in a numerical model, precisely depict-
ing the structure arrangement and dimensions.*® The introduction of
additional pores by laser radiation offers a high flexibility regarding
the structure type (e.g. grid, line, or hole structures) and the respective
spacing between the structures. Also, the dimensions of each indi-
vidual structure can be adjusted.?” Generally speaking, more particles
are removed close to the surface of the electrode, resulting in con-
ical structures which narrow toward deeper parts of the electrode.?!
The size and the distribution of the structures have a strong effect
on the cell-internal resistance®? and, thus, the electrochemical per-
formance. When evaluating structure geometries that lead to a com-
parable total amount of removed electrode material, finer structures
have proven to be more beneficial than coarser structures.* In con-
trast to other concepts such as co-extruded* or sintered® as well as
3D-printed electrodes,*® the laser structuring process can be applied
to conventionally coated electrodes. From a production point of view,
establishing the laser structuring process in the industrial fabrication
of LIBs shows higher potential for in-line implementation (roll-to-
roll processing) into the existing production chain and is associated
with lower cost. Cost calculations with regard to laser structuring of
electrodes based on scenarios by Wood et al.’’ even predict poten-
tial savings in LIB production which may surpass the additional costs
due to laser machinery, maintenance, and operation.*® These potential
savings result from a reduction in the electrolyte wetting time* and
the application of electrodes with a higher areal loading and energy
density.

Objectives and Approach

As described in the introductory section, Li-plating is one of the
major obstacles in the development of LIBs with fast-charging capa-
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bility. This paper presents a new approach to electrode design in or-
der to reduce the cell impedance and, thus, the overpotentials during
charging and discharging. The generation of structures in the anode by
means of short laser pulses (pulse duration 150 ps) aims at improving
the ion transport between anode and cathode (Fig. 1).

As structures, holes in a hexagonal pattern with a center point dis-
tance of 100 pm were created. The laser process was designed to
achieve an aspect ratio of the structures of >1.5, which is defined by
the ratio of the structure depth over the structure diameter at the elec-
trode surface. Based on previously published data, the hexagonal hole
pattern represents the best geometric structure to balance the conflict
between the removal of active material and the reduction of the anode
tortuosity.’*3! By analyzing the electrochemical impedance spectra at
temperatures of —15°C, 0°C, and 25°C, the impedances of coin cells
containing laser-structured anodes (S1 and S2) were compared to their
conventional counterparts (R1 and R2). Subsequently, the effects of
the structuring on the discharge C-rate capability were examined. In
the next step, the charging behavior was analyzed with a special focus
on the detection of Li-plating. For this purpose, the voltage relaxation
after charging at C-rates from 0.1C to 2C and ambient temperatures
of —15°C, 0°C, and 25°C was monitored and indications of Li-plating
were observed. Finally, the charging durations required to fully charge
the LIBs were assessed in order to evaluate the potential for improve-
ments in fast charging under demanding low-temperature conditions.
In Fig. 1a and Fig. 1b, the internal setup of a LIB with laser-structured
graphite anodes and conventional unstructured NMC cathodes is illus-
trated. Fig. 1c shows a top-view scanning electron microscopy (SEM)
image of a laser-structured graphite anode as well as a close-up image
of a single laser-induced hole structure. More detailed information
on the materials and processes used can be found in the subsequent
Materials and Methods section.

Materials and Methods

Materials.—All coin cell components including the coated elec-
trode materials were purchased from commercial sources to ensure a
high comparability of the base materials (type 2032 coin cell cases,
springs, and spacers: MTI Corporation, USA; glass fiber separator:
Type 691, VWR, USA; cathodes: Umicore NV/SA, Belgium; anodes:
SEI Corporation, Japan). The electrode characteristics, as provided by
the electrode manufacturers, are presented in Table I. Further details
on the precise material types (e.g. type of binder, type of conductive
carbon) and the respective production processes were not disclosed to
the authors for reasons of confidentiality.

Laser structuring of the anodes.—A pulsed Nd:YAG fiber laser
(YLPP-1-150V-30, IPG Photonics Corporation, USA) with discrete
tunable pulse durations from 150 ps to 5 ns was used to generate the

c)

Figure 1. Schematic set-up of a lithium-ion cell with laser-structured graphite anodes; a) illustration of the assembled cell b) exploded view of the cell with
a hexagonally arranged hole pattern; c) Top-view SEM-image of a graphite anode with laser-induced structures with a centre spacing of 100 um and close-up
SEM-image of one single structure; the cavities tend to narrow toward the current collector showing a conical shape; due to the porous and non-uniform nature of

the electrode coating each structure shape is unique.
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Table I. Electrode specifications.

Cathode Anode
Active material NMC (1/1/1) Graphite

93.0 wt% 92.5 wt%
Conductive carbon 3.0 wt% 0.5 wt%
Binder 4.0 wt% 7.0 wt%
Feature
Capacity loading 2.748 mAh/cm? 3.606 mAh/cm?
Weight loading 20.38 mg/cm? 12.99 mg/cm?
Loading deviation +2.5% +3.0%
Packing density 2.08 g/cm? 1.038 g/em?
Porosity approx. 32% approx. 32%
Electrode thickness 69 wm 70 pm
Thickness deviation + 2 pm + 2 pm

microstructures by local selective ablation of the anode material. The
ablated particles were removed by a suction nozzle. The pulse dura-
tion was set to 150 ps with a pulse repetition frequency of 1200 kHz,
an average power of 3 W, and a processing time of 0.45 ms per struc-
ture. The laser beam was deflected by scanning optics (Racoon 21,
ARGES, Germany) and focused by an F-theta lens (S4LFT0080/126,
Sill Optics, Germany) with a focal length of 80 mm. Thereby, a mean
focal diameter of 27.1 wm was achieved over the full power range of
the laser system and determined using a beam measuring system (Mi-
croSpotMonitor, Primes, Germany). A scanning electron microscope
(JCM-600, JEOL, Germany) was used to measure the structure diame-
ter at the top of the electrode. An average structure diameter of approx.
40 wm on the electrode surface was observed, while the structures nar-
rowed toward deeper segments of the electrode (cp. Fig. 1). The depth
of the structures was measured with a laser scanning microscope (VK
9710, Keyence, Germany) and accounted for over 90% of the total
electrode thickness, occasionally revealing the current collector. No
significant changes in the mechanical properties of the electrodes were
observed. This was attributed to the low heat input by the short-pulse
laser radiation. Thus, the binder, which is responsible for the cohesion
of the electrode, was not detectably vaporized or degraded beyond the
actual structure diameter. All subsequent handling processes in the
assembly of the coin cells could be carried out unaltered.

Cell assembly and formation.—The coin cells (type 2032) were
assembled in a dry room (dew point < —40°C). Before cell assembly,
the electrodes were dried for 12 hours at 120°C in a vacuum oven.
All other cell components were dried overnight at 60°C in an oven
within the dry room atmosphere. Two cell types were manufactured:
reference cells with conventional anodes and conventional cathodes,
and cells with laser-structured anodes and conventional cathodes. The
circular cathode electrodes were 14 mm in diameter while the anode
coins were 15 mm in diameter to ensure a complete coverage of the
cathodes by the anodes. The diameter of the glass microfiber sepa-
rator was 16 mm to avoid internal short circuits. The conventional
electrodes had an area specific capacity ratio between anode and cath-
ode of approx. 1.31, while the cells comprising structured electrodes
showed a capacity ratio of approx. 1.24 due to anode material removal.
The electrolyte (LP572, BASF, Germany) consisted of ethylene car-
bonate (EC) and ethyl-methyl-carbonate (EMC) in a ratio of 3:7 with
1 M lithium-hexaflourophosphate (LiPFg) and 2% vinylene carbonate
(VC). After assembly, the cells went through formation by charging
and discharging them five times at approx. 0.1C in a laboratory battery
testing system (CTS, BaSyTec, Germany). The measured capacity in
the last formation cycle was used for referencing purposes, i.e. to de-
fine an individual nominal capacity for each cell. During formation,
no negative influence on the initial capacity by laser structuring was
observed as all the nominal cell capacities showed a negligible stan-
dard deviation of 0.048 mAh around a mean capacity of 2.93 mAh,
see Table II.

Table II. Coulombic efficiencies (CE) of the first and second
formation cycle and nominal cell capacities after the fifth formation

cycle.

Cell name CE cycle 1 CE cycle 2 Capacity after formation
R1 87.54% 99.17% 2.96 mAh

R2 87.59% 98.65% 2.85 mAh

S1 86.74% 98.30% 2.92 mAh

S2 86.86% 98.44% 2.97 mAh

In particular, no indications of a significantly increased SEI forma-
tion were detected as the coulombic efficiencies (CE) in the first and
second formation cycles do not deviate strongly (Table II). This may
be explained by the fact that, although the macroscopic and therefore
exposed surface area of the electrode was enhanced, graphite particles
were ultimately removed by the laser ablation process. These removed
graphite particles were therefore not subject to SEI formation. A vari-
ation of the material system or the structure geometry could change
the ratio of the counteracting influences regarding SEI formation de-
scribed above. Further studies on SEI formation will be performed to
substantiate this interpretation of the measurement data.

Electrochemical impedance spectroscopy.—For the EIS measure-
ments, a potentiostat (Interface SO00E, Gamry Instruments, USA)
was used. Before every measurement, a rest period of >1 h was ap-
plied to avoid a falsification of the results by cell polarization. Every
measurement started with the recording of the OCV, which was per-
formed for 15 s. Subsequently, the impedance was recorded in the fre-
quency range from 100 kHz to 1 Hz with 10 measurement points per
decade.

Discharge rate capability tests.—To determine the discharge rate
capability, the cells were cycled between 2.7 V and 4.2 V at different
temperatures and increasing C-rates (Fig. 3). Atatemperature of 25°C,
the maximum C-rate was set to 10C, while at 0°C and —15°C the max-
imum C-rate was set to 5C in order to avoid excessive stress and cell
ageing. Charging was done using a constant-current/constant-voltage
(CCCV) procedure. For the corresponding discharge rates up to 1C,
an equal charging current was used in the CC phase. For discharge
cycles >1C, the charging current was held constant at 1C to avoid
premature ageing and Li-plating. The CV phase was terminated when
the charging current fell below 0.01C. No rest period between charg-
ing and discharging was applied. Discharging was performed using a
constant current (CC) procedure.

Detection of Li-plating.—The tests for the detection of Li-plating
were based on the identification of voltage plateaus in a relaxation
phase after CCCV charging. In the CC phase, different currents were
applied and also the termination criteria for the CV phase were ad-
justed. In case of the 0.1C and 0.5C charging current in the CC phase,
a 0.05C cutoff current in the CV phase was chosen, while in case of
the 1C and 2C charging currents in the CC phase, a 0.2C cutoff current
in the CV phase was applied. The latter termination criterion for the
CV phase was used in order to achieve comparable durations of the
CV phases. Equal termination criteria would have resulted in very long
CV phases for the faster charging processes (1C and 2C), which would
have strongly altered the significance of the results with regard to Li-
plating as lithium re-intercalation also would have happened during
the CV phase.

Influence of Laser Structuring on Cell Impedance

In Fig. 2, the Nyquist plots obtained from EIS measurements of
LIBs with laser-structured anodes (S1, S2) and conventional anodes
(R1, R2) at an OCV of 3.7 V are presented. Three ambient tem-
peratures of 25°C, 0°C and —15°C were analyzed. Please note that
the presented measurements do not aim at quantitative statements or
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Figure 2. Electrochemical Impedance Spectra in a measurement frequency range of 100 kHz to 1 Hz, recorded at an OCV of 3.7 V and temperatures of a) —15°C,
b) 0°C, and c) 25°C for laser-structured (S1, S2) and reference cells (R1, R2); a significant reduction in the impedance at all measured temperatures was achieved
by laser structuring; due to the high impedance at a temperature of —15°C the second semi-circle is only visible partly in the applied frequency regime.

models for the electrochemical processes within the cell but at a qual-
itative comparison of the impedances of the two different cell types
at varying temperatures. As the properties of the cathodes as well as
other cell parameters were kept constant in all cells, the variances in
the EIS spectra can only be attributed to the additional laser-induced
macroscopic pores in the anodes.

As described in the introductory section of this paper, at very low
frequencies, the impedance spectra of intercalation battery electrodes
represent the transport of charge carriers in the solid phases.*’ As
the graphite microstructure and, thus, the solid-state diffusion char-
acteristics were not altered, the low frequency domain (< 1 Hz) was
not considered in the presented experiments. Please also note the dif-
ferent scales of the individual Nyquist plots. In accordance with the
literature, an increased impedance with decreasing temperature was
observed. This can be attributed to slower lithium diffusion kinetics
and higher charge transfer resistances within the cells. When analyz-
ing Fig. 2¢ (25°C), the characteristic Nyquist plot for LIBs consisting
of two semicircles can be identified. The first semicircle is signifi-
cantly smaller than the second for both laser-structured and conven-
tional cells. A reduction of the temperature to 0°C (Fig. 2b) led to
an overall increase of the impedance, while the general shape of the
graph was maintained. The impedance increased even further when
the temperature was lowered to —15°C (Fig. 2a). While at 0°C both
semicircles are still visible, at —15°C, the second semicircle is trun-
cated due to the minimum applied measuring frequency of 1 Hz (the
slight curvature of the plots in the direction of lower frequencies in-
dicates that the second half circle only starts here). For all plots it
becomes apparent that the impedance of cells with laser-structured
anodes was considerably lower than that of cells with conventional
electrodes. While no significant influence on the high frequency re-
sistance (HFR) was noticed, the impedances in the semi-circle re-
gion of the Nyquist plots were significantly lower. This range is
usually attributed to charge transfer processes, which comprise the
lithium transport from the liquid into the solid phase and vice versa.
Smaller semi-circles therefore mean that this charge transfer is associ-
ated with lower resistance, which may have various possible origins.
On the one hand, the structuring results in a higher mean porosity,
which in turn provides a better accessibility of the graphite parti-
cles for the charge transfer. Since the additional pores open toward
the electrode surface due to their characteristic shape, the average
porosity is further decreased in proximity of the electrode surface.
This gradient in porosity additionally enhances the abovementioned
effect. These findings indicate that laser structuring may have a pos-
itive influence on the charge transport behavior and, thus, on the fast
charging and discharging performance of the cell. As already indi-
cated above, a detailed modelling of the complex resistances will be
carried out in future work in order to investigate the origin of the
impedance reduction more closely. However, since this paper mainly
aims to outline the potentials of the laser structuring of the anode with

regard to fast charging, we only provide comparative observations
here.

Enhanced Discharge Rate Capability

In the previous section, significantly reduced impedances for the
laser-structured electrodes were determined by EIS. The amount of
charge provided by lithium-ion cells during discharge depends on
the discharge current. This interrelation has its origin in the cell-
internal resistances. A reduction in these resistances therefore leads
to an increase in the amount of charge provided. To quantify the in-
fluence of structuring, discharge rate tests were performed on cells
with conventional anodes and the results were compared to cells with
laser-structured anodes at different temperatures (25°C, 0°C, —15°C)
(Fig. 3). To ease the comparison, the provided discharge capacities
were normalized to the value measured at a low discharge rate of 0.1C
in the first discharge cycle after cell formation. Since both the conven-
tional and the laser-structured cells showed only a very small deviation
in capacity (cp. Table II), we do not consider the validity of the re-
sults as falsified by the normalization. Low temperatures generally
limit the rate capability as charge and mass transport processes de-
celerate. The measurements presented here are in agreement with this
relationship. At all temperatures, enhancements in rate capability were
observed due to laser structuring. The level of improvement through
laser structuring varied in strong dependence of the temperature. At
25°C, amaximum increase of approx. 9% in the delivered charge could
be achieved by anode structuring. At 0°C the maximum increase was
approx. 21% compared to unstructured cells, while at —15°C the max-
imum improvement was approx. 27%. Depending on the temperature,
these maxima were measured at different C rates. While the best re-
sults at —15°C were already observed at 2C, the maxima at 0°C and
at 25°C were shifted toward 4C and 8C respectively. This trend is
shown in Fig. 3d. Moreover, an explicit maximum of improvement in
C-rate capability was observed at all temperatures and the achievable
improvements decreased again at very high C-rates. This indicates that
the positive impact of anode structuring is visible at temperature and
material specific discharge rates. At even higher C-rates, other limi-
tations predominate and the associated homogenization of the charge
carrier distribution in the electrolyte and in the electrode decreases.

It should be noted that the removal of a small fraction of the graphite
coating (reduction of the ratio between anode and cathode capacity
from 1.31 to 1.24, see materials and methods section) results in a lower
mass loading of the anode, which should generally lead to a slightly
improved C-rate capability, even without the structures. Investigations
to distinguish between the influence of mass loading reduction and
the benefit of the structures by precise adjustment of the electrode pa-
rameters are currently underway and will be published shortly. How-
ever, previously published work on the electrochemical simulation of
pore morphology modifications by laser structuring indicates that the
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Figure 3. Normalized discharge capacities of laser-structured (S1, S2) and reference cells (R1, R2) at different C-rates for temperatures of a) 25°C, b) 0°C, and
¢) —15°C; in d), the mean improvements of the available capacity achieved by laser structuring are displayed.

electrode structure itself has a decisive influence on the cell
performance.?! Also note, that anode overbalancing is typically used
to prevent the occurrence of Li-plating. However, in the following sec-
tion, we show that despite lower anode overbalancing, the structuring
results in reduced Li-plating during fast charging. Laser structuring
may therefore be a solution for eliminating the need for excessive
overbalancing in future cell design.

Reduction of Lithium-Plating

As described in the introduction to this paper, there are several
ways to electrochemically detect the occurrence of Li-plating in full
cells. The measurement method described below to detect Li-plating
was adapted from Uhlmann et al.” and is illustrated in Fig. 4. The
voltage relaxation of the full cell during a rest period after CCCV
charging is considered. Depending on whether or not metallic lithium
is plated at the anode during the charging process, there are clearly
distinguishable relaxation voltage curves.*!

If no Li-plating occurs, the voltage converges quasi-exponentially
against a threshold value. This relaxation has its origin in the homoge-
nization of the cell polarization in the electrodes and in the electrolyte.
However, if Li-plating occurs during charging, these homogenization
processes are superimposed by lithium re-intercalation in the relax-
ation phase (de-plating). The metallic lithium adhering to the anode
surface decomposes and intercalates into the anode within a specific
timespan that correlates with the amount of plated lithium. Since this
process takes place at a different potential level, a characteristic tran-

sient voltage plateau emerges, compare Fig. 4. The voltage curves pre-
sented in Fig. 5 show the relaxation after previous charging (CCCV)
at a temperature of 0°C for the two structured and the two conven-
tional cells. These environmental conditions already pose a challenge
for rapid charging, but at the same time are close to application in
the field of electric mobility. At a temperature of 25°C, either no Li-
plating could be provoked or detected during these tests (charging up
to 2C). Within preliminary tests, it could be shown that with a further
increase of the charging current the upper cutoff voltage of 4.2 V was
reached very quickly. Since the cells still had a very low SOC at that
time, only a small amount of lithium had been transferred to the anode
at all. However, since Li-plating occurs particularly at high SOCs (due
to the approximation of the anode potential toward 0 V vs. lithium at
high degrees of lithiation), no Li-plating could be detected. Therefore,
the fast charge measurements at 25°C will not be discussed further.
Fig. 5a shows the voltage curve after a 0.1C charge, Fig. 5b
after a 0.5C charge, Fig. 5c after a 1C charge, and Fig. 5d after a
2C charge. For the two slower charging processes, the termination
criterion of the CV phase was when the charge current fell below
0.05C, while for the two faster charging processes, the termination
criterion of the CV phase was set to 0.2C. As the re-intercalation
of lithium also occurs during the CV phase prior to the rest pe-
riod, the latter termination criterion was chosen so that all CV
phases lasted for a similar amount of time. Thus, even while fast
charging, a significant re-intercalation of lithium during the CV
phase could be avoided, which ensures the comparability of the
results. After a 0.1C charge (Fig. 5a), both the structured and the
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visible if Li-plating occurred during the previous charging process; this plateau forms due to the re-intercalation of the plated lithium into graphite, which takes
place on a different potential level.
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Figure 5. Voltage relaxation of conventional and laser-structured cells after CCCV charging at 0°C; in the CC phase different currents were applied: a) 0.1C
current in CC phase, 0.05C cutoff current in CV phase; b) 0.5C current in CC phase, 0.05C cutoff current in CV phase; c¢) 1C current in CC phase, 0.2C cutoff
current in CV phase; d) 2C current in CC phase, 0.2C cutoff current in CV phase; the on-set of Li-plating was observed at significantly higher charging C-rates
for laser-structured cells than for conventional cells taken from the voltage plateau caused by lithium re-intercalation; at very high charging C-rates, Li-plating is
strongly reduced; voltage relaxation is generally lower for laser-structured cells, indicating a better fast charging capability.
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unstructured cells showed a voltage curve indicating that no Li-plating
occurred during charging. However, a small difference of the final
voltage after relaxation could be measured. While the OCV of the
structured cells relaxed toward a voltage of approx. 4.18 V, this value
was 4.17 V for the unstructured cells. This indicates that already at low
charge currents of only 0.1C a stronger polarization occurred in the
conventional cells and that this polarization could be reduced by laser
structuring. The course of the voltage during relaxation after a charge
with a current of 0.5C (Fig. 5b) was very similar. No indications of
Li-plating were observed. For charging with a current of 1C (Fig. 5¢),
significant differences in the voltage curves were visible. While the
cells with laser-structured anodes maintained a quasi-exponential
voltage relaxation, the conventional cells showed a distinct voltage
plateau. This plateau lasted for about 30 minutes before the voltage
relaxed against a final OCV in the range between 4.08 V and 4.10 V
indicating the occurrence of Li-plating during charging. Furthermore,
the duration of the persistence of the plateau gives an indication about
the severity of Li-plating. The longer the period of re-intercalation, the
more lithium was metallically deposited during the charging process.
A charging current of 1C at 0°C which already led to strong Li-plating
for the conventional cells was still uncritical for laser-structured
cells. This demonstrates the high potential of laser structuring, as
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safety risks and ageing originating from Li-plating are reduced, which
suggests that increased charging currents may be used in fast-charging
applications. Li-plating was observed for both cell types at a charging
current of 2C (Fig. 5d), whereby the amount of deposited lithium
varied significantly. The re-intercalation plateau was present for more
than one hour for the conventional cells, whereas it was considerably
shortened (approx. 30 minutes) for the structured cells.

The effects described above become even more pronounced when
the time derivative of the voltage curve is depicted. The corresponding
differential voltage curves are shown in Fig. 6. The end of the voltage
plateau, which is expressed as a change in the slope of the voltage
curve (cp. Fig 5), then appears as a local minimum and thus allows
quantification of the completion of the lithium re-intercalation. In ac-
cordance to the slopes in Fig. 5a and Fig. 5b no pronounced minima
are visible after charging with 0.1C and 0.5C. On the contrary, Fig. 6¢
clearly shows that a small amount of metallic lithium was plated, lead-
ing to a local minimum in the case of the structured cells after a 1C
charge. However, the degree of the Li-plating of the unstructured cells
is distinctly higher. Similar characteristics can be observed after a 2C
charge.

Atatemperature of —15°C, all charge and mass transport processes
are significantly slower. Preliminary tests showed that charging with
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Figure 6. Differential voltage Ugifr of conventional and laser-structured cells after CCCV charging at 0°C; in the CC phase different currents were applied: a)
0.1C current in CC phase, 0.05C cutoff current in CV phase; b) 0.5C current in CC phase, 0.05C cutoff current in CV phase; c¢) 1C current in CC phase, 0.2C
cutoff current in CV phase; d) 2C current in CC phase, 0.2C cutoff current in CV phase; the on-set of Li-plating is observed at significantly higher charging C-rates
for laser-structured cells than for conventional cells taken from the local minimum of Ug;¢r caused by lithium re-intercalation; at 2C charging rate, Li-plating is

strongly reduced expressed by the shorter re-intercalation time.

Downloaded on 2019-12-29 to IP 129.187.158.62 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Society, 166 (16) A3940-A3949 (2019)

a) voltage relaxation after 0.1C charge

-15°C ——R1
4.184 — - -R2Y
—S1
1 4164 no lithium plating in all |~ — -S2
> cells after 0.1C charge
D
1]
(o)}
S
©°
>
4.08 T T
0 1 2 3 4
timet/h —
c) differential voltage relaxation
0.02 after 0.1C charge
-16°C
T 0.001 ey
=
> -0.02 4 \ .
£-0.04- 1
> no lithium plating in all
&, -0.06 cells after 0.1C charge E
©
Tg -0.08 - E
£ -0.104 ——R1|-
) = = 2|R2
““di) '0.12' ,_81 1
S 014 =i==g2]
0 1 2 3 4

timet/h —

A3947

b) voltage relaxation after 0.5C charge

4.20 T
-15°C —R1
— — -R2
4.18 1 H
— S1
1 ==552
> 4.16 1 lithium plating in all .
= cells after 0.5C charge
>
o 4141
(o)}
S
9 4.121
4.101 —~
4.08 T r
0 1 2 3 4
timet/h —
d) differential voltage relaxation
0.02 after 0.5(.‘: charge .
0.00. -15°C

-0.02 ~
-0.04-

-0.06 4

lithium plating in all
cells after 0.5C charge

differential voltage U,/ V h"' —

-0.08 1

-0.101 — R1H
- —-R2

-0.12 1 m—-
-0.14 -~ -S2]]
0 1 2 3 4

timet/h —

Figure 7. Voltage relaxation (a, b) and corresponding differential voltage relaxation (c, d) of conventional and laser-structured cells after charging with different
currents at —15°C; the beneficial effects of laser structuring seen at 0°C are far less pronounced at —15°C indicating that other shares of the cell resistance become

dominant.

1C and 2C lead to a fast increase in cell voltage and to a premature
reach of the upper cutoff voltage. Thereby, no SOC higher than 50%
could be reached in the CC phase. In this SOC range, no evidence of
Li-plating was detectable. The authors attribute this to the low SOC of
the cells at which Li-plating is unlikely to occur. Therefore, only the
relaxation processes after 0.1C and 0.5C charging are described be-
low. The results are presented together with the time derivative of the
voltage curves in Fig. 7. It becomes evident that at a charging current
of 0.1C, Li-plating did not occur in either the conventional cells or the
cells with structured anodes. This conclusion can be drawn from the
voltage relaxation (Fig. 7a) as well as the time derivative (Fig. 7c),
where no local minimum is apparent. When charged with 0.5C, both
cell types showed indications of Li-plating, expressed by the distinc-
tive voltage plateaus (Fig. 7b) and the respective local minima in the
differential voltage curves (Fig. 7d). Again, the trend toward reduced
Li-plating of the structured cells can be observed, but less pronounced
than at an ambient temperature of 0°C. Apparently, the reduction of
the internal resistance by structuring is not as effective at —15°C. This
may indicate that other cell internal processes, e.g. lithium diffusion
within the graphite particles or at the phase boundaries between the
electrolyte and the active materials, have a limiting effect. Thus, the
ion transport in the electrolyte within the tortuous electrode structure
no longer appears to be the limiting process. It should be noted that
the re-intercalation process generally takes much longer at —15°C.
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After charging with 0.5C the re-intercalation takes approx. 1.5 hours
for the structured cells and approx. 2 hours for the conventional cells.
More detailed measurements with a higher resolution in the examined
charging rates are required to determine the C-rate at which Li-plating
first occurs at —15°C for both cell types.

Improvement of Fast Charging

As described in the previous sections, laser structuring reduces the
mean tortuosity of the anode, resulting in lower overpotentials and
lithium concentration gradients during charging and discharging. The
lower overpotentials imply that the upper cutoff voltage during CC
charging is reached at a higher SOC for cells with laser-structured
anodes for a given charging current. As a result, the duration of the
subsequent CV phase is reduced since a smaller amount of charge is
necessary to reach an SOC of 100%. The respective charging times
in the CC and CV phase were measured for the four cells S1, S2, R1,
and R2. The results are shown in Fig. 8 for an ambient temperature of
0°C.

The laser structuring of the anodes and the associated change in the
CC/CV ratio led to a significantly reduced time to achieve an SOC of
100%. While the conventional cells needed about 2.4 hours to be fully
charged at a charge current of 0.5C, the structured cells required only
2.0 hours (Fig. 8a). To further investigate this, the SOC at which the
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Figure 8. a) Charging times separated into the CC phase and the CV phase for laser-structured and conventional cells; b) achieved SOC separated into CC phase
and CV phase. CC charging was 0.5C at 0°C. A reduction in charging time from approx. 2.4 h down to approx. 2.0 h was achieved, since higher SOCs were
reached in the CC phase, reducing the remaining charging capacity for the CV phase significantly. An SOC of nearly 100% was achieved for all cells. No Li-plating

occurred in the cells (cp. Fig. 5 and Fig. 6).

CV phase begins was examined (Fig. 8b). The results show that the
CV phase does not start before an SOC of approx. 90% compared to
approx. 88% for the conventional cells. Since the charge current drops
rapidly at the beginning of the CV phase, substantially more time is
required to reach the final SOC of 100%. This comparison proves that
the laser structuring of anodes can have a significant positive influence
on the charging time of lithium-ion cells, even in operating conditions
that do not cause Li-plating.

Conclusions and Future Work

In this publication, the influence of laser structuring of the graphite
anodes on the operating characteristics of LIBs was assessed. By us-
ing electrochemical impedance spectroscopy it was shown that the cell
impedance and specifically the charge transfer resistance was signif-
icantly reduced by laser structuring. This was attributed to a reduced
mean tortuosity that facilitated lithium transport as well as an increased
mean porosity which provided a higher surface area for charge trans-
fer. The laser structuring had a positive effect on both the discharge and
charge process of the cell. For discharging, it was demonstrated that the
amount of capacity and therefore energy provided was distinctly in-
creased. This effect was particularly pronounced at low temperatures.
The maximum improvements in deployable capacity were observed
at varying discharge C-rates depending on the ambient temperature.
At this point we would like to point out once again that some of these
improvements were due to the slight reduction in the active material
loading of the anode due to laser structuring. However, previously
published work in the field of electrochemical simulation suggests
that a directional porosity intentionally created by laser structuring
has further positive impact.?!33 In addition, the rapid charging behav-
ior of the two cell types was investigated. A special focus was placed
on the detection of Li-plating at different ambient temperatures and
charging rates. Analyzing the OCV behavior after charging indicated
that Li-plating could be avoided or strongly reduced by laser structur-
ing. With a view to an automotive application, this may provide the
possibility to carry out charging processes of the vehicle faster at low
temperatures without the risk of provoking Li-plating. Furthermore,
reduced charging times were measured, even under charging condi-
tions uncritical with regard to Li-plating. The increased fast charg-
ing capability of the cells through the modification of the electrode
design offers considerable potential for automotive applications. Par-
ticularly considering the trend toward higher energy densities of the
electrodes, e.g. through higher densification or higher active material
layer thicknesses, laser structuring can be an important approach for
maintaining electrodes with high current capability. In future work, the
authors will focus on the quantitative and locally resolved measure-

ment of Li-plating in LIBs with laser-structured anodes. This includes
both measurements with reference electrodes for monitoring the indi-
vidual electrode potentials and post-mortem investigations. Further-
more, lifetime tests will be performed describing the effects of reduced
Li-plating on the cyclic ageing of the cells. Ultimately, the scaling of
the laser structuring process toward economic structuring speeds is
required.
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A physical-chemical model is suggested, which is able to describe the enhanced discharge rate capability of lithium-ion cells by
using laser-structured graphite anodes. Recently published test data of coin cells comprising unstructured and structured graphite
anodes with LiNij/3Co1,3Mny 30, cathodes is used for the presented purpose of modeling, simulation and validation. To minimize
computational demand, a homogenized three-dimensional model of a representative hole structure is developed, accounting for
charge and mass transport throughout the cell layers and one-dimensional diffusion within radial-symmetric particles. First, a
standard pseudo-two-dimensional model is calibrated against rate capability test data of coin cells with unstructured anodes. The
calibrated parameter set is transferred to the three-dimensional model in order to simulate the transient voltage response and the
discharged capacity depending on the applied C-rate. The simulation data shows excellent agreement with experimental data for both
cell types. Three stages of rate capability enhancement are identified showing an improved relative capacity retention of 11—24% at
3C. Experimental and simulation data reveal a restricted C-rate window, which can be positively affected by the structuring process,
whereas both shape and pattern of the structuring process can be further optimized with the model.
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Lithium-ion batteries (LIBs) are the predominant energy storage
solution for consumer electronics, electric vehicles and stationary
energy storage devices. However, especially LIBs with high energy
densities struggle to deliver sufficient energy at high discharge rates.'
This rate limitation is caused by internal cell resistances of diverse ori-
gins, which has recently been reported to be dominated by the ionic
resistance in the liquid electrolyte for common LIB electrode mor-
phologies and operation strategies.>* The electrodes of LIBs typically
consist of active material particles mixed with binders and conduc-
tive agents and are coated onto metallic current collector foils. The
pores of the electrodes and the electronically insulating separator are
filled with the electrolyte solution, enabling ion transport between
the electrodes. In most automotive LIBs, lithium nickel cobalt man-
ganese oxide Li(Ni,Co,Mn,)O, (NMC) is employed as the cathode
active material due to its high specific capacity and voltage level
vs. Li/Li*. For nearly all commercially available cells, graphite is
used as the anode active material. Natural graphite particles have a
flake-like shape, which makes them align parallel to the current col-
lector foil during the coating and the subsequent calendering process.
This particle orientation implies a strong tortuosity anisotropy within
the graphite anodes, creating particularly long diffusion pathways for
Li-ion transport through the electrode.* This results in large Li-ion
concentration gradients within the electrode at high charge and dis-
charge rates, causing concentration overpotentials and, consequently,
a premature approach of the voltage limits resulting in an insufficient
usage of the available capacity.’

Previously, it has been demonstrated that structured electrodes
can have a positive impact on the cell’s performance at higher cur-
rent rates.’ Multiple fabrication processes have been introduced, such
as co-extrusion of the active material® and combinations of extru-
sion and sintering processes.” Many of the battery concepts involve
a three-dimensional (3D) cell setup, in which the electrodes inter-
lock on a micro or nano scale, creating a large reaction surface area
and excellent charge transfer characteristics.® As laser-based manu-
facturing processes have been gaining importance in the processing
industry over the past decades, particular attention has been given to
laser-structuring of state-of-the-art electrodes. This concept involves
high-precision ablation of a small fraction of the active material from
the initial coating, generating additional diffusion pathways, which
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are solely filled with electrolyte. Significant improvements in rate ca-
pability were observed for laser-structured cathodes, e.g. consisting of
lithium manganese oxide LiMn, 04 2 as well as for graphite anodes. 10

A few simulation-based approaches have been published in
the past, explaining the improved rate capability for structured
cathodes®'' and anodes'?> due to the reduced overall tortuosity of
the electrodes. Based on the structuring process, a more homoge-
neous active material utilization is achieved and overpotentials are
reduced during operation. To the knowledge of the authors, no exper-
imentally validated physical-chemical model of LIBs with structured
graphite anodes has been presented so far. Such a model, however, is
needed to optimize the geometry of the superimposed structure while
taking manufacturing constraints into account. In the work presented
here, a homogenized 3D model of an NMC/graphite cell with laser
induced microstructures within the anode is introduced taking one-
dimensional (1D) diffusion within the solid particles into account. The
adapted 3D+1D electrochemical model is based on Newman’s pseudo
two-dimensional (p2D) model of a LIB'* accounting for both theo-
ries of porous electrodes and concentrated solutions.'* The presented
model is implemented and solved with the aid of a commercially avail-
able finite element method (FEM) tool. Geometrical features of the
electrodes are matched to previously measured data.'® Most relevant
material parameters, such as the open circuit potentials of the used ma-
terials, were determined experimentally. The model is utilized to not
only predict the transient voltage curves for discharge rates from C/5 to
10C and the derived capacity at the end of discharge, but also to deter-
mine Li-ion concentration gradients throughout the cell representing
the cause of overpotentials during operation. The simulation results
show excellent accordance with experimental data collected during the
considered rate capability tests. Based on these results, the presented
model can be used for optimizing a superimposed electrode structure,
allowing for further improvements in terms of rate capability of LIBs.

Experimental

In this section, the experimental procedures for electrode fabri-
cation, laser-structuring of the anodes as well as cell assembly and
testing are described.

Electrode fabrication.—The components for the electrode inks
were mixed with N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich,
USA) in a planetary vacuum mixer (Thinky Mixer ARV-310, Thinky,
USA) for 10 min at ambient pressure and temperature. The graphite
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Figure 1. SEM image of a laser-structured anode with structured and unstruc-
tured parts.

ink contained 95 wt% graphite (SGL Carbon, Germany) and 5 wt%
polyvinylidene fluoride (PVDEF, Kynar, Arkema, France). The NMC
ink was made of 96 wt% LiNi;;3Co;,3Mn;;30, (BASF, Germany),
2wt% PVDF and 2 wt% conductive carbon (C65, Timcal, Switzer-
land). Slot die coating was performed in an industrial roll-to-roll coat-
ing machine (Coatema, Germany) equipped with an infrared dryer at
a coating speed of 1 mmin~!. Subsequently, the coatings were calen-
dered to a final porosity of approximately 35%. After calendering, the
average coating thickness was 64 pm for both anode and cathode.

Laser-structuring of anodes.—For laser-structuring, a femtosec-
ond laser (Spirit One 1040-8, Spectra-Physics, USA), operating at
an infrared wavelength of A = 1040 nm with a pulse duration T, of
400 fs was used. Only the anodes were structured, the NMC cathodes
remained pristine as a larger effect on the overall tortuosity can be
achieved in comparison. The beam diameter d, in the focal plane
(on the electrode surface) was 17.2 wm and the peak fluence &, was
33.6Jcm™2. The repetition rate f;e, used for ablation was 1kHz and
a pulse number n = 100 was applied to achieve an average structure
depth d; of approximately 52 um and an average structure diameter of
approximately 20 wm at the electrode’s surface, measured with a con-
focal microscope. Toward deeper parts of the electrode (close to the
current collector), the structures narrowed. The structures were spa-
tially distributed in a hexagonal shape with a lateral length of 70 pm,
resulting in approximately 20400 structures per cm’. The ablated
fraction of the coating materials for the chosen process parameters
was around 5 wt% of the composite electrode material, determined by
weighing electrodes before and after structuring. For more details on
the experimental setup, the reader is referred to Habedank et al.'” An
image of the resulting structure distribution and geometry gained by
means of scanning electron microscopy (SEM) is presented in Fig. 1.
It becomes apparent, that the laser-induced structures are not uni-
formly shaped as the electrode consists of particles of different sizes
and shapes. The local electrode conditions thus play a decisive role in
the resulting characteristics of the structure.

Half cell assembly and open circuit potentials.—The open cir-
cuit potential curves of the utilized unstructured graphite and NMC
electrodes were measured in 2032 type coin cells vs. a lithium metal
electrode. The half cells were assembled in an argon filled glove
box (M. Braun Inertgas-Systeme, Germany) with H,O < 0.1 ppm
and O, < 0.1 ppm. Each cell was filled with 150 ul of electrolyte
(LP57, BASF, Germany), containing ethylene carbonate (EC) and
ethyl-methyl-carbonate (EMC) in a ratio of 3:7 (by weight) with
1M lithium-hexaflourophosphate (LiPF¢). As a separator, a glass
microfiber sheet (Type 691, VWR, USA) was employed. In its un-
compressed state, the separator has a thickness of 260 pum. Due to
the compression during cell assembly, the separator thickness was
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estimated to be 200 wm."> For the measurement of the quasi open
circuit potential as a function of the degree of lithiation, the cells were
charged and discharged three times at rates of C/50 in a dry room at a
controlled temperature of 20°C between 4.3V and 2.9 V (NMC) and
between 1.6 V and 0.05 V (graphite). In order to derive representative
open circuit potential curves from this procedure, an averaging be-
tween lithiation (NMC) and delithiation (graphite) of the considered
working electrode was carried out for all three C/50 cycles. The av-
eraged open circuit potential curves that were used for modeling and
simulation are shown in Fig. A1 in the Appendix. The individual cell
capacities for specifying the applied C/50 current were calculated by
determining the coating mass assuming mass specific capacities of
150 mAh g~! for NMC and 360 mAh g~! for graphite.

Full cell fabrication.—Three 2032 type coin cells with unstruc-
tured anodes and three coin cells with laser-structured anodes were
assembled analogously to the half cell assembly described in the pre-
vious section. As common practice for Li-ion cells, the areal capacities
of the graphite anodes were slightly overdimensioned compared to the
NMC cathodes in order to account for irreversible losses during for-
mation and to avoid anode potentials below 0 V, which would result in
an undesired Li-plating reaction during charge. In the case presented
here, an overdimensioning factor of approximately 1.2 of the pristine
anode was chosen so that Li-plating could be avoided at all times
during cycling. As only 5wt% of the coating was removed during
the laser-structuring process, this overdimensioning was considered
sufficient so that Li-plating during charging could also be avoided in
this case. As the mass loading of the pristine graphite anodes was kept
constant, the structuring process inevitably resulted in a change in the
capacity balancing of the electrodes. This effect needs to be taken
into account especially during modeling and simulation and will be
further discussed in the modeling section. As the electrolyte, LP572
(BASF, Germany) was used, which consists of EC and EMC in a
gravimetric mixing ratio of 3:7 with 1 M LiPFs conductive salt and
2 wt% vinylene carbonate (VC). As the full cell test data has already
been published elsewhere,'” no further details on the cell fabrication
procedure are discussed here. The focus of the work presented here
lies on model validation by means of this experimental test data, which
is why only essential information is given. Material and fabrication
parameters relevant for modeling and simulation purposes are listed
in the Appendix of this paper.

Formation procedure.—All cells went through a formation pro-
cedure of three charge and discharge cycles at a C-rate of C/10 in
order to sufficiently form the solid electrolyte interphase (SEI) on the
surface of the graphite particles before the subsequent rate capability
test was carried out. Charging was conducted using a constant cur-
rent/constant voltage (CCCV) operation with a cutoff current of C/20
and discharging was performed in a constant current (CC) procedure
within a voltage window of 4.2V to 3.0 V at a constant temperature
of 20°C.

Rate capability test.— After formation, the cells underwent a rate
capability test at a controlled temperature of 20°C whereas the applied
current was derived from the capacity of the cell after the last formation
cycle at C/10. The area-specific values for the adapted C/10 discharge
current are shown in Table I for each individual cell considered in
this study. As can be seen from this table, all cells investigated in this
work showed comparable areal capacities with only slight deviations
between the samples. This was considered to be of major importance
in order to allow for a straightforward comparison in absolute ca-
pacity retention. Higher C-rates are a multiple of the corresponding
C/10 discharge current. Charging was carried out following a CCCV
procedure and discharging was performed in a CC procedure within
a voltage window between 4.2V and 3.0V from C/10 to 10C. The
constant voltage (CV) phase during charge was terminated when a
charging current smaller than C/20 was reached. Charging currents
were C/10 and C/5 for the corresponding discharge cycles of C/10 and
C/5, respectively. After that, a charging current of C/2 was applied.
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Table I. C/10 discharge currents matched to cell capacities of coin
cells comprising unstructured and structured anodes.

Discharge current
-2

in mA cm

Cell 1 0.2399

Unstructured Cell 2 0.2535
anode Cell 3 0.2597
Average 0.2510

Cell 4 0.2597

Structured Cell 5 0.2445
anode Cell 6 0.2501
Average 0.2514

The resulting discharge rate capability is shown in Fig. 2. As can be
seen from this figure, all investigated cells show quite comparable
behavior. The cells containing structured anodes show an even more
reproducible behavior compared to the cells with unstructured anodes.
As can be clearly seen from the experiments in Fig. 2, the structuring
process results in an overall improvement of the cell’s absolute capac-
ity retention, which becomes dominant beyond 2.5mA cm~2 or 1C
and fades again before 25 mA cm™2 or 10C. This effect will be further
evaluated in the following sections.

Cyclic aging test.—Subsequent to the rate capability tests, the six
coin cells comprising unstructured and structured anodes underwent
a cycling test of 1000 cycles. The cells were charged with a CCCV
procedure following a charging current of 1C until the cutoff voltage
of 4.2V and a cutoff current of C/5 in the CV phase. The discharge
was carried out with a CC phase at a 1C discharge current until a
cutoff voltage of 3.0 V. Similar to the rate capability tests, the ambient
temperature was set to 20°C. The capacity retention of the first CC
discharge cycle was used as a reference. The capacity fade of each
cell as a result of cyclic aging is displayed in Fig. 3.

Modeling

In accordance with the homogenized p2D modeling approach
for porous microstructures developed by Newman, Doyle and
Fuller,'>'*!° the model presented here consists of an anode, a sep-
arator, and a cathode domain in which both charge and mass transport
are accounted for. The governing equations rely on porous electrode
and concentrated solution theories and are listed in the appendix for
the reader’s convenience. Relevant model parameters representing the
investigated coin cells are summarized in Table Al in the appendix.
The Newman model originally considers a 1D representation through
the layers of the electrochemical cell which is coupled to a second di-
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Figure 2. Measured area-specific discharge capacity as a function of applied
current density of coin cells comprising unstructured and structured anodes.
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Figure 3. Normalized capacity retention during cycling of cells comprising
unstructured anodes (Cell 1, Cell 2 and Cell 3) and structured anodes (Cell 4,
Cell 5 and Cell 6).

mension representing radial-symmetric active material particles (i.e.
1D+1D, hence p2D). This approach has proven to be valid if the
cell shows a homogeneous behavior in the second and third in-plane
dimension which allows to neglect gradients in these dimensions as
the cell behavior is dominated by through-plane charge and mass
transport.!”!3 Only if these gradients cannot be ruled out due to e.g.
the non-ideal spatial configuration of the current collectors and the
positioning of the corresponding tabs, further means of model devel-
opment need to be considered.'**

In the case presented here, 1D and 2D models cannot be used to
appropriately describe the hole structure created by the laser ablation
process as gradients are expected to occur due to the spatial distribu-
tion of the superimposed structure. Furthermore, as already stated in
the laser-structuring section, the hole structure is not uniform through-
out the entire electrode but is highly dependent on the size and shape
of the particles which are affected by the ablation process resulting in
a rather coarse hole structure when visually comparing the holes one
by one. In order to account for a representative hole structure on the
one hand and in order to limit computational effort on the other hand,
ahomogenized 3D representation of the electrode layers is considered
which is coupled to the aforementioned additional radial dimension
representing the active material particles. This simplification follows
the same line of thought initially suggested by the Newman group in
order to efficiently describe porous insertion materials. If the electrode
is large enough in terms of its planar dimensioning, every location
along an electrode’s normal vector can be represented by one parti-
cle that will be in contact with the surrounding electrolyte leading to
the p2D approach, which is widely accepted and applied. The same
principle accounts for a representative hole structure describing the
general behavior of the structured electrode. Following this idea, there
will be a particle at every location within the representative 3D struc-
ture which will be in contact with the surrounding electrolyte at this
very location. Furthermore, a generalized or simplified hole structure
representing the 20400 holes per cm? can be introduced. The speci-
fied differential equations have to be consequently solved in all three
spatial dimensions of the homogenized 3D cell setup which implies:

a 9 9
V= (— = = 1]
dx dy 0z

Due to the increased spatial discretization effort, 3D models tend
to have larger degrees of freedom (DOF), which inevitably causes a
higher computational demand and, hence, longer computing times.
To minimize the computational effort for solving the set of partial
differential equations, the modeled electrode section takes most ad-
vantage of symmetry planes representing the structuring pattern. The
definition of the modeled geometry is shown in Fig. 4. The laser abla-
tion process creates holes in a hexagonal pattern as can be seen from
Fig. 1. The x-direction of the modeled section represents the direction
perpendicular to the layers of the cell following the same notation
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Figure 4. Definition of the modeled geometry using symmetry characteristics of the laser-structured anode. Representative anode surface (a), anode cross section
(the state variables solved per domain are the solid and liquid phase Li-ion concentration cs and ¢j and the solid and liquid phase potential ®¢ and @, respectively)

(b) and final 3D geometry implemented in the FEM tool (c).

as the original Newman model. As the holes are homogeneously dis-
tributed across the cell, a triangular section of the structured anode
is sufficient to describe the entire cell behavior, see Fig. 4a. In this
case, a 30° sector of the hexagonal structuring pattern is specified.
The cross section of the anode is shown in Fig. 4b with /., [, and [,
representing the length in x-, y- and z-direction, respectively. In this
case, I, is equal to the thickness of the negative electrode /,.,. The
distance between the centers of two adjacent holes accounts for 2/,.
The inner radius of the hole is described by r;, the outer radius by r,
and the depth by d. As the structures are not perfectly cylindrical, the
shape was built by using a cubic Bézier curve

B(t)=(1—1)Py+3(1 —1)*tPy +3(1 —)*P, + ' P; 2]

The Bézier curve runs in the interval 0 < ¢ < 1. It starts at P, for
t = 0 and terminates in the last control point for # = 1. Each control
point P, is defined by its x,, and y, component, the shape of the curve
was controlled by the weighting coefficients w; and w,. The control
points are provided in Table II.

Pn=<x">,n=o,1,2,3 [3]

n

All remaining parameters are listed in the Appendix in Table Al.
The resulting idealized 3D geometry is displayed in Fig. 4c. The
volume fraction of the modeled hole is 5.1% of the initial anode
volume, which is in good agreement with the results of the laser-
structuring process. To account for a reduced anode volume, the initial
degree of lithiation of the unstructured anode was increased from
0.78 - C5, max, neg (see Table Al) to 0.82 - ¢; max, neg for the structured
anode which represents this relative decrease. The thicknesses of the
separator Iy, and the positive electrode I, are added to the geometry
in x-direction.

The presented model of the Li-ion cell was implemented in the
FEM-based software platform COMSOL Multiphysics 5.3. In order to
depict the geometrical features of the hole, a high spatial discretiza-
tion around the hole boundaries was chosen resulting in approximately
30000 DOF which need to be solved during computation. For com-
parison, a 3D model of an unstructured cell with a similar spatial
discretization along the x-axis results in approximately 9000 DOF.
For describing the unstructured cell, a classic p2D model with around
2000 DOF was chosen in order to save computing time.

Table II. x and y components of the four control points.

Xn Yn
Py lneg —d 0
Py Ineg —d riwy
P lneg riwz
P3 lneg To
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In order to describe charge and mass transport in the porous mi-
crostructures of a Li-ion cell, a correction of the electrolyte’s transport
properties is necessary. An often used correction factor is the Brugge-
man exponent which was empirically determined for porous struc-
tures formed of spherical particles. Recent research findings showed
that the Bruggeman correction often underestimates the limitation of
the transport properties especially in graphite electrodes formed of
platelet-like particles.*>!~2* In order to evaluate effective transport pa-
rameters, the tortuosity t of the porous electrode structure needs to be
known, which can be defined as the ratio of the direct path length to
the effective path length of ion transport

€] D]

Dot = D= = - 4
1, eff 1r Nu [4]
et = K= = — [5]

=TT Nu

with D representing the diffusion coefficient in the liquid phase (i.e.
the electrolyte), k its conductivity and ¢ the volume fraction of the
electrolyte, also known as the porosity of the porous structure. The
ratio of the tortuosity to the volume fraction is also known as the Mac-
Mullin number Ny;.2*2% Ebner et al. further demonstrated that the elec-
trode’s tortuosity for spherical particles (e.g. NMC) shows an isotropic
behavior, but for cylindrical (e.g. lithium cobalt oxide LiCoO, (LCO))
and platelet-shaped particles (e.g. graphite), an anisotropy of tortuos-
ity can be observed that cannot be neglected when considering charge
and mass transport in all spatial dimensions of an electrode.* Es-
pecially the through-plane tortuosity of graphite t, is significantly
higher than the in-plane tortuosity (with t, = t.). In order to ac-
count for this effect, an anisotropic tortuosity was implemented in the
graphite anode with T, = 8 and t, = T, = 2.5.* The separator and
the NMC cathode were considered to inhibit an isotropic tortuosity
of i, =1 =1 =12and 1, = 1, = 1, = 1.7, respectively
(see Table Al).

Results and Discussion

In this section, the data gained from the rate capability tests carried
out for this work is presented and then discussed with the aid of
simulation studies derived from the developed modeling approach.
The results of the cyclic aging experiments carried out after the rate
capability tests are discussed at the end of the section.

Effects of structuring on rate capability.— All rate capability tests
were carried out as described in the experimental section at C/10, C/5,
C/2,1C, 2C, 3C, 4C, 5C and 10C at an ambient temperature of 20°C.
As the coulombic efficiency of the C/10 cycles after the formation
procedure was only 99.1% on average, this data is not considered in
the further process of this work. The authors believe that the process
of formation was not completely finished at this stage, which might
falsify the observed trends if taken into consideration here. From the
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Figure 5. Comparison of measured and simulated C/5-normalized discharge
rate capability of coin cells comprising unstructured and structured anodes (a)
and observed difference in normalized discharge rate capability (b) within the
three stages (I), (I) and (III).

C/5 cycles onwards, all cycles showed efficiencies above this value
rising toward 99.7%. Therefore, all further observations were focused
on C-rates larger than C/10.

In Fig. 2, the mean area-specific discharged capacity is shown as
a function of applied current density. As indicated by the error bars,
a variation in both directions occurs, whereas the variation in applied
current follows the notation presented in Table I, which is based on
the derived capacity at the end of the carried out formation cycles. The
cathode samples used for building the coin cells were chosen in such
way, that the loading of the capacity limiting electrode, i.e. the cath-
ode, was very similar for both unstructured and structured cells (see
experimental section). This approach resulted in a highly reproducible
area-specific capacity of approximately 2.5 mAh cm~2 at low current
densities for all cells considered within this study, which guarantees
a most straightforward comparison of the results gained from the rate
capability tests. For the reader’s convenience, besides area-specific
values (see Fig. 2), also the capacity retention normalized to the C/5
discharge rate (see Fig. 5a) and the difference in normalized capacity
retention (see Fig. 5b) is shown in this work. When looking into the
difference in normalized capacity retention, the impact of electrode
structuring can be categorized in three different stages depending on
the applied C-rate and increase in derived capacity. The area-specific
energy density is not shown here, as the voltage level only merely
varies between coin cells with structured and unstructured anodes.
Therefore, the area-specific capacity and area-specific energy density
as a function of applied C-rate show very similar characteristics in this
work. As the volume of the anode does not change with the structur-
ing process, the volumetric energy density of the cell directly follows
this trend. Based on the lower density of the electrolyte compared
to the composite anode, the overall weight of the electrolyte soaked
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Figure 6. Comparison of measured and simulated discharge voltage curves as
a function of C/5-normalized capacity for coin cells comprising unstructured
(a) and structured anodes (b) for C-rates of C/5, C/2, 1C, 2C, 3C, 4C, 5C, and
10C (from right to left).

anode is reduced by approximately 3%. This will slightly improve the
gravimetric energy density of the full cell. For all applied currents,
the coin cells comprising structured anodes generally showed a larger
discharged capacity compared to their unstructured counterpart, as
can be seen in Fig. 2. In the case presented in this study, this ef-
fect suddenly becomes dominant at discharge current densities above
2.5mAcm~? or 1C reaching its peak impact around 7.5 mA cm™
or 3C and steadily declines at current densities above this value as
shown in Fig. 5b. As can also be seen from Figs. 2 and 5a, there is
a rather gentle decrease of the discharged capacity with increasing
current density up to 2.5mA cm™2 or 1C, which then becomes more
pronounced up to 7.5 mA cm~2 or 3C and then finally decreases again
in its steepness. In order to understand the interplay of mechanisms
leading to this effect, the presented model was applied. For this pur-
pose, a standard p2D Newman model was considered first, in order
to match the parameter set to the results of the rate capability tests
with cells comprising unstructured anodes. As shown in Figs. 5a and
6a, the relative decline in capacity retention with rising C-rate at the
end of the discharge as well as the transient characteristics of the
voltage response during discharge can be depicted very well with the
parameter set given in the Appendix.

This parameter set was then transferred to the 3D representation of
the homogenized structured electrode model. With a simulated hole
diameter of roughly 20 um, 80% of penetration depth and 70 pm of
distance between the centers of the holes, the rate capability tests per-
formed on cells comprising structured anodes could also be depicted
very well. Again, this accounts for both the absolute and the relative
decline in discharged capacity with rising C-rate at the end of the dis-
charge procedure (see Fig. 5a) as well as the transient characteristics
of the voltage response during discharge (see Fig. 6b).
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Figure 7. Li-ion concentration in both liquid (left) and solid phase (right) averaged along y- and z-direction at the end of the corresponding discharge step; solid
phase concentration accounts for the mean concentration within the particle dimension.

Mechanisms of rate limitation.—When looking into Fig. 5a, the
C-rates of C/5, C/2 and 1C are almost not affected by the structuring
process. Also, the similar trend of the decline in discharged capacity
hints at a limiting effect which is not influenced by the structuring
process and consequently charge and mass transport in the liquid
phase. This assumption can be proven when looking into Figs. 7a and
7b. The spatial distribution in liquid phase concentration at the end
of the discharge procedure is almost identical for both the unstruc-
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tured and structured cells with rising gradients between the anode
and cathode for increasing C-rate. The same holds true for the spatial
distribution in solid phase concentration. The utilization of the elec-
trodes is constantly above 90% with almost no gradients along the
thickness of the electrodes. At C-rates of 1C and below, this obser-
vation leads to the assumption that the capacity retention is mainly
influenced by an increased potential drop based on ohmic losses and
charge transfer kinetics with increasing C-rate. From 2C onwards, a
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more homogeneous liquid phase concentration can be observed for
the cells with structured anodes compared to those with unstructured
anodes with lower maximum values, which positively influences the
transport properties of the electrolyte (see Fig. 7c¢). This results in a
considerably homogenized solid phase concentration along the elec-
trode with lower mean values on the anode side which leads to higher
overall solid phase concentrations on the cathode side at the end of
the discharge procedure (see Fig. 7d). At C-rates of 4C and above,
the homogenizing influence of laser beam structuring on both the lig-
uid and the solid phase concentration is considerably diminished as
shown in Figs. 7e and 7f. At these C-rates, the limiting influence in
the liquid phase on the cathode side becomes increasingly dominant,
reaching almost a complete depletion of Li-ions, which results in large
overpotentials related to charge transfer kinetics (see Fig. 7e). In ad-
dition, the liquid phase concentration within the anode domain rises
above 4 mol 1=! which significantly reduces both its conductivity and
diffusivity resulting in large ohmic and diffusion based overpotentials.
The electrolyte conductivity is reduced to 35% and the diffusivity to
14% at 4mol1~! compared to the values at the initial liquid Li-ion
concentration of 1 mol1~!. In order to improve the rate capability of
the cell at these high discharge rates, further modifications need to
be considered such as different electrolytes with enhanced transport
properties at such high levels of Li-ion concentration or an additional
structuring of the cathode to avoid a complete depletion of Li-ions.

These observations suggest a classification of the influence of
laser beam structured anodes on the rate capability of the cells: At
low C-rates, electrode morphology plays only a minor role in capacity
retention making laser beam structuring obsolete in general, i.e. stage
(D) between 0.1C and 1C in this case. At moderate C-rates, the effect
of anode morphology and related effective transport properties be-
comes dominant, showing the largest benefit of laser beam structured
anodes, i.e. stage (II) between 1C and 3C in this case. At high C-rates,
not only the anode morphology is mainly influencing the occuring
overpotentials, but also the electrolyte’s inherent transport properties
as well as the morphology of the separator and cathode are becom-
ing increasingly important approaching a depletion of the electrolyte
near the cathode current collector, i.e. stage (III) between 3C and
10C in this case. It is worth mentioning here, that the chosen glass
fiber separator is not representative for commercial Li-ion cells, where
separators are used which are about a magnitude thinner (i.e. approx-
imately 10-30 wm). The glass fiber separator was used in this case
due to ease of handling and comparability between half cell and full
cell measurements. For the here presented results, this circumstance
should only have a mere influence on the investigated rate capability
as the overpotentials within the separator are dominated by the ef-
fective transport properties of the electrolyte, resembling an effective
path-length of ion movement. The chosen glass fiber separator shows
a MacMullin number of approximately 1.7 in its compressed state of
200 pm, which results in an effective path-length for the Li-ions of
340 wm. A standard polyolefin based separator with a thickness of
25 wm and a porosity of 40% inhibits a MacMullin number between
10 to 15,%* resembling an effective path-length of 250375 pm, which
is very comparable to the chosen glass fiber separator.

In order to not only evaluate the through-plane but also the in-
plane penetration depth of the structuring procedure, the 3D spatial
distribution of Li-ion concentration in the solid and liquid phase was
studied at the end of a 3C discharge step. For this purpose, five cut
planes were introduced along the thickness of the structured anode
(compare Fig. 4c) at a constant distance of 16 um between them (see
Figs. 8a and 8b). Looking into the spatial distribution of both the
liquid and solid phase concentration, a fairly homogeneous coloring
of the cut planes can be observed, whereby the coloring level is mainly
dominated by the through-plane distribution in Li-ion concentration.
This implies that the concentration gradients along the hole’s axis
are generally larger than the concentration gradients along the hole’s
radial direction.

Near the interface between the anode and the separator (i.e. planes
V and IV), there is only little variation in Li-ion concentration through-
out the cut planes in both the liquid and the solid phase. This tendency
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is confirmed when looking into the normalized liquid and solid phase
concentration along the hypotenuse symmetry axis of the considered
triangular electrode domain (see Figs. 8c and 8d). Furthermore, we
observe an increasing gradient from the bulk material between the
holes to the center of the hole with increasing distance to the separa-
tor along the depth of the holes (i.e. planes III and II). In case of the
liquid phase concentration, the spatial distribution within the unstruc-
tured part of the electrode (i.e. plane I) becomes fairly homogeneous
again, however, at significantly elevated levels of concentration. This
jump becomes especially apparent when looking into the level of lig-
uid phase Li-ion concentration within the hole (i.e. at y = z = 0
within planes V, IV and III) compared to the unstructured part of the
electrode (i.e. at y = z = 0 within plane I). A similar trend in the
solid phase concentration can be observed, whereas a considerable
gradient in Li-ion concentration remains near the current collector
in the range of a third to a half of the total through-plane concen-
tration difference, which can be explained by the comparably slow
diffusion-based equalization process within the solid phase compared
to the liquid phase.!” These observations imply that the penetration
depth of the structuring process not only varies for the liquid and solid
phase concentration but is highly dependent on the size and the depth
of the hole as well as the distance between the holes. These results
suggest that the size, the depth and the shape of the hole itself as
well as the structuring pattern can be optimized in order to obtain an
improved rate capability within a certain operating window and price
range.

Cyclic aging behavior.—From the overall cycling behavior dis-
played in Fig. 3, no distinct indication can be observed that coin cells
comprising structured or unstructured graphite anodes show superior
aging characteristics. What is more, the developing spread between
the cells might be a result of the manual cell assembly process or
partial deterioration during the rate capability tests with high C-rates.
Nevertheless, all cells comprising structured anodes reveal a capac-
ity retention above 83% after 1000 cycles, whereas two cells with
unstructured anodes already showed a capacity fade toward 65%.
This leads to the conclusion that the laser-structuring process of the
graphite anodes has no negative impact on the cyclic aging behavior
of the coin cells. If coin cells comprising structured anodes even show
an enhanced aging behavior needs to be evaluated by means of further
measurements including more cells and cells that did not undergo a
rate capability test before the carried out aging study.

Conclusions

Within this work, a combination of experimental and simulation-
based evaluation of laser-beam structured graphite electrodes for en-
hancing the discharge rate capability of a NMC/graphite Li-ion cell
was presented. As the experimental basis of this work, coin cells with a
constant loading of approximately 2.5 mAh cm~? were manufactured,
whereas the NMC cathode was the capacity limiting electrode and the
pristine graphite anode was oversized by approximately 20% in capac-
ity so that the laser beam ablation of roughly 5 wt% did not result in
an elevated risk of Li-plating during cycling. For simulation purposes,
arepresentative homogenized microstructure model of the considered
laser-beam-structured graphite electrode was developed and validated
against rate capability tests, which were performed on both coin cells
with unstructured and structured graphite electrodes.'® In a first step,
the underlying physical and chemical model parameters were adapted
toward the unstructured coin cells with the aid of a standard p2D
Newman-type model resulting in an excellent agreement between ex-
perimental and simulated rate capability tests. This parameter set was
then transferred to the homogenized 3D+1D microstructure model,
forming a representative triangular section of the structuring pattern
making most use of symmetry planes in order to minimize computa-
tional effort. Due to the inevitably higher spatial discretization effort
around the hole geometry, which was qualitatively approximated by a
cubic Bézier curve toward SEM pictures, the computational demand
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48 wm and 64 pwm, respectively) and liquid (c) and solid phase (d) Li-ion concentration along hypotenuse of cut planes at the end of a 3C discharge step within the

structured graphite anode.

increased by a factor of approximately 15 compared to a standard p2D
model (30000 DOF vs. 2000 DOF).

Simulated rate capability tests, which were carried out with the aid
of the parametrized structured electrode model, were validated against
experimental data showing again excellent agreement in terms of the
transient voltage decline during discharge as well as the observed re-
duced capacity retention with increasing C-rate. It was shown, that for
the electrode morphologies and materials considered in this case, the
maximum benefit of structuring the graphite electrode was around a
discharge rate of 3C. At low discharge rates, there is merely an influ-
ence of the structuring process (here up to 1C), which then suddenly
changes at 2C rising toward its maximum impact at 3C of gaining be-
tween 10% and 15% in capacity compared to cells without structured
graphite anodes at C/5. This corresponds to a relative improvement
of capacity retention of 11-24% at 3C, at which the minimum and
maximum capacity retention of the structured cells at 3C are related
to the mean capacity retention of the unstructured cells at 3C. Beyond
3C, the impact of the structuring process declines again, however,
at a comparably lower rate. This implies, that there forms a certain
C-rate region in which the use of structured electrodes can consid-
erably enhance a cell’s rate capability forming an optimum. In other
words, structured electrodes do not necessarily come with an overall
improvement in rate capability of Li-ion cells at all applied currents
as mass transport limitations within the electrolyte are still dominat-
ing at large currents despite the locally homogenized distribution in
Li-ion concentration (e.g. overall electrolyte depletion in the NMC
cathode?). When looking into the simulated spatial Li-ion concentra-
tion in the liquid and the solid phase at the end of discharge, the effect

of the structuring process on the rate limitation becomes apparent. At
low C-rates (i.e. C/5, C/2 and 1C or stage (I)), the structuring process
has almost no influence on the solid phase concentration in both an-
ode and cathode. Consequently, the amount of discharged capacity is
rather limited by an increasing polarization due to ohmic losses and
charge transfer kinetics instead of transport limitations in the liquid
electrolyte. At higher C-rates (i.e. 2C and 3C or stage (II)), the ho-
mogenized liquid phase concentration has a more dominant impact
on the distribution in liquid and solid phase concentration especially
in the graphite anode which results in higher degrees of utilization
within both electrodes. When further increasing the discharge rate
(i.e. 4C, 5C and 10C or stage (III)), the positive impact of electrode
structuring on the homogeneity of liquid phase concentration fades,
which then results in a similarly inhomogeneous utilization of the
graphite anode. What also becomes apparent is that the level in lig-
uid phase concentration within the cathode generally decreases with
increasing C-rate which is based on the ongoing depletion of the elec-
trolyte resulting in increased charge transfer overpotentials. Similarly,
the liquid phase concentration within the anode becomes excessively
high (> 4mol1~"), which significantly reduces the inherent transport
properties of the electrolyte, resulting in large ohmic and diffusion
based overpotentials. This effect cannot be significantly influenced
by a structuring of the anode but needs further modifications such as
using enhanced electrolytes or including an additional structuring of
the cathode.

The results shown in this work imply that not only the anode
structuring process can enhance the discharge rate capability of the
entire cell in a certain range but also that modeling and simulation
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can help to understand the underlying mechanisms and interactions
resulting in this enhancement. By evaluating the through-plane and in-
plane distribution in Li-ion concentration throughout the electrodes,
the ideal hole size, geometry and pattern can be identified in order
to maximize the rate capability within a limited operating window.
By further considering the costs of the electrode structuring process
and also of the excess electrolyte within the holes, a cost-effective
rate capability enhancement can be achieved. This can be best ex-
plained when considering Fig. 5b, where the peak location, height
and width of the curve can be altered by changing the size, the shape
and the pattern of the superimposed structure. In order to be able to
reliably optimize the structure, inherent transport properties of the
applied electrolyte need to be characterized well throughout the entire
concentration range occurring during operation before salt precipita-
tion takes place (i.e. beyond 4 moll~! in this case). The same holds
true for a thorough characterization of the anisotropic electrode mor-
phology. Further work will focus on this optimization procedure, not
only for the graphite anode, but also for the NMC cathode during
both discharge and charge operation for various electrode loadings.
Furthermore, the model error accompanied with the homogenization
of the microstructure will be evaluated and investigated in terms of
means of a further model order reduction.
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Appendix

In the experimental section, the open circuit potential measurements of the half cells
were described. In Fig. Al, the derived curves are plotted as a function of degree of
lithiation.

The developed model is based on the subsequent equations. For a more detailed
description, the reader is referred to the work of the Newman group.'>!%1® The most
relevant model parameters used in this work are listed in Table AI. The mass balance is
applied in the porous intercalation electrodes

ac it 3e
8ot =V (DperVe — o5 )+ 22, [A1]
ot F Tp
where ¢ is the porosity or the liquid phase fraction of the electrode domain, D) ¢ the
effective diffusivity, i) the ionic current density, F the Faraday constant, € the solid phase
fraction, ry, the particle radius and j, the pore wall flux. In the separator, there is no charge
transfer reaction taking place, hence, the mass balance simplifies to
9 _ g (pygve — 1 [A2]
o — = Ve — 4
ey Leff VL = 5

The ionic current density accounts for the interaction between the different species in

the electrolyte which is why the activity dependence is essential
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with kefr being the effective ionic conductivity, @, the potential in the liquid phase and
R the ideal gas constant. At high C-rates the Li-ion concentration in the electrolyte
can locally become very low due to transport limitations. To prevent the concentration
from becoming zero or even negative, which causes instability of the model, a kinetic
modification introduced by the Newman group?’ was implemented. The Butler-Volmer
equation, which describes the charge transfer between the solid and the liquid phase on
the particle surface is divided by a limitation term with ¢ji = 1 mol m—3?

ag F

io exp (% 1) — exp (= %7 )
F 1+L‘#exp(f%n)

n =

[A4]

o, and o are the anodic and cathodic charge-transfer coefficients. The exchange current
density i is defined as

da
o = FRCKE (Cy may — )"l (i) [AS]
Cl, ref

with ¢| et = 1 molm™. ¢ max is the maximum Li-ion concentration in the solid phase
and k, and k. are the anodic and cathodic reaction rates, respectively. The overpotential
1 is defined as a subtraction of the potential of the liquid phase ®; and the equilibrium
voltage E.q from the potential of the solid phase @

n=®&; — P — Eg [A6]

Finally, the following boundary conditions have to be maintained
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In literature, only a few electrolytes used in Li-ion cells have been characterized
adequately so that they can be used for the purpose of model parameterization.?’!
Necessary characteristics are diffusivity, ionic conductivity and activity dependence of
the electrolyte. These characteristics depend on the Li-ion concentration and on the
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Figure A1. Open circuit potential curves for the graphite anode (a) and the NMC cathode (b) considered in this work.
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Table AI. Model parameters used within this work; superscript m indicates measured values, e indicates estimated values (* value derived from
D50 mass-median-diameter from datasheet, ** value derived from weight ratio of electrode composition); numeric values and magnitudes of
parameters chosen in this study were referenced to literature where applicable.

Parameter Anode Separator Cathode
Geometry

Thickness [ 64 um” 200 pm?!d 64 um”

Particle radius r, Spm* 5.5pum*

Solid phase fraction €g 0.59 ** 0.52**

Liquid phase fraction €] 0.32™ 0.7¢ 0.35™

Tortuosity through-plane t, 8+ 1.2¢ 1.74

Tortuosity in-plane Ty, 2.54 1.2¢ 1.74
Thermodynamics

Equilibrium voltage Ee, Fig. Ala Fig. Alb
Maximum lithium concentration ¢s, max 32000 mol m~33233 50000 mol m—333
Initial state of charge Cf“‘;‘?‘x 0.78°¢ 0.43¢

Kinetics

Anodic reaction rate k, 1 x10%ms 1?7 1 x10 % ms™ 1?7
Cathodic reaction rate k. 1 x10%ms™1?7 1 x10 2 ms~1?7
Anodic charge-transfer coefficient o, 0.532.34 0.53234

Cathodic charge-transfer coefficient o 0.53%34 0.53234
Transport

Solid diffusivity Dy 1 x 10~ 4m?2s~127.32 1.8 x 10713 m2s~13333
Solid conductivity & 100 S m—!21,36 10S m~13536
Parameter Hole

Inner radius r; 7.5um™

Outer radius r, 22.5pum™

Depth d 0.8 - Ineg ™

Weighting factor w; 1.1

Weighting factor wy 0.6

Distance 21y 70 um™

Parameter Electrolyte

Electrolyte diffusivity D; Eq. Al5

Electrolyte conductivity k¢ Eq. A17

Activity dependence 38]1"11]: = Eq. A18

Transport number 7 0.4%7

Parameter Global

Temperature T 293.15K™

Ohmic contact resistance Ro

temperature, which is kept constant in this case. Due to various electrolyte compositions,
the resulting curves differ slightly but overall show a similar trend.

The electrolyte diffusion coefficient and the electrolyte ionic conductivity were
adopted according to Mao et al.>’ The corresponding unit for the following characteristic
electrolyte functions is mol1~! for the Li-ion concentration ¢, and K for the temperature
T

_ 2000(T — 298)
Dy = 5.34 x 10719 exp(—0.65¢;) exp <T> f [A15]
1690(T — 298
Kk = (0.0911 4 1.9101¢; — 1.052¢% + 0.1554¢}) exp (%) [A16]

The electrolyte diffusion coefficient was slightly reduced by multiplying a factor
f = 0.85. Mao et al.”” used a polynomial fitting function for the ionic conductivity that
is only valid in a certain concentration range. For concentrations above 3 moll~!, the
conductivity starts to increase again due to the considered cubic fitting function. As larger
Li-ion concentrations were observed in this work, the following fit was used, which is
based on Eq. A16 with a constant temperature 7 = 293.15K

Km:2'034(ﬁ)0.55ﬂp(_(ﬁ)l_ﬁ)

The effective diffusivity and ionic conductivity can be determined using the correction
presented in Eqs. 4 and 5. The electrolyte activity dependence was taken from Valgen and

Reimers?® as it was neglected by Mao et al.>’

[A17]

dln fr  0.601 — 0.24¢)3 +0.982¢]5(1 — 0.0052(T — 294))

= 1
dlnc -1,

[A18]

1.3 x 1073 Qm?¢

The equation contains a dependence of the transport number 7y, which was set
constant, see Table Al
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The energy density of lithium-ion batteries can be enhanced by using thicker and denser electrodes, which leads to transport limitations
in the electrolyte within the porous structures. A pore morphology modification of the electrodes can counteract this limitation
mechanism and provide higher rate capabilities of the cells. In this work, graphite anodes are structured with a picosecond laser in
order to create transport pathways for the lithium-ions and allow for enhanced penetration of the electrodes. Experimental data from
graphite/NMC-111 coin cells with varying areal capacities are used for the development and parameterization of an electrochemical
model. The modified pore morphology of the structured electrodes is represented in the model by an adapted tortuosity, which results
in lower lithium-ion concentration gradients and reduced diffusion polarization in the electrolyte. The effect of electrode thickness
and tortuosity on limiting mechanisms is analyzed via simulation studies in order to derive the impact of structured electrodes. As
a result, improved discharge as well as charge rate capability appears beside enhanced safety features such as increased tolerance
versus hazardous lithium-plating during fast charging scenarios.

© The Author(s) 2019. Published by ECS. This is an open access article distributed under the terms of the Creative Commons
Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any

medium, provided the original work is properly cited. [DOI: 10.1149/2.0062001JES]

Manuscript submitted June 11, 2019; revised manuscript received August 1, 2019. Published September 23, 2019. This paper is part
of the JES Focus Issue on Mathematical Modeling of Electrochemical Systems at Multiple Scales in Honor of Richard Alkire.

Lithium-ion batteries are the prevailing energy storage system for
electric vehicles, stationary energy devices, mobile applications and
power tools.! Especially electric vehicles require increasing energy
densities to offer a satisfactory driving range for customers.>> While
solid state technologies are under ongoing development, they face a
lot of challenges and cannot provide the required energy density, cur-
rent capability and cycling stability.* Therefore, lithium-ion batteries
comprising porous electrodes filled with liquid electrolyte are still the
state-of-the-art technology.

One way to increase the energy density is the use of new active
materials,>>* e.g. combining a nickel-rich lithium nickel manganese
cobalt oxide (NMC-811) cathode with a silicon/graphite anode.® The
performance of an existing active material can also be enhanced by
nanostructuring methods’™'” or by changing the electrode formula-
tion, composed of active material, binder and carbon black.''~'® An-
other option lies in an optimized cell design in order to increase the
share of active material and reduce the share of passive parts like cur-
rent collectors, tab connectors or the housing.!” Thicker and denser
electrodes offer an opportunity to increase the required energy den-
sity independently of the used active material, but face issues when
they are stressed with higher currents.!*!-2! One major contributor
are mass transport limitations in the electrolyte.?!'=>

Electrode pore morphology modifications provide a potential to
overcome limitations arising from thicker and denser electrodes.'*2-2
The path length, the lithium-ions have to travel in the electrolyte
through the porous electrode, is defined by the thickness, the porosity
and the tortuosity.'”? Primarily, high charge/discharge currents lead
to a poor battery performance, as the overpotentials increase and the
full capacity cannot be utilized.”?® Depending on the application and
the desired requirements, current research focuses on improving the
properties of anode’*3? and cathode®-*’ composites by a modifica-
tion of their structure. Besides an increased battery performance, an
introduction of macro channels or pores into the electrode can lead to
a reduced wetting time during the cell manufacturing process.'>3

The focus in this work lies on modified graphite anodes using
a laser-structuring process.’! It will be demonstrated, that lithium-
ion cells comprising structured graphite anodes not only provide a
higher discharge rate capability,® but also exhibit an opportunity to
tackle issues concerning fast charging.* While the discharge perfor-
mance, determined by the maximum discharge current, of state-of-the-

*Electrochemical Society Student Member.
“E-mail: ludwig kraft@tum.de

art lithium-ion batteries is at a practical level for most applications,
fast charging capability of energy storage systems is becoming more
and more important. If the energy density of lithium-ion batteries can-
not be increased to a satisfactory level, especially electric vehicles
rely on fast charging capability to overcome range anxiety of potential
customers.

Experimental data gained from measurements on graphite/NMC-
111 coin cells comprising unstructured and structured graphite anodes
with varying thicknesses are used for the development of an electro-
chemical pseudo two-dimensional (p2D) model. With the aid of sim-
ulation studies, the influence of the electrode pore morphology on the
charging and discharging behavior is analyzed and design criteria of
electrodes are provided.

Experimental

Electrode fabrication.—A rotation-revolution mixer (Speedmixer
DAC 3000, Hauschild Engineering, Germany) was used to mix
the components for the electrode inks with N-methyl-2-pyrrolidone
(NMP, Sigma-Aldrich, USA) at ambient pressure and temperature.
The cathode ink contained 96 wt% LiNi,;3Co;,3Mn, 30, (NMC-111)
(BASF, Germany), 2 wt% polyvinylidene fluoride (PVDF, Kynar,
Arkema, France) and 2 wt% conductive carbon (C65, Timcal, Switzer-
land). In terms of the anode, 95 wt% graphite (SGL Carbon, Germany)
and 5 wt% PVDF were used. Doctor blade coating was performed in an
industrial roll-to-roll coating machine (Coatema, Germany) equipped
with an infrared dryer at a coating speed of 0.5 m min~'. Four differ-
ent anode and cathode coating thicknesses were prepared and subse-
quently calendered in order to achieve a final porosity of approximately
35%. The anode and cathode composition remained constant for each
coating. The resulting electrode thicknesses accounted for 71 pm,
79 pm, 90 pm and 116 wm for coatings 1 to 4, respectively.

Laser-structuring of anodes.—For the electrode pore morphology
modification, picosecond laser pulses from an Ytterbium fiber laser
(YLPP-1-150V-30, IPG Photonics, USA) atinfrared wavelengths were
locally employed to ablate small fractions of the composite material
and induce hole-like structures into the anode coatings. The cathode
coatings as well as the current collectors of both electrodes remained
pristine. The structuring process parameters were adjusted so that the
holes reached down to the copper current collector, which resulted
in an ablated fraction of around 5 to 10 wt% of the composite elec-
trode material, depending on the electrode thickness, determined by
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Figure 1. SEM image of a laser-structured graphite anode.

weighing the electrode sheets before and after structuring. The struc-
tures were spatially distributed in a hexagonal pattern with a lateral
length of 100 pm. As more particles are removed in the structuring
process close to the surface of the coating, the structures are not per-
fectly cylindrical. On the surface, the hole diameter was around 25 to
35 pm, but the structures narrowed toward the deeper parts of the elec-
trode. The structuring process was performed with an average laser
power of 10 W, a pulse repetition frequency of 1.2 MHz, a pulse en-
ergy of 8.33 wJ and an irradiation time of 0.6 ms per structure. The
focal diameter of the laser beam was approximately 25 wm, measured
with a high-precision beam diagnostics device (MicroSpotMonitor,
PRIMES, Germany). For the deflection of the laser beam, scanning
optics (Racoon 21, ARGES, Germany) were used. A scanning elec-
tron microscope (SEM) image of a laser-structured graphite anode is
displayed in Fig. 1. For a more detailed description of the experimen-
tal setup for laser-structuring as well as process analyses, the reader
is referred to our previous work.3"3

Coin cell assembly.—Coin cells of the type 2032 were assem-
bled in an argon filled glove box (M. Braun Inertgas-Systeme, Ger-
many) at purity (H,O < 0.1 ppm, O, < 0.1 ppm). The cathode
coins were punched at a diameter of 14 mm, the anode coins at a di-
ameter of 15 mm. A glass microfiber sheet (Type 691, VWR, USA)
with a diameter of 16 mm was used as separator. In its uncompressed
state, the separator has a thickness of 260 wm. Due to the compres-
sion during cell assembly, the separator thickness is estimated to be
around 200 wm.*' The used glass fiber separator shows a high porosity
and low tortuosity, compare Table Al resulting in a MacMullin num-
ber of approximately 1.7. Separators used in commercial lithium-ion
cells are thinner (15-30 pm) but exhibit a higher MacMullin number

(5-15), which in turn results in a comparable effective path-length
for the lithium-ions.*? Particularly for the assembling of laboratory
cells, these glass fiber separators provide a better ease of handling
and serve as an electrolyte reservoir that prevents the cell from dry-
ing out during cycling.**** Each cell was filled with 100 pl of elec-
trolyte (LP57, BASF, Germany), containing ethylene carbonate (EC)
and ethyl-methyl-carbonate (EMC) in a ratio of 3:7 (by weight) with
1 M lithium-hexaflourophosphate (LiPFs). The assembly included two
aluminum spacers, each with a thickness of 1 mm in order to fill the
housing caps, a wave spring and an insulation ring.

Six coin cells — three cells with unstructured anodes and three with
structured anodes — were assembled for each of the four loadings as
shown in Table I. The cell capacities used for the formation procedure
were calculated by determining the coating mass and assuming mass
specific capacities of 150 mAh g~! for NMC-111 and 360 mAh g~!
for graphite. The areal capacity of the anode coatings was overbal-
anced by approximately 20% compared to the capacity of the cathode
coatings in order to have a N/P ratio greater than unity and to avoid
lithium-plating during charging. The structured anodes still remained
overbalanced since the loss of material during the ablation process only
accounts for approximately 5—-10 wt% of the coating. For a more even
balancing, the anodes with more active material due to manufacturing
tolerances were used for the structuring process. Additionally, cath-
odes with less active material, determined by weighing, were paired
with anodes with less active material, i.e. the structured ones.

Formation procedure and rate capability test—After assembly,
all cells went through a formation procedure of three charge and dis-
charge cycles at a constant current (CC) of C/10 related to their cal-
culated capacity within a voltage window between 4.2 V and 3.0 V
after the first charge. A detailed overview of the measurement proce-
dures is given in Table II. All measurements were performed with a
CTS battery test system (BaSyTec, Germany) in a custom-built cli-
mate chamber with a controlled ambient temperature of 25°C . The
insulated climate chamber uses peltier devices for thermoelectric cool-
ing to control the temperature, similar to the test chamber described
by Rheinfeld et al.*> After formation, a C/20 charge/discharge cycle
was used to determine the nominal capacity of each coin cell, listed
as average values of a set of three cells in Table I.

In the rate capability test, the cells were charged with a CC phase
followed by a constant voltage (CV) phase, which remained unaltered,
independent of the applied discharge current. Between each charge and
discharge cycle a pause of 1 h was kept to allow for relaxation of the
cells. In the discharge procedure, the cells with loading 1 and 2 were
discharged with C/5, C/2, 1C, 2C, 3C, 4C, 5C and 10C. To have a
better resolution, discharge currents of 1.5C, 2.5C, 3.5C, 4.5C and 6C
were added for loading 3 and 4. The results of the rate capability test
are shown in Fig. 2. The discharge capacities were referenced to the
area of the cathode coins of 1.54 cm?. Marginal deviations in the final

Table I. Characterization of the four loadings comprising unstructured and structured anodes.

Measured Electrode Modeled areal Anode
Loading Anode type Abbreviation capacity! thickness'" capacity™! tortuosity
1 unstructured L1U 3.54 mAh 71 pm 2.26 mAh cm—2 5.5
structured LIS 3.42 mAh 71 pm 2.26 mAh cm—? 3.5
2 unstructured L2U 3.90 mAh 79 pm 2.50 mAh cm™? 5.5
structured L2S 3.80 mAh 79 pm 2.50 mAh cm—2 3.5
3 unstructured L3U 4.57 mAh 90 pm 2.90 mAh cm—2 8.5
structured L3S 4.33 mAh 90 wm 2.90 mAh cm—2 5.5
4 unstructured L4U 6.00 mAh 116 pm 3.82 mAh cm™? 8.5
structured L4S 5.77 mAh 116 pm 3.82 mAh cm—2 6.5

Taverage cell capacity determined by the C/20 discharge cycle.
accounts for both, anode (Ineg) and cathode thickness (/5s).

M derived from the averaged measured capacities and normalized to the cathode area of 1.54 cm?.
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Table II. Measurement procedures applied to the coin cells.

Procedure Charge Discharge Cycles
Formation CC@C/10untilU =42V CC@C/10untilU <3.0V 3
Capacity check CC@CR20untilU =42V CC@C/20untilU <3.0V 1

CV @ 4.2V until I < C/100
Rate capability test CC@CRuntlU =42V CC@ *untilU <27V 3

CV @ 4.2 V until I < C/100 (for each Ir)

CC - constant current, CV - constant voltage.
*Ir1.10 = C/5,C/2, 1C, 2C, 3C, 4C, 5C, 10C for loading 1 and 2.

I3, 14 =C/5,C/2, 1C, 1.5C, 2C, 2.5C, 3C, 3.5C, 4C, 4.5C, 5C, 6C, 10C for loading 3 and 4.

w

Discharge capacity in mAh/cm?
)

—L1U--- L1S
L —L2U--- 128
—13U---13S
—— 14U --- L4S
0 L
100 10!

Discharge C-rate

Figure 2. Measured area-specific discharge capacity of coin cells comprising
unstructured and structured anodes for C-rates from C/5 to 10C.

coating thicknesses appeared in the range of manufacturing tolerances
and led to slight deviances in the measured coin cell capacities.

Modeling

In our previous work, a homogenized 3D model of a representative
hole structure was used to describe a structured anode.* Simulation re-
sults of lithium-ion concentrations in both the electrolyte and the active
material helped to understand and clarify occurring inhomogeneities
due to the structuring. Among the main findings were the reduced
concentration gradients in the liquid electrolyte in the through-plane
direction of the cell, which in turn led to the increased discharge rate
capability. Moreover, it is difficult to represent the geometric shape
of the induced holes in a 3D model. Each hole has a slightly differ-
ent shape depending on the particles that were removed by the laser
ablation process, compare to Fig. 1. In this work, a p2D model ac-
cording to Doyle, Fuller and Newman*®*" is used, which consists of
the three 1D domains anode, separator and cathode, defined by their
thickness I, I, and [, respectively. The governing equations are
listed in the appendix in Table All and the parameterization is shown
in Table Al Note, that reducing the spatial dimensions of the electrode
to the through-plane dimension holds a simplification of the complex
electrode structure. However, the 1D model comes with faster com-
putational speed and is able to adequately describe the processes and
limitations in the through-plane direction, which are the main contrib-
utors to the determinant cell performance.*

In 1D models the geometry does not account for porous structures,
as is the case for the electrodes and the separators in a state-of-the-
art lithium-ion battery with liquid electrolyte. Hence, an adaption is

needed to appropriately represent the prolonged transport pathways in
porous structures. This plays an important role, especially when high
currents are applied to the cell and the limitation mechanisms in the
electrolyte have a major contribution. To account for the morphology
of porous structures in 1D models, the electrolyte transport parame-
ters are modified by using a correction term to express the effective
diffusivity D, ;s and conductivity k., as shown in Eq. 1. An often
used term in modeling is the Bruggeman correction,>**-52 where the
factor o, Was calculated to be 1.5 for materials with ideal spherical
particles of identical size.” Since the electrode particles are not ideally
spherical, e.g. natural graphite is platelet-shaped, and are not of the
same size, a Bruggeman correction of o, = 1.5 just states a lower
limit for the correction factor.'7?*3*5 The MacMullin number Ny,
which can be defined as the ratio of the tortuosity t and the porosity
&; (Eq. 2) is another possible correction factor.”®

a, Tl 8
Wpopr =8 "W = ;I‘Ijl = Ny [1]

Ny = — 2]
&

No matter which correction term is used, a change in the factor will
significantly influence the transport properties and thereby the cell be-
havior. The structuring process modifies the electrode pore morphol-
ogy and enhances the lithium-ion transport in the electrolyte which
has a positive effect on the capacity retention in a certain range of dis-
charge currents.?® Based on the parameter set of the cells comprising
unstructured anodes, a reduction of the MacMullin number is utilized
to describe the behavior of the cells comprising structured anodes.
Thus, either a reduction in the electrode’s tortuosity or an increase
in the porosity will improve the local transport properties. However,
an increase in the porosity has a higher influence because it directly
affects the mass balance

8c1
g — = —VNI +R1 [3]
ot

Regarding the discharge of the cell, i.e. the delithiation of the anode, a
higher anode porosity means that there is more space for the lithium-
ions in the pore volume and the absolute lithium-ion concentration in
the electrolyte ¢; is lowered. The lithium-ion concentration in turn has

a crucial effect on the electrolyte transport properties, see Table Al
In this work, the tortuosity was adapted in the model to repre-
sent the pore morphology change by the structuring process of the
graphite anode. In order to maintain comparability between the differ-
ent loadings, the sensitivity analysis in this work investigates varying
tortuosities only and neglects the alternation of porosity, which may
be correlated with a change in tortuosity. The discharge rate behav-
ior of the loadings was adjusted via the electrode thickness and the
anode tortuosity, all other modeling parameters remained unaltered.
Tortuosity measurements via impedance spectroscopy or 3D tomogra-
phy offer information about the electrode morphology.?!:>*357-38 The
tortuosities used in this work are based on values found in the liter-
ature, where platelet-shaped natural graphite exhibits comparatively
high through-plane values.?*> The parameters for the characteriza-
tion of the different loadings are listed in Table I, whereas the general
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model parameters are listed in Table Al. The electrode thickness is the
same for the anode (/,.,) and the cathode (/).

The temperature was set constant to 25°C in the model, owing to
the low cell capacities compared to the high heat capacity of the coin
cell setup. All measurements were performed at the same ambient
temperature, so even for the highest cell capacity of 6 mAh and a
discharge current of 10C, no temperature rise was detected. All C-
rates used in the simulation studies are referenced to the modeled areal
capacities in Table I, which were averaged and remained constant for
each loading to allow a better comparison between unstructured and
structured anodes.

Overpotential analysis.—The p2D model was implemented in the
commercial FEM solver COMSOL Multiphysics 5.3a. According to
Nyman et al.,”> the total cell polarization can be ascribed to local
potentials and concentrations solved in the p2D model and is com-
posed of the following six sub-processes, the equations are listed in
Table AIII:

* Diffusion polarization in the liquid phase
* Diffusion polarization in the solid phase

* Ohmic potential drop in the liquid phase
* Ohmic potential drop in the solid phase

* Activation overpotential

* Contact resistance

The limitation mechanisms in the simulation studies are analyzed
via using this implicit characterization method based on the actually
solved concentrations and potentials in time and over the electrode
thickness. In the separator domain, only diffusion polarization and
ohmic potential drop in the electrolyte occur, as there is no active
material and no reaction takes place. The contact resistance R ouracr
cannot be ascribed to a single domain and is therefore listed separately
in the later analysis. In the model, the cell voltage is corrected by the
voltage drop resulting from the contact resistance (Reonracr * fapp)-

Lithium-plating indication.—Charging a lithium-ion cell can in-
duce lithium-plating on the surface of the graphite anode particles,
particularly at low temperatures and high charging currents.>® Up to
a certain extent, this reaction is reversible and the plated metallic
lithium gets oxidized either by intercalating into the graphite par-
ticles during relaxation or by stripping/dissolution in an subsequent
discharge cycle.*! However, part of this reaction remains irreversible
and plated lithium tends to form dendrites that can penetrate the sep-
arator and cause severe safety problems.®?

With an equilibrium potential of 0 V vs. Li%Li*, the neces-
sary condition of the lithium-plating reaction is an overpotential of
N < 0V.5263-65 The lateral electrode dimensions and the tab posi-
tions can cause an inhomogeneous distribution of the current density
and therefore result in different local potentials.® Besides, both the
anode and the cathode properties and the balancing of the two elec-
trodes play an important role for the likelihood of lithium-plating.®*
Regarding the used 1D model, the lithium-plating reaction is presum-
ably most pronounced at the anode/separator interface and the local
potential criterion &, — ®; < 0V can be interpreted as an indicator for
lithium-plating during a charging procedure.® Based on this criterion,
various fast charging scenarios were evaluated in the later simulations.

Results and Discussion

Model validation and simulation.—For validation of the devel-
oped model, the data from Fig. 2 is normalized to the C/5 discharge
capacity of each loading and compared to the simulation results, which
is shown in Fig. 3a. By normalization of the the discharge capacity,
it is more obvious that the lower loadings can withstand higher C-
rates. The curves shift from the highest loading L4U to the lowest
loading L1U on the very right side. The curves of the cells com-
prising structured anodes (dashed lines) all bend at higher C-rates
so that these lie right of their unstructured counterparts of the same
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Figure 3. (a) Comparison of measured and simulated C/5-normalized dis-
charge rate capability of coin cells comprising unstructured and structured
anodes and (b) observed difference in normalized discharge rate capability.

loading (solid lines). The simulation results represented by the dash-
dotted lines for the unstructured electrodes and the dotted lines for
the structured electrodes are in good agreement with the measurement
data.

The validation of the measured and simulated discharge voltage
curves is shown in the appendix in Fig. Al. The gray shaded areas
represent the margin of the measured discharge voltages of each set of
coin cells for the specified loading. The experimental and simulated
rate capability tests covered a wide span of discharge C-rates, for
validation of the voltage profiles, the C-rates C/5, 2C, 5C and 10C
were selected. In the simulations, only the electrode thickness, the
applied current density and the anode tortuosity were adapted to the
different loadings and the measurement data is in very good agreement
with the simulation results.

The benefit of the structuring process appears in the difference in
normalized capacities of the cells comprising structured and unstruc-
tured anodes, see Fig. 3b. A categorization in three different stages is
visible: for low applied C-rates there is no improvement induced by the
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structuring process, for medium C-rates the improvement increases
and reaches a maximum and for higher C-rates it diminishes when
other limitations become more pronounced. A detailed explanation of
the three stages can also be found in our previous work.* The location
of the maximum determines the range of C-rates where the structur-
ing process has a positive impact. The pore morphology change of the
graphite anode leads to an enhanced transport of lithium-ions and a
reduction of concentration gradients in the electrolyte. Thereby, the
cutoff voltage for the discharge process is reached at a later moment
and more capacity can be discharged from the cell. For higher load-
ings the maximum shifts toward lower C-rates, for lower loadings it
shifts toward higher C-rates. Even for the low loading L1 with
2.26 mAh cm™? there is a 15% increase in capacity retention for a
discharge rate of 6C. Note, that for loading L1 and L2 the cells were
discharged with 5C and then 10C with no further steps in between,
so the maximum of L1 was most likely not reached precisely. Model-
ing and simulation is often used to extend and refine the fundamental
data of use case scenarios, such as the variation of discharge C-rates
to determine the location of the maximum improvement in capacity
retention in this work. The shape of the capacity difference, given by
the location and the value of the maximum, will be analyzed with a
simulation study next.

The influence of the structuring process as a function of electrode
thickness is studied based on the parameter set of loading L1. In this
study, an increase in electrode thickness increases the loading, so the
discharge current is adapted to the changed loading. Choosing mod-
erate values, the tortuosity of the unstructured anodes is set to 5.5 and
the tortuosity of the structured anodes to 3.5. The thickness of the
electrodes is increased by 25% in each step ranging from 71 pm to
173 wm. The results are displayed in Fig. 4a. As expected, an increase
in the electrode loading causes the maximum to shift toward lower
C-rates. The maximum improvement is just slightly affected by the
electrode thickness. For thin electrodes with 71 pm thickness there is
a 15% capacity enhancement compared to 18% for thick electrodes
with 173 pm thickness.

On the other hand, the tortuosity improvement by a pore morphol-
ogy modification highly affects the maximum enhancement in capacity
retention as can be seen in Fig. 4b. This simulation study is based on
parameter set L4 that features high tortuosity values. Starting from
a tortuosity of 8.5 for the unstructured anode, the tortuosity of the
structured anode is reduced by steps of 1 down to 3.5. The electrode
thickness and the resulting discharge currents remained constant. The
lower the tortuosity of the porous anode, the higher the improvement in
capacity retention. The C-rate where the maximum is reached slightly
shifts toward higher discharge currents, in this case from around 1.25C
up to 2.5C. Note, an electrode porosity of 0.35 results in a tortuosity
of 1.7 by using the Bruggeman correlation with a,,e = 1.5. This in
turn would lead to an increased discharge capacity of around 45% in
this use case scenario. So the morphology of a composite electrode has
to be carefully assessed when deriving correction terms for modeling
purposes.

Overpotential analysis.—Regarding local polarization within the
electrode stack, such as the anode, separator and cathode domain,
the overall cell polarization is derived based on the aforementioned
implicit overpotential analysis (as described in the modeling section)
and outlined in the following to investigate the limiting mechanisms
during discharge processes with increasing C-rates.

Based on the parameter set L2U, the initial conditions of the simu-
lation were set to a fully charged state at a cell voltage of 4.2 V. Similar
to the rate capability test listed in Table II, the cells were discharged
with a CC procedure with C-rates ranging from C/5 to 10C until a cut-
off voltage of 2.7 V was reached. The individual overpotentials were
temporally averaged over each discharge cycle and then ascribed to one
domain based on their occurrence. In Fig. 5a the relative contribution
to the cell polarization is shown (they sum up to 1). While the anode
contribution is declining for increasing discharge C-rates, it constitutes
the major contribution to the total cell polarization up to 7C. This can
be explained by the high tortuosity on the one hand and the fact that the
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Figure 4. Simulated difference in normalized discharge rate capability of (a)
cells with increased loading by increasing the electrode thickness based on
parameter set of L1 and (b) cells with decreasing anode tortuosity and constant
electrode thickness based on parameter set L4.

anode is the limiting electrode for the discharge process on the other
hand. This will be explained in detail in the upcoming part. The cathode
and contact contribution overtake the anode at 8C. Since the contact
resistance is purely ohmic, the overpotential increases linearly with
the applied discharge current. The separator only plays a minor role as
only the diffusion polarization and ohmic potential drop in the liquid
phase contribute in this domain. To get a better understanding of the
impact of the overpotential, the absolute values are plotted in Fig. 5b
for selected C-rates. For low discharge currents, e.g. C/5, the absolute
cell overpotential is very low, hence its origin is less important. For 1C
the total cell overpotential rises to around 100 mV and almost reaches
800 mV for a 10C discharge with the given parameterization set of the
p2D model. With medium currents, the dominating anode contribution
shows an opportunity to improve the cell design. Therefore, the an-
ode overpotentials are investigated in detail depending on their driving
force.

By excluding the contact resistance, the polarization in the an-
ode can be categorized into five groups, namely the diffusion polar-
ization and the ohmic potential drop in the solid and liquid phase
and the activation overpotential. In order to investigate the influ-
ence of the change in anode pore morphology on the arising over-
potentials, the parameter sets L2U and L2S were compared in the
simulations. An overview of the absolute anode overpotentials for
discharge currents ranging from C/5 to 10C is shown in Fig. 6. For
the depicted pair of bars at each simulated discharge C-rate, the left
one represents the results for the unstructured and the right one for
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Figure 5. (a) Relative and (b) absolute distribution of cycle-averaged overpo-
tentials of parameter set L2U assigned to the domains anode, separator and
cathode and the contact resistance for discharge C-rates from C/5 to 10C.

the structured anode comprising the L2U and L2S parameterization,
respectively.

The ohmic potential drop in the solid phase is barely visible which
isreferred to a high electrical conductivity in natural graphite of around
100 S m~!.66-70

The ohmic potential drop in the electrolyte is also very low, with
a minor contribution at very high C-rates. With the given parameter
set of this work, the electrolyte conductivity k lies around 1 S m~! for
moderate lithium-ion concentrations of 1000 mol m—3, see also elec-
trolyte transport parameters in Table Al. The conductivity of the bulk
electrolyte can be measured with a turn-key conductivity sensor” and
is therefore a well determined electrolyte property. A detailed overview
of different electrolyte properties used for modeling purposes, includ-
ing the conductivity, is given by Rheinfeld et al.”! In their work the
conductivity of five different electrolytes ranges from 0.8 to 1.2 S m™!
(at 1000 mol m~3 and 25°C ). Even with the calculation of the effective
conductivity ke (see Eq. 1), in our case, the liquid current density i,
is too low to cause a high potential drop in the electrolyte.

The major contributors to the cell overpotential, as can be seen
in Fig. 6, are the diffusion polarization in the solid and liquid phase
and the activation overpotential. The diffusion polarization in the solid
phase is calculated by the difference of the equilibrium potential on the
surface of the particles and the average equilibrium potential (equa-
tions listed in Table AIII). During the end of discharge, the anode
lithiation level x in LiyCq tends toward zero and the corresponding
equilibrium voltage E,, ., reveals increasing potential gradients the
more lithium is extracted, which in turn causes the reach of the cell
discharge cutoff voltage of 2.7 V. Hence, a low lithium-ion concentra-
tion on the particle surface generates a high polarization in the solid
phase, especially at the end of discharge.

The activation overpotential is affected by the kinetics as described
by the Butler-Volmer equation, e.g. a higher exchange current density
ip would result in lower overpotentials 1 (and vice versa) to reach
the same surficial molar flux, as defined by the boundary conditions
(see electrode kinetics in Table AlII). Due to the nonlinear character-
istics of the Butler-Volmer equation, a rise in the discharge current
does not result in a proportional rise in the activation overpotential.
It slightly increases with increasing discharge C-rates. The exchange
current density is calculated by the anodic and cathodic reaction rates
and the local lithium-ion concentrations. The lithiation process of the
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Figure 6. Cycle-averaged anode overpotentials for discharge C-rates from C/5 to 10C. For each pair of bars at a given C-rate the left bar corresponds to the
overpotentials of the unstructured anode (L2U) and the right bar of the structured anode (L2S).
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active material is either limited by the liquid phase concentration ¢,
tending toward zero (electrolyte depletion) or the surface concentra-
tion of the particles ¢ 4y reaching the maximum concentration cy -
The delithiation process is limited if the surface concentration of the
particles reaches zero. In either case the exchange current density is
diminished and the activation overpotential rises. The determination
of the kinetic reaction rates is not trivial and not many values can be
found in literature. A lot of publications use the reaction rates as fit-
ting parameters®7>* or set the exchange current density to a constant
value,*”%® which makes the reaction rates unnecessary. Generally, high
reaction rates result in low activation overpotentials and low reaction
rates in high activation overpotentials. Lin et al.” list a range of 1012 : : ‘
to 10~°m s~ ! for the reaction rates of anodes and cathodes. Based on 0 0.2 0.4 0.6 0.8 1
a sensitivity analysis conducted in this work, the reaction rates were
estimated to 6 x 107! m s~!, which is within the given range by

3.4 —L3U-1C--- L3S-1C

- — L3U-2C - - - L3S-2C | |
' — L3U-3C - - - L3$-3C

Cell voltage in V

Time in h

Lin et al.” (b)
The diffusion polarization in the liquid phase is the biggest con- 0.8 T
tributor in the anode domain. Its driving force are the lithium-ion ‘:} b, — P, <0V

concentration gradients in the electrolyte. As explained in the model- 0.6 |
ing section, the effective electrolyte diffusivity is strongly affected by
the porous electrode structure and calculated with the tortuosity and
porosity. The high anode tortuosity lowers the effective diffusivity and
increases the concentration gradients. Spatially resolved concentration
gradients can be found in our previous work.>! The resulting overpo-
tential of the diffusion in the liquid phase of the unstructured anode
reaches a maximum of around 100 mV at 5C and amounts to almost
half the overpotential arising in the anode. By structuring the graphite
anode, the modeled tortuosity is lowered from 5.5 for loading L2U to : ] 0.4 0.6 0.8 1
3.5 for L2S. The maximum in capacity retention for this structuring
process also occurs at a discharge C-rate of 5C, which corresponds
to a peak in the liquid diffusion polarization. The structuring process
enhances the transport in the electrolyte and mainly reduces the over-
potentials caused by the diffusion polarization. A maximum reduction
in anode overpotential of 42 mV is reached at 3C with 36 mV from
liquid diffusion polarization.

b, —P;inV

Time in h
Figure 7. (a) Simulated cell voltage and (b) potential difference ®; — P,

at anode/separator interface for charging currents 1C, 2C and 3C based on
parameter set L3.

simulations were carried out with a CC charge of 1C, 2C and 3C until

Fast charging scenario.—In the previous sections, it was demon-
strated that lithium-ion cells comprising structured graphite elec-
trodes provide an increased discharge rate capability in a certain
range of C-rates by reducing electrolyte concentration gradients and
overpotentials. Based on the parameterization that was validated
against discharge rate capability tests, a fast charging scenario was
simulated.

Therefore, the initial lithium-ion concentrations in both the anode
and the cathode were adapted (compare Table Al) in order to repre-

a cutoff voltage of 4.2 V was reached, no CV phase was added to the
charging procedure. In Fig. 7 the cell voltage and the potential differ-
ence at the anode/separator interface are plotted for loading L3. The
charged capacities and the lithium-plating indication for all loadings
are listed in Table III.

Note, that the gray shaded area for the potential drop in Fig. 7b
just gives an indication of possible lithium-plating at the anode. The
simulations were carried out under isothermal conditions (7 = 25°C),
which might hold true for a coin cell with low power losses. A heating

sent a fully discharged cell with an initial cell voltage of 2.7 V. The of the cell would result in enhanced electrolyte transport properties,

Table III. Charged capacity and lithium-plating indication during fast charging scenarios.

ACapacity" Asoc! ASOC Li-plating!™
Loading 1C 2C 3C 1C 2C 3C 1C 2C 3C Maximum C-rate!V
L1U 3.27 mAh 2.97 mAh 2.60 mAh 94.0% 85.2% 74.5% - - 59.8% 2.5C
L1S 3.29 mAh 3.02 mAh 2.71 mAh 94.6% 86.7% 78.0% - - - 3.3C
L2U 3.60 mAh 3.21 mAh 2.68 mAh 93.5% 83.4% 69.5% - - 44.0% 2.1C
L2S 3.63 mAh 3.29 mAh 2.88 mAh 94.4% 85.6% 74.9% - - 74.3% 2.9C
L3U 3.93 mAh 3.07 mAh 1.86 mAh 88.0% 69.0% 41.6% - 42.2% 11.2% 1.2C
L3S 4.02 mAh 3.43 mAh 2.53 mAh 89.9% 76.9% 56.9% - 68.0% 23.5% 1.7C
L4U 4.61 mAh 2.46 mAh 1.06 mAh 77.9% 41.7% 18.0% 64.3% 14.7% 6.1% 0.7C
L4S 4.80 mAh 3.03 mAh 1.35 mAh 81.7% 51.5% 23.0% 79.8% 23.8% 7.6% 0.9C

ICC charging from 2.7 V to a cutoff voltage of 4.2 V.

referenced to the nominal capacities determined by the corresponding loading in Table I.
IITASOC when Li-plating is provoked, determined by &, — ®; at anode/separator interface.
Vmaximum charging C-rate without Li-plating.
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reduced lithium-ion concentration gradients and lower overpotentials
that counteract lithium-plating. The simulation study just provides a
hint for possible lithium-plating and the effects of the electrode pore
morphology modification on charging procedures.

In the simulation in Fig. 7a during the 1C charge of both L3U
and L3S, almost 90% of the cell capacity can be charged, the benefit
of the structuring is marginal. In the cell voltage there is no option
to assess the anode potential and it looks like the structured anodes
just give a small benefit in the charged capacity in the end. For a 2C
charge however, the reduction in overpotentials can be clearly seen in
Fig. 7b, where the potential drop for the structured anodes lies well
above the the one for unstructured anodes. After 12 min of charging,
the unstructured anode reaches a potential that could invoke lithium-
plating, while the structured anode reaches the critical potential only
shortly before the end of charge (compare SOC in Table III). This
effect is even more pronounced for a 3C charge, where both potential
curves lie well below 0 V shortly after applying the charging current.
This is a clear indication of possible lithium-plating and the charging
current is too high for this cell setup. Regarding the charged capacity
for a 3C charging rate, the cells comprising structured anodes reach
a 15% higher SOC until the cutoff voltage is exceeded. So not only
for discharging, but also for charging procedures the modified elec-
trode pore morphology shows distinct advantages in an overpotential
reduction.

An assessment of the other three loadings, as listed in Table III,
reveals that for loading L1 with an electrode thickness of 71 pwm the
structuring shows little benefits regarding the charged capacity. Just
at the end of a 3C charge, the potential drop of L1S is a little less
and the lithium-plating criterion is not fulfilled. For loading L2 with
thicker electrodes, more capacity can be charged and the advantages of
structured anodes increase. Especially for a 3C charge, with structured
anodes there is almost no lithium-plating provoked compared to the
unstructured ones. A comparison of the charged capacities of loading
L4 and Fig. 3b reveals, that there is also a range for charging currents
with a maximum benefit. The 1C charge adds 3.3% in capacity, the 2C
charge 9.8% and the 3C charge 5.0%. At lower charging currents, the
concentration gradients are reduced and the pore morphology change
has little or no influence. With increasing charging currents, a maxi-
mum benefit arises and diminishes again when other limitations come
into place. However, for the thick electrodes in the case of L4 (116 wm),
all three charging currents would possibly provoke lithium-plating and
the current should be reduced for both the cells with unstructured and
structured anodes. Just the amount of plated lithium could be less with
structured anodes.

In order to assess the maximum charging C-rate for each loading, a
simulation study with incremental C-rates with a step size of 0.1C was
carried out. The results are listed in the last column in Table III. In each
case, the potential difference ®; — ®,; at the anode/separator interface
would stay slightly above 0 V at the end of charge. The cells compris-
ing structured anodes can withstand higher C-rates for all loadings.
With increasing electrode thickness, the maximum charging C-rate
has to be reduced. The C-rates are derived from the modeled areal ca-
pacities in Table I, a conversion of the C-rates to current densities, due
to the changed loading, leads to the same trend. Based on the charged
capacities with the maximum C-rate of the cells with unstructured an-
odes, the C-rates with structured anodes that lead to the same charged
capacity can be calculated. The simulated pore morphology modifica-
tion would allow higher charging currents so that the charged capacity
stays the same in the end for the cells comprising unstructured and
structured anodes of each loading. This leads to a reduced charging
time of around 10% for loadings L1 and L2, 17% for L3 and 13% for
L4, respectively. On top of the shorter charging time, the distance to
the lithium-plating threshold is higher for the structured anodes and
thereby the cell safety enhanced.

Conclusions

An electrochemical model was developed and validated against
experimental data gained from lithium-ion cells comprising unstruc-

tured and structured graphite anodes. The areal capacities of the cells
were varied by changing the electrode thickness, the electrode com-
position and the porosity remained constant within the manufacturing
tolerances. The simulation results are well in line with the discharge
rate capability measurements.

The loading of the cell, defined by the electrode thickness, deter-
mines the C-rates where the structuring process provides a benefit in
capacity retention, which was around 10-18% for the measured cells.
The location and shape of this benefit is given by the electrode thick-
ness and the tortuosity reduction. With increasing electrode thickness,
the maximum benefit shifts to lower C-rates (and vice versa) and the
tortuosity reduction specifies the maximum itself, i.e. a lower tortuos-
ity yields a higher rate capability.

In order to understand the limiting mechanisms, an overpotential
analysis was conducted that revealed the anode as a major contributor.
Especially the diffusion polarization in the electrolyte limits the per-
formance for medium C-rates. Through modification of the pore mor-
phology, a reduction in the anode tortuosity can be achieved, which
results in a reduction of concentration gradients and the accompa-
nying overpotentials and more capacity can be discharged from the
cell.

A fast charging scenario for the different loadings revealed that the
reduced overpotentials through electrode structuring provide an ap-
proach for preventing lithium-plating at the anode. In the fast charging
simulation studies, a reduction of the charging time of 10-17% was
achieved while keeping the anode potential in a safe area above the
lithium-plating threshold.

In this work, laser-structuring was used to modify the electrode
pore morphology of graphite anodes and the generated effects were
investigated. In conclusion, the tortuosity should be well considered
regarding electrode and cell design and simulation studies can support
the overall process. Future work will focus on the optimization of
the electrode structure, defined by the geometrical dimensions of the
induced holes and the amount of structures, i.e. the structure pattern.
Tortuosity measurements are necessary in order to identify the change
in electrode pore morphology generated by the structuring process.
Furthermore, simulations could be used to provide a guideline for an
optimal structure for a given set of electrodes, adjusted to the desired
performance improvement within the physical bounds of tortuosity
reduction.
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Appendix

The comparison of the measured and simulated discharge voltage curves for all load-
ings comprising unstructured and structured anodes is displayed in Fig. Al. The repre-
sentative voltage curves for the discharge C-rates of C/5, 2C, 5C and 10C were selected
for validation.

An overview of the most relevant model parameters is shown in Table Al The elec-
trolyte diffusivity D; and conductivity k were taken from Mao et al.”® However, Mao et al.
used a polynomial fitting function for the electrolyte conductivity which is only valid for
concentrations below 3000 mol m—. At higher concentration levels, the conductivity starts
to increase, so a correction for extrapolation at highly saturated electrolytes from Rheinfeld
etal.”! was used instead. The electrolyte activity dependence was extracted from Valgen
and Reimers.”” All three functions describing the electrolyte expect the concentration to
be in mol m~3.

The differential algebraic equations of the p2D model are listed in Table AII In order
to prevent local lithium-ion concentrations from becoming zero or even negative and thus
cause instability, a modification of the Butler-Volmer equation introduced by Mao et al.”
was implemented.

The equations for calculating the polarization of the different sub-processes are stated
in Table AIIL The total current per cross-sectional area i, is calculated via an integration
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Figure A1. Comparison of measured (gray shaded areas) and simulated discharge voltage curves, normalized to their C/5 capacity for C-rates C/5, 2C, 5C and
10C. The cells comprising unstructured anodes are depicted in (a), (c), (e) and (g) for loadings L1U, L2U, L3U and L4U and the cells comprising structured anodes
are depicted in (b), (d), (f) and (h) for loadings L1S, L2S, L3S and L4S, respectively.

of the local current density on the particle surface ij, — as given by the Butler-Volmer In order to calculate the average cell polarization, the integration boundaries x; and x,
equation — multiplied with the specific interfacial area a (ratio of active material surface are chosen to 0 and L = I, + lsep + Lpos, respectively. Polarization based on spatial
to volume)

integral values refers to the relevant domains of anode, separator and cathode and the
corresponding boundary values in the x-dimension. For a profound explanation of the
. 2 method and the set of equations, the reader is referred to the original publication of
Iror = / aijocdx
X

) (Al Nyman et al.??
1
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Table AI. Model parameters used within this work; numeric values and magnitudes of parameters chosen in this study were referenced to literature

where applicable.

Parameter Anode Separator Cathode

Geometry

Thickness / Table I 200 pm*! Table I

Particle radius r, 5pum! 5.5um!

Solid phase fraction & 0.531 0.51

Liquid phase fraction ¢; 0.35™ 0.7¢ 0.35™

Tortuosity T Table I 1.2¢ 1.8%

Thermodynamics

Equilibrium voltage E., Ref. 31 Ref. 31

Maximum lithium concentration ¢, yayx 32000 mol m—373 50000 mol m—373

Lithiation at 100% SOC ~*1% 0.71¢ 0.43¢

Cs max

Lithiation at 0% SOC —0_ 0.003¢ 0.91°¢

Cs,max

Kinetics
Anodic reaction rate k,
Cathodic reaction rate k.

6x 107U msle
6x 10 HUmsle

6x10" U mste

Anodic charge-transfer coefficient o, 0.5%7 0.57

Cathodic charge-transfer coefficient o, 0.5%7 0.597

Transport

Solid diffusivity Dy 1 x 1074 m?s7176 1.8x 1073 m?s173
Solid conductivity o 100 S m~168 10S m~168
Parameter Electrolyte

Electrolyte diffusivity D;

Electrolyte conductivity k

5.34 x 1070 exp (—0.65 76k ) exp (2000 L5228 )17765in m? s~
729.9912 exp (=E20) (25‘50)0'75 exp (— (ﬁ) ' )71 inSm™!

Activity dependence dln f 0.601—0.24(c;/1000)°3+0.982(c; /1000) 3 (1-0.0052(T —294)) 177
dlnc 1=+

Transport number 7. 0.3877

Parameter Global

Temperature 7' 298.15K™

Ohmic contact resistance Reonract

m measured value, e estimated value.

9.75 x 10~* Qm?¢

I derived from D50 mass-median-diameter from datasheet.
I derived from weight ratio of electrode composition.

Table AIL. Differential algebraic equations of the p2D model according to Doyle, Fuller and Newman*®

including an adaption for the Butler-Volmer
equation from Mao et al.”®

Type Equations
9 _ 4 g i (—ty)
Mass balance & 3 = ox (Dl-eff w T F
des _ 19 298¢
&3 = 7 ar (Dsr af)
. P ] dInf- dinc
Potentials = —ﬁ:;f + LRT 1 —14) (1 + dlrrllf;) 7
fapp—i
3;‘ = %’ with igpp =is+i; Vx,t
Charge balance T+ 8=0 with %=-3Fj
»
. . ) o exp aaFﬂ) ( F )
Electrode kinetics Jn = FO 1 1
14 1mol m~= ? exp( )

n= Dy — P — Eeq «
i) = ka-“’kg‘ (Cs.max - Cs,surf)ua (Cs,surf)uc (lmo;#)

Table AIIL Polarization analysis by Nyman et al.?

Polarization source Equation

Diffusion polarization liquid phase Lo 2RT gy Blnfey gy ;’ ijdx

i,o, x| oF dlng

Diffusion polarization solid phase F f,q aijoc(Eeq surf — Eeq,ave)dX
1 rx i

iror X1 Keff dx

1o &

iror X1 Oefy

Activation overpotential L / 2 Gijpe(Ps — O —

Itor ¥ X1

Ohmic potential drop liquid phase

Ohmic potential drop solid phase

Eeq,xurf )dx

Contact resistance lapp * Reontact
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List of symbols
Symbol  Description Unit
a Specific interfacial area m~!
c Concentration mol m~3
D Diffusion coefficient m?s~!
Eeq Equilibrium potential v
F Faraday constant 96 485 As mol~!
[t Activity coefficient -
i Current density Am2
Jn Pore-wall flux Am 2!
l Thickness m
N, Ton flux density mol m—2s~!
Ny MacMullin number -
p Particle radius m
r r-coordinate in p2D model m
R Universal gas constant 8.314 T mol~! K~!
Reonrac:  Contact resistance Q m?
R, Reaction term mol m~3s~!
t Time s
[ Transport number -
T Temperature K
X x-coordinate in p2D model m
Greek
OBrugg Bruggeman correction term -
€ Volume fraction -
K Electrolyte conductivity Sm™!
T Tortuosity -
o Solid phase conductivity Sm™!
0] Electrical potential v
\ Transport property in porous media -
Subscripts
a anodic reaction (oxidation)
app applied
ave average
c cathodic reaction (reduction)
eff effective (transport parameter correction)
1 liquid phase/electrolyte
loc local
max maximum
neg negative electrode/anode
pos positive electrode/cathode
s solid phase/active material
sep separator
surf surface
tot total
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Abstract

Lithium-ion batteries are widely used as energy storage devices due to their high energy density and versatile applicability. Their
dissemination in the mobility sector is presently limited by their high manufacturing costs. The electrolyte wetting process is one
major cost driver, as process times of hours or even days are necessary to ensure complete electrolyte impregnation. In this
contribution, multilayer pouch cells comprising three different types of electrodes were manufactured and filled with the
electrolyte liquid while being subject to in situ neutron radiography. Two different electrode porosities were compared, as well
as laser structured electrodes with additionally created micro channels, aiming at an acceleration of the wetting process. With the
powerful tool of neutron radiography, it is possible to visualize and determine very precisely the wetting time, which was
significantly shorter for the batteries with electrodes of higher porosity. Laser structuring of the electrodes accelerated the wetting
process even further, reducing the time to complete wetting by at least one order of magnitude. These findings present great

potential for the reduction of the processing time and thereby the manufacturing costs of lithium-ion batteries.

Keywords Lithium-ion battery - Laser structuring - Neutron imaging - 3D electrodes - Electrolyte filling

1 Introduction

Lithium-ion batteries (LIBs) are the dominant energy storage
solution for consumer electronics and electric vehicles. Rapid
developments in material science and engineering have led to
significant gains in performance, reliability, and safety of LIB-
powered products at shrinking costs [1]. In order to meet future
customer expectations in automotive applications, the costs of
the battery cells have to decrease even further. Manufacturing
costs—especially those associated with the time-consuming
electrolyte wetting and the following formation process—
make up for a significant share of the total costs of LIBs and
have great potential to be reduced by process optimization [2].
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1.1 Challenges of the electrolyte filling process

The electrolyte filling and subsequent wetting process are
among the bottlenecks in LIB production, as a certain amount
of the liquid electrolyte solution has to be dispensed into a
sealed and secluded cell volume, which is mostly occupied
by the cell stack. The cell stack consists of electrodes and
separator sheets stacked or wound together, whereas the elec-
trodes themselves consist of composite layers of active mate-
rials, binders, and conductive agents coated on metallic cur-
rent collector foils [3]. These foils are impermeable for liquids
and therefore act as an infiltration barrier for the electrolyte.
Thus, the volume to be filled (the pores of the electrodes and
the separators) is not easily accessible for the liquid.
Additionally, the pores are initially filled with gas, which first-
ly has to be removed in order to enable electrolyte infiltration.
Different pressure cycles have proven to accelerate the elec-
trolyte intake and are therefore used in industrial cell produc-
tion [4, 5]. With increasing size of the available LIBs in the
market, process knowledge gains importance, as production
rejects due to insufficient product quality become more expen-
sive per piece. At the same time, the complexity of the elec-
trolyte dosing process increases as the ratio between the pore

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-019-03347-4&domain=pdf
http://orcid.org/0000-0003-2057-7037
mailto:jan.habedank@iwb.mw.tum.de

Int J Adv Manuf Technol

volume (electrodes and separator) and the void volume be-
tween the cell stack and the casing rises. This may require a
process design consisting of multiple dosing and wetting steps
[6]. In order to reduce the amount of gas remaining in the
pores, the cell is evacuated to a pressure slightly above the
vapor pressure of the electrolyte liquid. After dosing, the elec-
trolyte liquid wets the surfaces superficially and from there
intrudes into the porous media by diffusion and capillary
forces. When enough liquid has diffused into the pores, dosing
can be repeated until the target electrolyte amount is reached.
Subsequently the cell is sealed and exposed to atmospheric
pressure. The residual gas in the porous media is compressed
according to the ideal gas law. The pore volume filled with
electrolyte Viores el is then the difference between the pore
volume of the electrode Vores and the compressed gas volume
AV,

pores,gas*

Mgas ‘R T amp

(1)

Vpores,el = Vpores_AVporesA,gas = Vpores_
amb Pevac
with R being the specific gas constant, n,s, the mass of the
residual gas, 7,1, the ambient temperature, p,.,p,, the ambient
pressure and pey.c, the pressure after evacuation. One way to
enhance the energy density and the specific energy of LIBs is
to reduce the porosity of the electrodes while maintaining a
constant active material loading per electrode area [7, 8]. The
electrode porosity ¢ is defined by the ratio of the pore volume

Vpores and the total volume of the porous electrode Veieetrode:

Vpores ( 2)

£ =
Velectrode

This porosity reduction is achieved in a rolling process
(calendering) and is part of the industrial LIB production
process. However, low electrode porosities may impair the
wettability of the electrodes, as the average pore sizes are
reduced and surface sealing can occur, impeding the pen-
etration of the liquid into the electrode pores [9]. Although
studies on the influence of porosity on the wettability of
the electrodes of LIB exist [9, 10], very little is known
about the influence of the prevailing production condi-
tions, e.g., the changing pressure levels during electrolyte
filling and wetting. Also, the multilayer cell stack setup
can be assumed to have a significant influence on the dis-
semination of the liquid, as the interfaces between the cell
layers create additional capillary planes [4]. The wetting
process has recently been visualized for the first time by
neutron radiography in pouch cells [4] and hard case cells
[11]. In these studies, LIBs were irradiated with a neutron
beam and the transmitted neutron radiation was recorded
with a neutron detector. As most of the battery compo-
nents, except for the electrolyte liquid, show high neutron

@ Springer

transmission due to a low mass attenuation coefficient of
the neutrons [12], the temporal and 2D-spatial distribution
of the electrolyte could be visualized under realistic pro-
duction conditions [4]. This measurement technique pre-
sents unique possibilities for the development of further
process knowledge, providing a basis for optimization of
the cell and electrode design.

1.2 Laser structuring of electrodes

Laser structuring of the electrodes of LIBs has attracted con-
siderable attention in the recent past, having potential for ad-
vancements of many aspects of LIBs. It was indicated that the
deployable specific capacity of LIBs with laser structured
cathodes could be increased at high current rates [13].
Similar results were shown for anode materials, such as graph-
ite [ 14]. This effect was attributed to shortened diffusion paths,
creating a better degree of electrochemical accessibility of all
electrode segments, especially those close to the current col-
lectors [13, 15, 16]. Drawbacks of laser structuring of elec-
trodes have also been addressed. As a fraction of active mate-
rial is removed from the electrode by laser radiation, the areal
capacity of the electrode and thereby the deployable capacity
at low currents is slightly decreased. However, this effect can
be minimized by reducing the width of the capillary structures
[17]. A study on the influence of laser-induced structures on
the wetting process of single electrode sheets showed notable
improvements in the wetting time. Capillary forces were iden-
tified as the main drivers for the accelerated electrolyte uptake
[18].

1.3 Approach and objective

In the work presented here, neutron radiography was ap-
plied to large footprint LIBs containing electrodes with dif-
ferent properties of the active material layers, in order to
determine the influence of electrode characteristics on the
spatial and temporal distribution of the electrolyte liquid
during electrolyte wetting. The wetting process in the ex-
amined pouch cells is much more complex than the wetting
of single electrode sheets. Furthermore, the low pressure
during electrolyte dosing and the subsequent sealing and
venting procedures create entirely different conditions for
the spreading liquid. The goal of the presented work is to
outline the potential of laser structuring for the acceleration
of the wetting process under realistic production conditions
as well as to compare the potential benefits to other mea-
sures, e.g., an increased porosity of the electrodes. Possible
trade-offs arising from the removed active material fraction
will be discussed and are subject of ongoing further
investigations.
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2 Experimental
2.1 Cell production

Three pouch bag cells, each consisting of five anodes and four
cathodes (double-sided coating) were produced at the
Technical University of Munich on fully automated machines:

e One cell with conventional electrodes with an electrode
porosity of 30% (cell a))

*  One cell with conventional electrodes with an electrode
porosity of 40% (cell b))

*  One cell with laser structured electrodes with an electrode
porosity of 30% (cell c))

Electrode production was performed in a cleanroom (ISO
6) and cell assembly in a dry room (dew point <— 55 °C). The
anode ink was prepared by mixing 95 wt.% graphite (SGL)
and 5 wt.% Polivinylidendiflouride (PVDF, Kynar) with 1-
Methyl-2-pyrrolidon (NMP, Sigma Aldrich) in a multi-step
mixing process described in [19]. The cathode ink contained
96 wt.% lithium-nickel-manganese-cobalt-oxide (NMC,
BASF), 2 wt.% PVDF and 2 wt.% carbon (C65, Timcal),
and NMP. Mixing was performed in a planetary centrifugal
mixer (DAC 3000, Hauschild Engineering). Both inks were
coated on both sides of metallic current collector foils (anode:
copper, 14 um thickness, cathode: aluminum, 15 pum thick-
ness) in a roll-to-roll tape cast process and dried in an infrared
dryer (Coatema). The areal capacity of the anodes was by a
factor of 1.2 higher than the capacity of the cathodes, resulting
in area specific capacities of 2.0 mAh cm 2 for the cathodes
and 2.4 mAh cm ? for the anodes. The target porosities P were
achieved in a calendering process. Therefore, the required
thicknesses D of the electrode layers without the current col-
lector foils were calculated according to

B D-w((x1/p1) + (x2/p2) + (33/93))
N D

P (3)
where W is the measured mass of the coating per area and x1,
x2, and x3 are the percentage shares of active material NMC/
graphite), PVDF, and C65. pl, p2, and p3 are the respective
densities, which were derived from literature as follows: NMC
475 g em >, C65 2.00 g cm >, PVDF 1.76 g cm °, graphite
2.26 g cm > [20]. For a target porosity of 30% (cell a) and cell
¢)), the anode thickness was 107 um and the cathode thickness

was 109 um, whereas for a target porosity of 40% (cell b)), the
anode thickness was 126 um and the cathode thickness was
125 um. The fulfillment of these target values was confirmed
by measurements with a digital micrometer (Series 293,
Mitutoyo). Subsequently, the electrode sheets were cut in a
remote laser cutting process to a format of 101 mm x 73 mm
(cathode) and 104 mm x 76 mm (anode), see Fig. 2.
Afterwards, the laser structuring process was performed for
one cell with 30% electrode porosity (cell ¢), which is present-
ed in more detail in section 2.2. The commercial separator
(Celgard 2325) was z-folded between the electrodes to ensure
electrical insulation and wrapped around the cell stack for
mechanical stability. The current collector foils were joined
in a first ultrasonic welding process and subsequently connect-
ed to the cell tabs in a second ultrasonic welding process. The
complete cell stacks were packaged into deep drawn pouch
bag foils, leaving one side open for the electrolyte filling
process.

2.2 Laser structuring

For laser structuring, an infrared pulsed fiber laser (YLPP-1-
150 V-30, IPG Photonics) combined with a high speed optical
scanning head (ARGES, Racoon 21) and a telecentrical focusing
lens was used. Important beam characteristics are listed in Table 1.

The laser beam coming from the source was guided
through an optical fiber into the remote amplifier, from where
the unfocussed beam was directed into the scanning optics,
where the laser beam was deflected by two mirrors in the x/y-
plane and focussed on the electrode surface. The focal dis-
tance between the lens and the electrode surface was 80 mm.
The electrode was fixed using a vacuum table. The experi-
mental setup is presented in Fig. 1.

A grid structure consisting of horizontal and vertical lines
with a pitch distance of 1.55 mm was chosen as the electrode
structure, in order to enable electrolyte flow through the cap-
illaries in both directions of the electrode plane. The line scan-
ning speed was 600 mm/s for both anode and cathode,
resulting in an applied line energy Ejne of 50 J m™'. The cell
stack setup and an illustration of the applied structure pattern
are displayed in Fig. 2.

Structuring was performed in ambient air at ambient pres-
sure. The ablated material was removed by a suction nozzle.
Further details of the resulting electrode morphology are pre-
sented in section 3.1.

Table 1 Laser beam parameters

for structuring Wavelength Beam quality Focus diameter Pulse duration  Pulse repetition Pulse energy
Ain nm factor M? dy in pm Tp in ps rate fg in kHz E,in )
1060 2.0 25 150 600 50
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Fig. 1 Schematic illustration of
the experimental setup for laser
structuring of the electrodes
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2.3 Experimental setup for electrolyte filling
and wetting

The filling and radiography experiments were conducted at
the ANTARES imaging instrument at the Heinz Maier-

Leibnitz Zentrum (MLZ) in Garching near Munich,
Germany [21, 22]. Electrolyte filling was performed using a
custom-designed installation, mainly consisting of a vacuum
chamber, a sealing bar, and the required valves and filling
assets (see Fig. 3a). The entire installation was placed in front

a) b)
y . neutron detector y
X \ X
dosing intermediate z
valve volume AN
‘/
filling vacuum

bar
cell

cell
cell tabs#

sealing

/

AS

\

neutron radiation
not true to scale

/

cell stack

holder

Fig.3 a Electrolyte filling installation in front of the neutron detector at the ANTARES imaging instrument. b Schematic illustration of the neutron flow

through the cell stack in the z-direction
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of a neutron detector which recorded the transmitted neutrons,
as shown in Fig. 3b.

The pouch cell was placed in a cell holder in a vertical
orientation with the open side facing upwards. The filling
nozzle was positioned, so that the liquid could flow directly
into the cell. The electrolyte (LP572, BASF) consisted of
ethylene carbonate (EC) and ethyl-methyl-carbonate
(EMC) in a mixing ratio of 3:7 with 1 M lithium-
hexaflourophosphate (LiPFs) and 2% vinylene carbonate
(VC). An electrolyte amount of 6.0 ml was pre-dosed with
a dosing device (Dosino 800, Metrohm) into an intermedi-
ate volume. At the same time, the aluminum vacuum cham-
ber was evacuated down to a pressure peyac 0of 50 mbar. By
opening the valve between the previously evacuated vacu-
um chamber and the intermediate dosing volume at ambient
pressure, the electrolyte liquid was sucked into the pouch
cell via the filling nozzle. Due to the large free space be-
tween the cell stack and the pouch foil, one dosing step was
sufficient for the described experiments. Shortly after the
injection of the electrolyte liquid, the cells were hermetical-
ly sealed at py,. before the vacuum chamber was flooded
with air until reaching ambient pressure. After venting, the
sealed cell containing the electrolyte liquid was kept at con-
stant ambient pressure and constant temperature of 25 °C for
the wetting process and a total observation time of 90 min.

2.4 Imaging and signal processing

Before the filling experiments, five dark field images Z4¢
were recorded with a closed neutron shutter in order to
obtain the static background signal from the detector.
Prior to each filling experiment, one neutron image of each
empty cell /¢ positioned in the vacuum chamber was re-
corded. The following neutron images were acquired within
the wetting timespan of 90 min. The size of one radiogra-
phy image was 1300 x 2048 pixels. The images were later
cropped to the size of the cell stack. The effective size of
one pixel was 73 um x 73 um. The spatial resolution of the
radiographies was approximately 150 um, being a combi-
nation of the geometrical resolution defined by the L/D
ratio of 500 used in this experiment, the blurring due to
the scintillator thickness (100 um), and the effective pixel
size. For the acquisition of one image, the neutron shutter

Fig.4 Measurement sequence for
neutron image acquisition

¢

electrolyte injection

was opened for 3 s, irradiating the sample with a neutron
flux density @, =6.4-10"cm %5 '. The electrolyte flow in
the cell during wetting was slow enough to avoid a signif-
icant motion blur within this time period. In order to reduce
the amount of measurement data and to keep the radioactive
activation of the samples and the experimental setup low,
the imaging rate was reduced towards the end of the mea-
surement timespan: for the first 15 min, one image was
taken every 15 s, for the next 45 min, one image was taken
every 45 s, and for the remaining 30 min, the time between
the images was 120 s, as displayed in Fig. 4.

For further signal processing, the images of the empty cells
were used to computationally eliminate the signals originating
from the cell components, the cell holder, and the vacuum
chamber, visualizing only the electrolyte liquid. The final
transmission images 7; were calculated in Matlab by
Ti o Ii_lmedian,df (4)

1 ref =1 median,df

with /; being the image of the filled cell and I egian ar the
median of the dark field images. A time stamp was assigned to
each image starting with the image taken just before the elec-
trolyte injection. As the wetted parts of the cell appeared
darker due to the higher neutron absorption of the electrolyte,
the wetting degree of the cell could be determined by using a
grayscale threshold: The pixels darker than the threshold value
were attributed to the wetted fraction of the cell, whereas
brighter pixels were assigned to the dry parts [4].

3 Results and discussion
3.1 Characterization of the electrodes

The different electrodes for the three cell types were examined
using a scanning electron microscope (SEM). In Fig. 5, im-
ages of all incorporated electrode types are displayed. The
difference in porosity between the electrodes of cell a) and
cell b) is clearly visible, as the graphite and NMC particles
are compressed much more in cell a), resulting in smaller pore
sizes. By laser structuring (cell ¢)), the active material on the
anode was completely removed in the irradiated sections of
the electrode, leaving the blank copper foil and creating the

total measurement time per cell: 90 minutes
exposure time per image: 3 seconds

not true to scale
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=
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aspired micro capillaries for more rapid electrolyte intake and
distribution within the cell stack. With the applied structuring
process, capillary widths of 60-80 um and a depth of 46.5 um
(100% of single-sided coating thickness) were created, leading
to a removal of approx. 10% of the active material on the
electrode.

On the cathode side, the coating was not entirely removed
in the irradiated sections, merely locally revealing small parts
of the aluminum foil. In other areas, active material residues
on the current collector were observed. This hints at different
ablation characteristics of the two coating types. Ongoing
studies will create a deeper understanding of the laser ablation
process of the different electrodes.

3.2 Analysis of electrolyte intake

In Fig. 6, neutron radiography images of the three cells are
displayed, all recorded precisely 270 s after the electrolyte
injection. The image on the left shows cell a), which com-
prises conventional electrodes with 30% porosity, the image
in the middle is of cell b) with conventional electrodes with a
porosity of40%, and the image on the right is of cell ¢) with
electrodes of 30% porosity and additional laser structures.
The darker parts of the images represent the sections already
wetted with electrolyte, while the brighter parts represent the
dry areas. Atthis observation time, all cells have been sealed,
and the vacuum chamber has been flooded with air, exerting
pressure on the cell stack. Striking differences of the wetting
progress become apparent. After 270 s of wetting time, cell a)
still exhibits large dry sections that have not been in touch
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with the electrolyte solution. On the sides and on the bottom
ofthe cell stack, large amounts of still unused excess electro-
lyte can be localized, which was drawn into the inner parts of
the cell stack later during the wetting process. As previously
described in [4], the propagation of the electrolyte mainly
proceeds from the bottom and the sides of the cell stack,
creating a U-shaped liquid front. Compared to cell a), the
wetting progress of cell b) is already more advanced at the
time of observation, as the bright parts of the image in the
inner parts of the cell stack as well as the amount of remaining
electrolyte on the bottom of the cell are considerably smaller.
The higherelectrode porosity seems to have a positive impact
on the electrolyte intake and the distribution rate. This can be
attributed to the larger pores which create a generally more
open electrode structure with more access and distribution
paths for the fluid. The wetting progress of cell ¢) is even
furtheradvanced, leaving only a very small section of the cell
stack without electrolyte. The remaining liquid towards the
bottom of the cell stack has almost completely been soaked
up by the cell stack at this point in time.

With a spatial image resolution of 150 um, a more detailed
observation of the microscopic wetting process was not pos-
sible and only the macroscopic acceleration of the fluid dis-
persion could be observed. The effect within the capillaries
will be studied by the authors in more detail in future work in
order to further reduce the amount of removed active material
from the electrodes and identify an ideal structuring geometry.
In Fig. 7, the relative wetted area of the three different cells
determined by the grayscale threshold method is displayed as
a function of time.
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Fig. 6 Processed neutron radiography images; all images were recorded
4.5 min after the electrolyte dosing process. Left: reference cell with
unstructured electrodes of 30% porosity (a), middle: cell with

The time of the image acquisition for the images displayed
in Fig. 6 is marked with a black line parallel to the y-axis.
Before electrolyte dosing, the wetting degree is zero and no
dark sections can be identified in the radiography images.
After the electrolyte is injected into the cell, the grayscale
evaluation shows a wetting degree of approx. 20% for all
cells. When evaluating the corresponding radiography im-
ages, it becomes apparent, that at this time, the liquid is not
homogeneously distributed but rather in large drops on the
bottom of the cell stack. In the sealing and subsequent venting
process, the electrolyte distribution is homogenized

cell c) 85 minutes after
electrolyte dosing  —
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unstructured electrodes of 40% porosity (b), right: cell with laser
structured electrodes of 30% porosity (c)

significantly by squeezing the excess electrolyte towards the
inner parts of the cell stack. From that point in time on, the
relative wetted area of the cell stack starts to differ for the three
cell types. Cell a) shows a rather sluggish wetting progress,
not getting close to complete wetting within the 90 min of
observation time. Linear extrapolation of the wetting slope
suggests that complete wetting might not be reached even
within 180 min. Cell b) demonstrates faster electrolyte intake,
almost reaching complete wetting after 90 min. Cell c) in
contrast reaches complete wetting after only 15 min. In
Fig. 8, neutron radiography images recorded 15 min after
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Fig. 7 Relative wetted area of the three cell types over time after electrolyte dosing
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Fig. 8 Processed neutron radiography images; all images were recorded 15 min after the electrolyte dosing process. Cell ¢) has reached complete
wetting, whereas cell a) and cell b) show incomplete wetting degrees of 49% and 74% respectively

electrolyte dosing are presented. At this point in time, the
wetting degrees of cell a) and cell b) are at 49% and 74%
respectively, whereas cell c¢) has already reached a wetting
degree of 100%. In a production scenario, only cell ¢) would
be ready for further processing, e.g., the start of the formation
cycles, whereas cell a) and cell b) would have to be stored in a
controlled environment, creating additional production costs.
It has to be noted, that the observed wetting phenomena are
taking place on a macro scale and neutron radiography—in
this experimental setup—does not provide insight into the
wetting phenomena on a micro scale, e.g., the wetting of sin-
gle electrode and separator pores. These processes are likely to
require more time, especially as all pores should be wetted
prior to the subsequent formation cycles.

It can be concluded that porosity plays a significant role in
the macroscopic wetting process, with higher porosities gen-
erally favoring a more rapid electrolyte intake. Laser structur-
ing of the electrodes leads to an even faster macroscopic wet-
ting process of battery cells. Considering the extrapolated
180 min of wetting time for cell a), the wetting process for
cell ¢) was approx. 12 times faster. As a homogeneous macro-
distribution of the electrolyte in the cell is the prerequisite for
the further wetting on a micro scale, laser structuring of elec-
trodes appears to have potential for the acceleration of the
wetting process in general and thereby the reduction of pro-
duction costs of lithium-ion batteries. Taking into account that
neither the laser-induced electrode structures nor other process
parameters (temperature, pressure, spatial orientation of the
cell etc.) were optimized in any way, further potential for the
acceleration of the wetting process seems likely.

3.3 Interaction with other cell characteristics

The presented measures for the acceleration of the wetting
process (higher porosity and laser structuring) have to be
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carefully assessed, as the presented improvements in process-
ing time will influence other important cell properties. For
example, it has been shown that the porosity of the electrodes
significantly influences their mechanical stability as well as
their electrochemical performance. While the overall rate ca-
pability of LIBs containing electrodes with higher porosity is
generally superior due to better ionic conductivity, the me-
chanical cohesion of the active material particles can be di-
minished [8]. This may lead to a loss of the electrical conduc-
tivity as well as delamination during cell production.
Moreover, the volumetric energy density on a cell level is
reduced with higher electrode porosities, as the electrodes oc-
cupy a larger volume with the same amount of active material.
Depending on the range of application (high-power or high
energy), these trade-offs between high and low porosity have
to be considered.

The improvements in wetting time and costs due to laser
structuring of the electrodes are achieved at the expense of an
additional production process. This process is associated with
investment costs for laser beam sources, optics, and additional
machinery as well as processing costs, which are mainly due
to the removal of active material. In order to minimize this
effect, the active material removal has to be limited. As the
active material loss is nearly proportional to the square of the
pitch distance of the applied grid-structures, large pitch dis-
tances and small structure diameters are beneficial. By in-
creasing the pitch distance, the speed of the laser structuring
process can also be increased, as fewer structures have to be
created per electrode area. Cost estimations in literature being
based on an active material loss fraction of 4—5% show an
increase of the total cell costs of 1.2—1.5% [17], which would
have to be overcompensated by the cost reductions obtained in
the electrolyte wetting process. This very low share of active
material loss can be achieved by fine tuning the laser ablation
parameters and using femtosecond laser pulses, reducing the
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thermal impact of the deposited energy during ablation.
Process investigations regarding a reduction of the structure
dimensions are the subject of ongoing studies of the authors.
Additionally, laser structuring of the electrodes has shown
tremendous beneficial effects on the electrochemical cell per-
formance. As stated in the introductory part of this paper, the
C-rate capability can be drastically increased due to improved
lithium diffusion kinetics, providing more usable energy at
high discharge currents. These individual characteristics and
conflicting priorities have to be carefully assessed and bal-
anced for a specific production scenario by the LIB manufac-
turer with the aim to minimize the wetting time and the active
material removal while maximizing the electrochemical per-
formance enhancement. However, especially for large format
LIBs with hundreds of electrode layers as commonly used in
automotive applications, fast electrolyte dispersion will gain
relevance. Thus, laser structuring can be considered as an
additional lever for fine-tuning the production and use cases
of LIBs. A detailed costs assessment for the laser structuring
process as well as a thorough characterization of the interplay
between the electrochemical performance of the cell and the
wetting behavior are subjects of ongoing work of the authors.

4 Summary and outlook

In the presented work, the influences of different electrode
porosities as well as laser structuring of the electrodes of
LIBs on the electrolyte wetting process were investigated.
Three large pouch cells were manufactured, one cell with con-
ventional electrodes with 30% porosity, one with electrodes
with a higher porosity of 40%, and one cell containing elec-
trodes of 30% porosity which were additionally laser struc-
tured. For structuring, a grid pattern was chosen in order to
create small channels in both directions of the electrode plane
to enhance homogeneous electrolyte distribution after the elec-
trolyte dosing procedure. The progress in electrolyte dispersion
for the three cell types was visualized in situ using neutron
radiography. Results show a significant influence of the elec-
trode properties on the wetting behavior of the battery cells.
Conventional electrodes exhibited a very slow electrolyte wet-
ting, resulting in a required wetting time of several hours.
Higher porosity electrodes showed slightly faster electrolyte
wetting, presumably caused by the larger pore volume and
thereby lower resistance in fluid dispersion. Laser structured
electrodes presented a much faster wetting progress, even
though the porosity of the bulk material of the electrode was
30%. The time for complete wetting was reduced to approx.
15 min, accelerating the wetting process at least by one order of
magnitude. Interpretation of the acquired neutron images leads
to the conclusion, that the liquid is soaked rapidly into the
capillary grid structures and distributed effectively into the
center of the cell stack. Thus, laser structuring of electrodes

may play an important role in reducing the production costs of
LIBs, since long and cost intensive storage procedures of the
batteries after electrolyte filling can be avoided. Future work of
the authors will focus on optimizing the structures with respect
to minimized active material removal and simultaneous im-
provement of the electrochemical properties of the cells.
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ABSTRACT

The performance of lithium-ion batteries is determined by the structural properties of the electrodes, e.g., the choice of an active material
and porosity. An increase in performance is crucial for fulfilling the future requirements of various applications, such as electric vehicles
and consumer electronics. Laser structuring with short and ultrashort pulses offers great potential, which has been demonstrated in many
research studies. Based on already published preliminary work, which is primarily dedicated to the proof of electrochemical enhancements,
requirements for the structuring process are examined. Starting from a realistic production scenario for lithium-ion electrode processing,
calculations concerning the technical requirements for the laser scanner system are made. The results show high demands on usable control
technology. For this reason, the development of a new type of control system is presented, which has significantly more temporal accuracy

in signal transmission and thus provides the basis for fast and, at the same time, high-precision processing with pulsed laser systems.

Key words: laser structuring, lithium-ion batteries, electrodes, polygon scanner, scale-up, production technology
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I. INTRODUCTION

Nowadays, a lot of consumer electronics and mobility solu-
tions like electric vehicles are powered by lithium-ion batteries.
The key factors for their success are high energy density, the long
service life, and the high achievable cell voltage, among others.
Lithjum-ion batteries have been on the market for around 30 years,
and during this time, the cells have been constantly improved in
terms of energy density, service life, and safety. Nevertheless, there
still remains scope for further development, and research activities
concerning advanced materials and processes are conducted world-
wide to meet the ever-rising requirements in cell performance. The
central components of a lithium-ion battery are the two porous
electrodes, the liquid electrolyte, and the porous separator. The
latter electrically isolates the two electrodes from each other but is
permeable to lithium ions. In a charged battery, the lithium ions
are stored in the anode. As soon as electric current is consumed,
the charged particles migrate through the -electrolyte-wetted

separator and intercalate into the cathode. When charging, this
process is reversed. The electrode structure has a significant influ-
ence on the level of cell internal resistance in these charge and
mass transport processes. If, for example, the porosity of the
electrodes is not set correctly by adapted production processes, the
ionic resistance of the lithium transport increases.' A promising
approach that has received special attention in recent years is the
introduction of three-dimensional structures into the porous elec-
trode material using laser radiation.” The basic idea behind this
approach is to shorten the long and tortuous lithium transport
paths around the particles within the electrodes using additional
ion transport channels. The schematic structure of a lithium-ion
battery depicted in Fig. 1 shows a possible transport pathway for
lithium in the laser-induced structure. As active materials, graph-
ite is typically used for the anode and lithium metal oxides,
such as lithium-nickel-manganese-cobalt-oxide, are employed for
the cathode.
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FIG. 1. Schematic illustration of a lithium-ion battery with a laser structured
anode.

Both the structuring of the cathode’ and the structuring of
the anode® have been investigated in numerous research studies.
For both electrodes, tremendous improvements in discharge capacity
at high discharge currents could be measured, indicating a reduced
cell internal resistance. Furthermore, electrochemical processes
within the cells were modelled using simulation tools, which on the
one hand increased the understanding of the influence of the geo-
metric electrode design and on the other hand provided the basis for
optimization approaches of the structures.” Furthermore, the produc-
tion time of lithium-ion batteries during cell assembly was shortened
by accelerating electrolyte wetting, as the created microcapillaries
promoted rapid impregnation of electrodes with the electrolyte.””

The strong potential of the technology in terms of cell perfor-
mance and subsequent production processes raises the question of
why the structuring of the electrodes is not yet being used in indus-
trial battery production. The process time appears to be a decisive
factor here, since in industrial battery production large electrode
areas have to be structured in a short time. Despite the constantly
increasing power of the industrially available pulsed laser beam
sources, great challenges remain in beam deflection and position-
ing, resulting from the structure requirements. The ablation process
itself has been studied in the literature with different beam sources.
Femtosecond laser systems have proven to be particularly suitable
with regard to the achievable structural fineness, since there is
almost no heat input into the surroundings of the process zone.”’
A thermal ablation outside the direct exposure zone of the laser
beam, also caused by the evaporation of the binder holding the
electrode together, can thus be avoided. The ablation by nanosec-
ond pulses reduces processing times, but at the expense of the fine-
ness of the structures produced.'’ Both processes have in common
that the generation of structures is not possible by a single pulse,
but (depending on the electrode material and the pulse parameters,
for instance, the pulse energy) several pulses are necessary to
achieve the required structural depth and aspect ratio. Thus, two
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machining strategies can be considered: the multiple pass, where a
certain area is structured incompletely and then the same structures
are hit again, and the “point-and-shoot” (PAS) strategy, where one
structure is generated completely before the laser beam is deflected
for the generation of the next structure. The PAS strategy has two
fundamental disadvantages. On the one hand, shielding effects in
the process zone may occur due to expulsion of ablation products
and plasma, reducing the ablation efficiency.” On the other hand,
significant amounts of time are required for the deflection of the
laser beam, which further slows down the process. The multiple
pass strategy, thus, seems to be the more promising alternative for
industrial application, but very high demands on the accuracy and
speed of the beam deflection systems have to be met, which is not
state of the art yet.

Il. OBJECTIVES AND APPROACH

Based on the potentials of laser structuring of electrodes
described above, geometric requirements for the structures are
derived from the literature. Here, the electrochemical details are dis-
cussed only briefly and reference is made to further sources. In the
second step, the requirements for a beam deflection system are for-
mulated that would be necessary for a use in industrial lithium-ion
battery production. This results in enormous challenges for beam
deflection technology. One of these challenges is the synchronization
between the laser and the scanning device in one control unit, for
which a solution concept is presented.

lll. LITHIUM-ION BATTERY PRODUCTION AND
STRUCTURE REQUIREMENTS

The lithium-ion battery production process chain is complex
and characterized by a multitude of different production steps. In
the conventional process chain, the calendaring process is used to
adjust the electrode porosity systematically, and it represents the
end of electrode fabrication. In the subsequent cell assembly steps,
major electrode properties like porosity, thickness, and structure
are not changed any further. Thus, the transition between electrode
manufacturing and cell assembly is a suitable point in production
to introduce the laser structuring process. The process chain is
shown in Fig. 2, where the laser structuring process is highlighted.
From an electrochemical point of view, a structure pattern consist-
ing of hexagonally arranged holes is specifically useful, as this
allows the material removal to be kept low, and, at the same time, a
high electrochemical utilization of the electrode can be achieved."’
A conceptual illustration of the approach for in-line electrode struc-
turing is shown in Fig. 3.

Bore holes with a depth of at least 90% of the active material
layer thickness and a diameter of <30 um on the side not facing the
current collector are particularly promising. Furthermore, it seems
reasonable to taper the structures in the direction of the current
collector, since the ionic current density decreases in the direction
of the current collector, and thus, finer structures are sufficient for
ionic conduction. The area proportion of the structures on the side
of the electrode not facing the current collector should not exceed
15%.'” These geometrical requirements can be met by means of
modern laser technology, but enormous challenges remain with
regard to process time. For an exemplary structuring pattern as
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FIG. 2. Process chain for the production of lithium-ion pouch cells; the laser structuring process is highlighted at a possible point of integration into the production

process.

shown in Fig. 3 and Table I (a hexagonally arranged hole structure
with pulse distances d.=200um and d;= 173 um), this results in a
structure density of ~2900 bore holes/cm® With a typical specific
areal capacity of electrodes of 2 mAh/cm?, ~1.45x 10° structures
per ampere-hour of battery capacity are required, assuming that
only the anode is structured. Table I summarizes the assumptions
made here about the production process for lithium-ion electrodes
and shows the calculated requirements for the laser scanner subsys-
tem. It should be noted that the requirements described for battery
production were estimated very conservatively and that significantly
higher coating speeds and coating widths are common. Nevertheless,
the extreme scanning speeds requested can only be achieved by
polygon scanners. Certainly parallelization of several laser beam
sources and scanners is also an option.

IV. CONCEPTS FOR ACCELERATING THE
STRUCTURING PROCESS

For surface material removal or drilling applications, laser
scanners are used to deflect the laser beam. Their accelerations and

traversing speeds are limited by the mass and inertia of the drive
and the deflecting mirror as well as by the rigidity of the controlled
overall system. Specifically, in the PAS operation, this results in sig-
nificant idle times for acceleration and deceleration in which the
laser remains switched off. One possible solution to this problem is
multiple passing with a constant scanner movement, in which the
pulses have to hit the same spot repeatedly. In this case, the
maximum laser power is the limiting effect on the process speed,
since idle times caused by the mirror inertia are avoided. Advances
in laser power of commercial pulsed beam sources, however, are
currently mainly achieved by an increase in the maximum pulse
repetition frequency f, with almost constant pulse energy.' ™"
For comparable structuring results, this, in turn, is to be accounted
for by drastically increasing the scanning speed, which can be
achieved by hlghly dynamic optomechanical systems, such as
polygon wheels.'”” However, the synchronous resolution of the
control systems used must also be increased, which is often not
addressed in the context of these developments. For this reason, the
ARGNET interface for high-precision, phase-locked synchroniza-
tion of several network participants in materials processing was

TABLE I. Assumed parameters for the structuring process and resulting requirements
for the laser-scanner-subsystem.

Parameter Value Unit
Feed rate, v 20 m/min
Pulse distance, d. 200 Hm
Pulse distance, d; 173 pum
Processing width, w 20 cm
Number of runs per structure 6 —
Pulse energy (fs-pulses)’ 40 uJ
Line rate 1926.8 st
Scanning speed 2312.1 m/s

FIG. 3. Concept for in-line structuring of electrodes with n scan heads. Laser power 462.4 w
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FIG. 4. Block diagram for the synchronization of network participants.

designed and implemented as part of the work presented here
(Fig. 4)."° In the considered example, we assume that with an infra-
red ultrashort pulse laser (USP laser) with pulse durations of 20 ps
and a 2D scanner, hexagonally distributed holes with a borehole
spacing of 200 um are to be generated in multiple passes. The laser
beam should move over the electrode at a constant traversing speed
(not in the PAS operation) in order to combine high quality pro-
cessing results with a minimum processing time. The deflection
speed v, required for this can be calculated using the specified
structure distance a and the pulse repetition frequency fp,

va=a-f (1)

A short pulse laser with a pulse duration of less than 100 ns in
the wavelength range from ~1030 to 1070 nm is used for referenc-
ing purposes. For comparability, the values for the average power
of both laser systems are assumed to be identical at 5W. With a
focal length of 163 mm used for the F-theta lens, a focus diameter
of ~30um is obtainable. The pulse repetition frequency of the
USP laser is 1 MHz compared to 20 kHz of the short pulse laser
(SP laser). In order to obtain a pulse distance of 200 um, the tra-
versing speed of the scanner has to be set to 4.0 m/s with the SP
laser. The scanning speed for material processing with the USP
laser has to be 200 m/s.

For the multiple pass operation, it is absolutely necessary to
hit exactly the same target points repeatedly. The required spatial
accuracy x of the system (jitter) results from the minimum tempo-
ral jitter ¢;;, of the controller according to

X =v-tj. 2)

This relationship applies exclusively under neglect of
component-specific tolerances (e.g., laser stability, repetition
accuracy of the scanner, etc.) in the laser and in the 2D scanner.
Conventional controllers have a typical t;;, of about 10 ns, while the
newly developed ARGNET controller has a tj;; of ~100fs. From
formulas (1) and (2), it results that the local resolution and accuracy

deteriorate with an increase in the pulse repetition frequency and
thus the deflection speed. This correlation is presented in Table II.

The accuracy for operating a USP laser at 1 MHz is unsuitable
for the process, since the processing accuracy of 2um is already
very poor. The operation of a conventional controller for synchro-
nizing pulses with 20 MHz leads to even larger inaccuracies of
~40 um, which makes precise processing impossible.

This work aims at the optimization of the conceptual design
for synchronization of individual components involved in the
process. The adaption of the controller serves to reduce the tempo-
ral jitter by appropriate hardware design in such a way that the
local resolution is in the range below 0.1 um despite the increasing
deflection speed. The new ARGNET communication link was
developed for this purpose (Fig. 4). A central master unit is still
used to control the individual components, but communication
takes place synchronously via a separate data interface, so that the
slave network participants receive the necessary signals for a highly
precise processing result with very low jitter.

At the same time, the network devices such as lasers, scanners,
and other external peripherals (e.g., linear axes, cross tables, and
measuring systems) can be set up locally separated, even though
they are integrated in the communication pipeline.

V. SIGNAL RESPONSES OF THE CONTROL
ARCHITECTURES

The electronic signal transmission of the conventional controller
and the ARGNET controller were measured using an oscilloscope.

TABLE II. Spatial jitter for several pulse repetition frequencies at a fixed structure
distance and fixed temporal jitter times.

J. Laser Appl. 32, 022053 (2020); doi: 10.2351/7.0000078
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Pulse rep. Deflection speed ~ Spatial jitter ~ Spatial jitter
frequency f, fora=200um  for t;;=10ns for ;;; =100 fs
20 kHz 4m/s 4x10%um  4x107 um
1 MHz 200 m/s 2um 2% 107° um
20 MHz 4000 m/s 40 ym 4x10™* ym
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FIG. 5. Comparison of the electronic signal transmission of the conventional
(top) and the ARGNET control (bottom).

A cyclic signal pulse was emitted by the master control, which was
then made available to the slave network participants via the transmis-
sion path. The distributed synchronization signal was recorded several
times and then compared. The improvement of the jitter by the
ARGNET control compared to the conventional control is shown in
Fig. 5. While in the case of the conventional controller (Fig. 5 top),
there is a clear time offset between the measured signals which lies
within the temporal jitter (10 ns); this time offset is not visible in the
case of the ARGNET controller (Fig. 5 bottom). Here, the temporal
jitter is less than 0.5 ps, which results in almost congruent curves for
the time scale selected here. As a result, at high processing speeds, e.g.,
with polygon scanners, significantly lower local jitter will occur. This
avoids machining errors and inaccuracies during high speed machin-
ing and thus provides the basis for fast electrode processing with
polygon scanners.

VI. SUMMARY

The laser structuring of electrodes is a promising approach to
improve the properties of lithium-ion batteries. In previous studies,
various potentials have been identified, e.g., in increasing the

ARTICLE scitation.org/journal/jla

discharge capacity at high current rates and in improving the
ageing behavior and wettability with the electrolyte fluid. However,
since very large electrode surfaces have to be structured rapidly in
order to maintain economically reasonable process times, the
current low process speed of laser structuring prevents an industrial
application. In the presented work, therefore, requirements for the
structures and the process were defined first. The required extreme
demands on the beam deflection speed result in the need for a
novel control system that reduces temporal inaccuracies. Thus, the
transmission of control signals to the individual subsystems was
optimized to achieve a higher temporal precision, so that at high
beam deflection speeds a more accurate pulse overlap is possible.
The improvement of signal transmission was demonstrated by
measurement of electronic signal transmission with an oscilloscope.
Subsequent work will include a validation of the system, which will
encompass a detailed examination of the processing results.
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