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Abstract

A significant increase in lithium-ion battery performances such as battery lifetime, high-rate
capability and fast charging can be achieved by ultrafast laser structuring of composite
electrodes. Therefore, laser materials processing and its upscaling in battery manufacturing
is currently attracting huge attention as there is an increasing demand to further improve the
electrochemical performance of next-generation batteries for use in electric vehicles.
However, in addition to laser process upscaling issues, there is a strong need to be able to
define suitable three-dimensional (3D) electrode designs regarding application scenarios,
respective degradation processes, and safety aspects. Therefore, the development of next
generation anodes and cathodes architectures needs to be flanked by analytics capable to
generate a rapid evaluation of the entire composite electrodes. An appropriate post mortem
analytical method should be able to visualize 3D lithium concentration and distribution
providing a map of state-of-charge of entire electrodes. Such a technology recently
introduced into battery analytics is laser-induced breakdown spectroscopy (LIBS) which is a
type of atomic emission spectroscopy providing lateral resolved elemental compositions
within a few milliseconds. By combining those chemical data with data from

electrochemical analyses an evaluation of thick-film electrode architectures becomes



possible. 2D and 3D lithium concentration profiles are presented for unstructured and laser-

structured electrodes and corresponding electrode design criteria are derived from them.

5.1 Introduction

Lithium-ion batteries (LIBs) were first commercially offered by Sony in 1991 [1]. Since
then, the demand for maximum power and energy efficiency has increased rapidly. LIBs
have become the dominating energy storage technology for electric vehicles (hybrid electric
vehicles, plug-in hybrid electric vehicles or fully electric vehicles) as well as for stationary
electrochemical storage systems [2]. LIBs are characterized by their relatively high
gravimetric energy and power density of 150 Wh/kg to 260 Wh/kg and 340 W/kg to
500 W/Kkg, respectively. For LIBs, the cost per kilowatt hour was USD 764 in 2009 and
could be reduced to USD 111 by 2020 [3-5]. However, it should be noted that the current
costs and performance limits of current LIBs still are bottlenecks for electric vehicles and an
efficient operation in combination with solar and wind power plants. Efficient stationary
storage devices are required to compensate the intermittent properties of e.g., wind turbines,
and to smooth their current peaks during power grid feeding.

In the field of lithium-ion battery (LIB) technology current research is concerned with
increasing energy and power density by simultaneously lowering production and material
costs. Inspired by the commercial success of lithium nickel manganese cobalt oxide
(Li(NisMny3C013)O2, NMC 111), new nickel-enriched layered oxides with various
compositions  (Li(NiixyMnxCoy)O2, with 1-x-y >0.5) are currently under intense
investigation for increasing the reversible capacity in a lithium-ion cell. Contemporaneously,
the manufacturing of electrodes with film thicknesses of about 320 um could be realized on
laboratory scale. Here, the aim is to apply a reduced amount of inactive material and thus, to

realize an enhancement of energy density at cell level. As calculated in [6] for NMC 111



batteries (vs. graphite), increasing the layer thickness from state-of-the-art 50 um to values
about 200 um to 300 um can contribute to an increase in energy density of more than 20% to
30% up to values of 250 Wh/kg and 580 Wh/L. However, for high-current application the
use of thick-film electrodes with thicknesses > 100 um is conditionally realizable. On the
one hand, the mechanical integrity of the electrode layer is impaired, on the other hand, due
to high mass loading and areal capacity of > 20 mg/cm? and > 4.0 mAh/cm?, a diffusion
overpotential is established, which reduces the available capacity in a lithium-ion cell at a
certain C-rate. The term "C-Rate" is used to describe the applied power densities during
battery operation. The C-rate indicates the current at which the battery is being discharged
and/or charged, based on the practical capacity of the cell. For example, if the C-rate value is
C/2 or 2C, the battery will be fully charged or discharged within 2 hours or 30 minutes,
respectively.

An effective approach, which enables a battery operation with a simultaneous high energy
and power density is based on the so-called “3D-Battery-Concept”, which was introduced by
J. Long et al. [7] for micro-scaled batteries. Figure 5.1 presents a principle scheme of
classical 2D and advanced 3D battery concept [8]. In comparison to the planar electrode
arrangement, which represents the current state of the art design (Figure 5.1 a), the electrode
geometry is arranged in a three-dimensional (3D) configuration (Figure 5.1 b). According to
Long et al. [7], the general strategy of this approach is to fabricate a 3D electrode design
including free standing architectures that can maximize power and energy density while
maintaining short lithium-ion transportation pathways. An increased active surface area is
achieved, which shortens the transport pathways for lithium-ions in liquid electrolyte. It is
worth mentioning that the active surface area is referred as the electrode area, which stands

in direct contact with the liquid electrolyte. Furthermore, the charge transfer resistance



decreases and a reduction in material stress is expected due to volumetric expansion and
contraction during lithiation and delithiation. Finally, the cycle life can be increased [6]. The
approach of the 3D-Battery-Concept was mainly motivated for applications in micro- and
nano-electromechanical systems [9]. Typically, process technologies such as
photolithography, etching processes or thin-film deposition were therefore introduced for the
production of 3D micro-batteries [10,11].
Figure 5.1 ABOUT HERE

For classical composite electrodes, as they are nowadays manufactured and integrated in
lithium-ion cells, the implementation of the 3D battery concept was demonstrated for the
first time by the research group of Pfleging et al. [12-17] at the Karlsruhe Institute of
Technology (KIT, IAM-AWP). 3D electrode architectures were generated by laser-assisted
processes to improve cycle stability, increase cell lifetime, and realize an accelerated
electrolyte filling process. The latter one can be referred to the laser structuring part of the
electrode which finally leads to a spontaneous and homogeneous liquid electrolyte wetting
[9,18,19]. W. Pfleging et al. [6,20-28] proved that the laser structuring process fulfils the
goals of the 3D battery concept. Furthermore, the 3D battery concept can be transferred to
different types of cathode materials (e.g. LiFePOs, NMC 111, NMC 532, NMC 622, and
NMC 811) with film thicknesses in the range from 50 pm to 250 um. Proll et al. [18] were
able to show that the wettability of NMC 111 thick-film cathodes was significantly improved
by adjusting the 3D battery concept. Due to the generated micro-capillary structures,
spontaneous and homogenous wetting with liquid electrolyte was initiated. As a
consequence, electrochemical data show that, compared to cells with unstructured
electrodes, the operational lifetime increased significantly and an improved cycle stability at

elevated C-rates were achieved. Rakebrandt et al. [25] and Zhu et al. [27] demonstrated for



the first time that the process of laser structuring can also be transferred to ultra-thick film
NMC electrodes with thicknesses of up to 250 um. Depending on the electrode film
thickness and applied 3D structure, an active mass loss of less than four percent could be
achieved. Recently Pfleging’s research group introduced laser-assisted structuring of thick-
film electrodes, which are based on self-made water-based production route on cathode and
anode side using NMC 622 and silicon-graphite composites, respectively [29-31]. Based on
the mentioned pioneering work, several research groups are now heading for the process of
laser structuring of battery materials [40-48]. Besides overcoming overpotential problems,
one central goal hereby is to counteract fast charging issues of high energy cells by applying
the 3D battery concept. Review articles from Pfleging [6,22] and very recently from Li et al.
[32] give quite a comprehensive overview about current international approaches in laser
processing of battery materials.

In general, the current and future requirements and parameters for next-generation LIBs are
shown in Figure 5.2, extracted from [33,34]. In addition to a gravimetric energy density of
greater than 275 Wh/kg (at cell level), it is predicted that the cell-level power density will
reach values of larger than 800 W/kg. In addition, the charging process should be able to be
carried out within 10 to 15 minutes and the total operational lifetime at battery level for fully
electric vehicles should be around 2000 cycles [33].

Figure 5.2 ABOUT HERE

Regarding the optimization of electrodes by laser structuring, it is essential to correlate the
generated 3D architectures with electrochemical and chemical data. Depending on the
electrochemical cycling, conclusions can be drawn about the degradation behaviour of the
composite materials. The assessment largely depends on the used characterization method.

While in situ measurements enable direct monitoring of micro- and nano-scaled processes,



ex situ techniques are effective when higher resolution is required during material
characterization [35]. Characterization methods such as energy-dispersive X-ray
spectroscopy (EDX), X-ray photoelectron spectroscopy, Auger electron spectroscopy or
time-of-flight secondary ion mass spectrometry, offer high lateral resolution. However, they
are less effective for volume analyses. Although EDX has a depth resolution in the range of
a few microns, it cannot be used as an analysis method for detecting very light elements such
as lithium due to the beryllium window.

Laser-induced breakdown spectroscopy (LIBS) is a chemical analysis method that can be
used to analyse electrode materials with a depth resolution of about 2 pm to 8 um. As an
application of atomic emission spectroscopy, the elemental composition can be determined
either qualitatively or quantitatively within a few milliseconds. Depending on the depth of
field of the laser radiation, it is also possible to analyse film thicknesses of up to 500 um
without an adjustment of laser focus position. With the selection of suitable measurement
parameters, electrode thick layers can be completely recorded and examined in the range
from a few microns up to pouch cell dimensions. LIBS has already been used successfully
applied in the field of LIBs material characterization, for example for solid electrolytes [50].
In addition, the binder distribution within the electrode could be qualitatively analysed and
described based on the chemical composition (also at interfaces) [6,36,37]. Other
publications describe the use of LIBS on thick-film electrodes (anodes and cathodes) to
investigate the lithium concentration distribution semi-quantitatively [38-40]. Recent
publications show that LIBS is used for parameter optimization of laser-structured NMC 532
cathodes. Depending on the structure geometry and depth, the lithium concentration and its
distribution was investigated as a function of the applied C-rate [41]. The use of the LIBS

method opens up new possibilities to fully characterize battery materials post mortem in



order to be able to draw conclusions about the effects of the electrode design and

degradation processes and their origin.

5.2 Materials and Methods

In this chapter, concepts for ultrafast laser-assisted structuring of electrode materials are
presented with suitable process sequences. Furthermore, the manufacturing process of thick-
film NMC electrodes will be shortly described. Finally, the basic LIBS components for
analysing thick film electrodes will be introduced.

5.2.1 Laser materials processing of battery materials

Laser materials processing systems, PS450-TO (Optec s.a., Frameries, Belgium) and MSV-
203 (M-Solv Ltd., Oxford, UK), were equipped with different ultrafast laser sources
providing medium laser average powers up to 35W (Satsuma and Tangerine type,
Amplitude Systémes s.a., Bordeaux, France) and ultrafast laser systems with high average
laser power of 300 W and 500 W (FX600 types, EdgeWave GmbH, Wirselen, Germany).
Both processing systems are each equipped with roll-to-roll systems and large field scanner
systems to be able to process commercial and advanced electrode materials with a large
footprint. The femtosecond lasers operate at a fundamental wavelength of 1030 nm or at its
second harmonic (wavelength: 515 nm) with a pulse duration in the range of 280 fs
(fs=101%s) to 10 ps (ps=10"*2s). Laser pulse repetition rates from 100 kHz up to 50 MHz
can be applied for electrode cutting and structuring [42].

As an example, the PS450-TO laser system equipped with ultrafast fibre laser of type
Tangerine will now be described in more detail. The ultrafast fibre laser emits laser radiation
in the near infrared range with a fundamental wavelength of 1030 nm and enables pulse
lengths in the range from 350 fs to 10 ps. The laser beam is operated in the basic TEMoo

mode and is specified with a diffraction index of M2 < 1.3. The repetition rate f of the laser



can be variably adjusted in the range from 1 Hz to 2 MHz. A maximum pulse energy of
175 pJ and a maximum average power of P=35 W can be applied. The optical beam path of
the PS450-TO laser system is shown schematically in Figure 5.3 a.
Figure 5.3 ABOUT HERE

Starting from the ultrashort pulsed (USP) laser beam source, the laser radiation with a
wavelength of 1030 nm is first guided into a frequency converter via a partially transparent
deflection mirror. The laser wavelength can then be halved or divided into three (515 nm or
343 nm). Depending on the process application or the degree of absorption of the material,
the appropriate selection of the wavelength for laser-assisted processing of materials is
crucial. A small part of the laser radiation is guided into an autocorrelator (PulsCheck, APE
Angewandte Physik & Elektronik GmbH, Germany) via deflection mirrors. This is used to
measure the laser pulse duration which can be adjusted in a range from 350 fs to 10 ps. For
the laser radiation emerging from the frequency converter, a wavelength-specific deflection
mirror was then used for transmission to a telescope. The electrodes were processed in a
process chamber (Figure 5.3 b) using a scanner system (RhothorTM Laser Deflection
System, Newson Engineering BV, USA), which has a deflection unit (Rhothor Active Smart
Deflector, RTA) with a positioning accuracy of less than 8 urad and a repeatability of less
than 8 purad. With integrated turret optics, it is also possible to carry out the laser-assisted
structuring process with wavelengths in the NIR, VIS and UV ranges without having to
move the sample material. Depending on the used optics (F-Theta lens), the focus position
on the sample surface is set via an axis that can be moved in the z-direction (accuracy:
0.5 pum, repeatability: + 1 pm). This is determined using a microscope system, which has an
optical zoom and is also attached to the turret optics. In addition to the scanner system, a

motorized X and Y positioning table (Aerotech, Inc.) can be used, which is specified with a



positioning accuracy of £ 1 um and a repeatability of = 0.5 um. One suitable set of process
parameters for laser structuring of NMC 111 electrodes is achieved for a wavelength of
515 nm, a pulse duration of 380 fs and a repetition rate of 500 kHz. The composite layer is
removed using the scanning method and using an F-Theta lens with a focal length of
100 mm. Depending on the layer thickness and the degree of porosity of the electrodes, the
number of scan repetitions can be varied. Figure 5.4 shows examples of laser-structured
electrodes with hole pattern and line pattern for cathode and anode, respectively.
Figure 5.4 ABOUT HERE

5.2.2 Battery materials for cell fabrication

Commercially active materials were selected for electrode coating development via tape
casting with a doctor blade (ZUA 2000.100, Proceq, Schwerzenbach, Switzerland) using a
lab coater (MSK-AFA-L800-LD, MTI Corporation, Richmond, CA, USA). The thickness of
the electrode composite layers was controlled by varying the gap of the doctor blade. On
cathode side NMC powders such as NMC 111 powder (MTI Corporation, USA), NMC 622
(BASF SE, Ludwigshafen, Germany), and NMC 811 (ECOPro BM, Chungcheongbuk-do,
Korea) were used while on anode side active materials were applied such as flake-like
graphite (Targray, Technology International Inc., Kirkland, QC, Canada) and/or nano-sized
silicon particles (2W iTech, LLC, San Diego, CA, USA). For slurry preparation different
types of binders were introduced such as NMP-based polyvinylidene fluoride (PVDF, MTI
corporation, USA), water-based carboxymethyl cellulose (CMC, CRT 2000PA, DoeWolff
Cellulosic, Bomlitz, Germany), styrene-butadiene rubber (SBR) (MTI Corporation, USA),
and water-based fluorine acrylic copolymer latex TRD 202A (JSR Micro NV, Leuven,
Belgium). Finally, carbon black C-NERGY Super C65 (Imerys G & C Belgium,Willebroek,

Belgium) or Timcal Super C65 (MTI Corporation, Richmond, CA, USA) were used as



conductive additives. Detailed descriptions of the respective recipes for anodes and cathodes
can be found in [30,43,44] and [31,45,46], respectively. The slurries were tape casted onto
thin metallic aluminium (cathode) and copper (anode) current collector foils. Prior to laser
structuring, the electrode was calendered using a hot rolling press machine (HRO1 Hot
Rolling Machine, MTI Corporation, Richmond, CA, USA). Finally, the manufactured
electrodes reveal a porosity of 35 % (cathode) and 42 % (anode).
As an example for used electrode materials, Figure 5.5 a shows a photograph of the wet film
after the tape casting process has been carried out. The wet film was dried at 90°C. The
subsequent characterization of the produced electrodes was initially carried out by SEM
investigations (Figure 5.5 b, ¢). The NMC secondary particles, which are surrounded by
binder (PVDF) and conductive carbon black (Timcal Super C65) are composed of
individually irregular primary particles.

Figure 5.5 ABOUT HERE
In a further processing step, the manufactured NMC thick film cathodes were calendered.
The calendering process is essential in the production of lithium-ion batteries. On the one
hand, it is ensured that the particle density increases during the compression and, on the
other hand, an improvement in the adhesion of the layer on the current conductor is
guaranteed. Care must be taken to make sure that the desired porosity of the electrodes is
adjusted.
5.2.3 Laser induced breakdown spectroscopy (LIBS)
Laser-induced breakdown spectroscopy (LIBS) was used to determine lithium concentration
profiles in thick-film electrodes. A passively mode-locked diode-pumped neodymium-doped
yttrium-aluminium-garnet solid-state laser (Nd:YAG) with a fundamental wavelength of nm

was used to generate the plasma. The repetition rate can be variably adjusted in a range from



1 Hz to 100 Hz. The pulse energy and pulse duration are 3 mJ and 1.5 ns, respectively. The
laser beam was guided via an optical fibre and subsequently focused onto the electrode
surface using a focusing mirror with a focal length of 75 mm. The radiation emission of the
plasma was then coupled in an optical fibre bundle and fed into two spectrometers arranged
in parallel (type: AvaSpec-ULS2048XL, Avantes, Netherlands). The detector covers spectral
ranges of 229 —498 nm and 569 — 792 nm. The data were analysed by SEC Viewer 1.9
(Secopta GmbH, Teltow, Germany). The measured intensity of the elements detected in the
plasma was visualized as a function of the emission wavelength [47]. The identified were
assigned with the help of the NIST database [48]. Due to the sensitivity of the LIBS method
for light elements such as lithium, the two Li' peaks at 1=610.4 nm and 1=670.8 nm are
particularly pronounced. However, the Li' peak at 670.8 nm was excluded from the
calibration due to the observed self-absorption effect [49]. Further intense peaks, which can
be assigned to the transition metals Ni, Mn, and Co in the excited state, can be also detected
[47]. The oxygen contained in the NMC cathode was detected in the wavelength range from
777.2 nm to 777.5 nm but was neglected for the later LIBS calibration. The reason for this is
that the LIBS measurements were carried out in ambient air and this can lead to values in the
oxygen determination that are subject to uncertainty. No data was recorded in the
wavelength range from 499.7 nm to 568.2 nm because this range was not covered by the
used detectors.

The measurement position on the sample surface was set with an axis system (X-direction)
and with a positioning table that can be moved in the Y-direction. An additional camera
attached to the axis system (Z-direction) was used to adjust the focus position. In addition,
the visual recognition system was used to determine the impact position of the first laser

pulse with high accuracy (£5 um) via an "offset" relative to the laser beam focusing optics.



For a typical measurement area of 13 mm x 13 mm, a total number of 17,161 spectra per
layer were recorded. Due to the effect of self-absorption at the wavelength of 670.8 nm, the
Li' emission wavelength of 610.4 nm was used for the analysis of lithium [47]. The
calibration data were derived from LIBS and inductively coupled plasma optical emission
spectroscopy (ICP-OES) as described in [47,50]. Lithium concentration and distribution
related to C-rates were systematically investigated in structured and unstructured electrodes

[30,43,47,50-52].

5.3 Lithium concentration profiles in unstructured NMC thick film electrodes

The use of electrodes with high mass loading is currently one of the most promising
strategies to increase the volumetric/gravimetric energy density of the lithium-ion battery
while using the well-established types of active materials. In production of such high-energy
electrodes, approaches are presented with the aim to reduce inactive cell components (e.g.,
current collector, separator) [6,53]. It could be shown in case of a 52 Ah battery (NMC 111
vs. graphite) that by increasing of the cathode film thickness from 50 um up to 125 um and
250 um the specific energy density at cell level can be increased by 18 % and 27 %,
respectively [6]. However, a further increase in layer thickness shows a saturation effect for
the enhancement of volumetric and gravimetric energy density at the cell level. Taking into
account that roll-to-roll processing of electrode material should be still possible, it can be
assumed that the maximum electrode film thicknesses in the range of 200 um to 300 um (for
each side of the current collector) might be technical feasible.

Regarding low C-rates (< C/2), the thick film approach might be still practicable. However,
with the use of higher C-rates (> C/2) for cells with ultra-thick film electrodes, the
electrochemical performance of the cell is severely impaired [54]. For example, Lee et al.

[55] achieved less than 20% of the practical capacity at a C-rate of 2C for cathodes with a



mass loading of about 25 mg/cm?. Another aspect that poses challenges for the use of high-
mass loaded electrodes is the wetting of electrodes with liquid electrolyte. The filling process
becomes more complex and time consuming as the layer thickness increases, especially in
the case of electrode configurations with low porosity [6,18,22]. In case of insufficient
electrode wetting with liquid electrolyte dry areas with electrochemical inactivity are
formed, especially in the deeper layers of the electrode which are close to the current
collector. Those areas provide preferred starting points for degradation processes such as
lithium plating. From LIBS analysis data, a model scheme description for NMC thick-film
cathodes could be set up, which illustrates the possible degradation processes and respective
locations within the cell. In a study published by Park et al. [56] NMC standard and high-
energy electrodes were produced with an active mass loading of 20 mg/cm? and 28 mg/cm?
which correspond to layer thicknesses of 70 um and 100 um, respectively. Depth profile
measurements were carried out using LIBS in order to determine qualitatively the lithium
distribution of NMC thick electrodes after manufacturing. The depth resolution which
corresponds to the material removal per laser pulse during the LIBS measurement was in the
range of 7 um to 10 um. The relative lithium concentration was normalized to the intensity
of the first measurement, each time recorded on the surface of the NMC thick film electrode.
The procedure was repeated for each data set of the depth profiles. The area of electrode
exposed to the LIBS measurements was not specified. It becomes clear that the values of the
lithium content for electrodes after manufacturing vary as a function of the electrode depth -
starting from the electrode surface. For the standard electrode, the relative lithium content
varies in the range from 0.95 to 1.125. The minimum value being detected after the second
laser pulse. The maximum value of the lithium content is assigned to the seventh pulse,

which corresponds to an electrode depth of 49 um. The LIBS analysis on the high-mass



loaded electrode also shows no significant change and deviation in the lithium concentration.
The variation in the lithium content is almost in the same range, with a minimum and
maximum of the lithium content after the fifth and tenth laser pulse, respectively. For the
electrodes manufactured in [50], the averaged lithium concentration after the coating process
was in the range of 0.99 + 0.01 and 1.09 £ 0.02, which indicates a uniform particle
distribution in the measured electrode. The relative lithium concentration does not provide
any information about quantitative data that could indicate, for example, over-lithiation of
the cathode material. However, the study shows that LIBS as an analysis method in the field
of battery development enables the detection of lithium concentration profiles. To investigate
the lithium content in electrochemically cycled electrodes, Park et al. [56] assembled half
cells (vs. Li/Li*) in coin cell design. The galvanostatic measurements were carried out using
the constant-current (CC) method, with the LIBS analysis being carried out post mortem
after cycle number 25", 501, 75" and 100™.

The strong influence of the number of cycles, which significantly influences the lithium
distribution both on the electrode surface and in the deeper regions of the electrode, could be
shown. The inhomogeneous lithium distribution is clearly pronounced from a number of
cycles of 50, in which the electrodes show an increase or decrease in lithium concentration in
regions close to the current collector, depending on the process (charging or discharging).
According to Park et al. [56] the relative lithium concentration nearby the current collector at
the end of the charging cycle is significantly higher than on the electrode surface. It can be
assumed that the charging process in the electrode near the interface between the composite
material and the current collector was not completed. The increased lithium concentration is
confirmed with an increase in the number of cycles and in particular after a number of cycles

in the range between 75 and 100. In the discharged state, the electrode also shows an



inhomogeneous distribution of the lithium content. However, compared to the charged state,
the level of non-uniformity appears to be much less pronounced. Park et al. [56] explained
this behaviour with the fact that the discharging process begins with a charged state, which
already contains a lower lithium content in the region close to the electrode surface.
Furthermore, it was pointed out that during discharging the top layer achieves a much faster
recovery of the lithium content, which indicates the significant inhomogeneity of the
reaction in the electrode. The LIBS results obtained by Smyrek et al. [50] could confirm the
results of Park et al. [56] in a first approximation and for selected positions in the electrode.

Those results will be presented in the chapter.

5.4 LIBS for evaluation of degradation processes in unstructured NMC thick film
electrodes

To investigate the influence of cell cycling regarding the lithium concentration and its
distribution in the composite material, unstructured NMC 111 thick-film electrodes were
assembled into half-cells. Post mortem LIBS was applied in order to determine the lithium
concentration on the sample surface and in the entire electrode. In a first approach, the
electrodes were measured after the formation process. For the NMC 111 cathode, the voltage
range was set from 3.0 V to 4.2 V. The proportion of lithium-ions extracted from the cathode
material was in the range of 50% to 55%, so that the practical specific capacity corresponds
to a value of around 150 mAh/g. The formation was performed with a C-rate of C/10
(charging and discharging) for a total of three cycles. The cell was then disassembled, the
cathode material was washed in DMC and subsequently characterized by using LIBS. In
general, it can be observed that the lithium concentration shows a homogeneous distribution

after the formation process of the lithium-ion cell [50].



To evaluate the lithium concentration distribution in heavily degraded cathode materials,
half-cells were examined which showed spontaneous cell failure behaviour during battery
operation [50]. At the beginning of the galvanostatic measurement, the cell was first cycled
in a formation process with a low charging and discharging rate of C/10 for a total of three
cycles. A specific discharge capacity of 142 mAh/g could be measured. The cell was then
subjected to a lifetime test, operated at a constant charge and discharge rate of C/2. The
decrease in specific discharge capacity in the fourth cycle, which was initiated due to the
higher current rate, can be clearly seen. The specific discharge capacity drops to a value of
122 mAh/g, which corresponds to 85.9% of the initial capacity. As the galvanostatic
measurement continues, it becomes apparent that the specific discharge capacity of the cell
decreases more rapidly from the 60" cycle and the cell finally fails in the 93" cycle. The
specific discharge capacity suddenly drops from 95 mAh/g to a value of 0 mAh/g. For the
quantitative investigation of the lithium concentration distribution, the half-cell was
disassembled, the NMC cathode was washed in DMC and LIBS was performed
post mortem.

The lithium concentration was averaged in the X direction and in the range AX=0.3 mm,
starting at an X value of Xo=4.7 mm (Figure 5.6). In the Y-direction and in the range from
Yo=7.5 mm to Y1=11.0 mm, a measurement range (green marked in Figure 5.6 a) was set to
study the lithium concentration outside the detected lithium hot spot observed at location
X=4.8 mm and Y=7.2 mm. The NMC thick-layer electrodes were initially charged with a
very low C-rate (C/50) so that a sufficiently uniform charge state could be set after complete
lithium deintercalation. As expected, a similar lithium inhomogeneity was observed after full
discharge. The result suggests that the electrode particles on the electrode surface that are in

direct contact with the free electrolyte can be charged and discharged faster and more



homogeneously than those particles that are arranged in the area close to the current
collector.
Figure 5.6 ABOUT HERE

Figure 5.7 a shows a range of the lithium concentration distribution for a NMC thick film,
which showed spontaneous cell failure after 93 cycles. Hereby the measurement area was
selected according to Figure 5.6 a, outside the detected lithium hot spot. Similar to Park et al.
[56], a slow decrease of lithium concentration from the surface down to the current collector
was detected. In the model scheme (Figure 5.7 b) it is shown that the limited transport of
lithium-ions within the electrode gradually leads to inhomogeneous reactions. The upper
electrode regions are more affected during electrochemical cycling, suggesting that the
ohmic loss and concentration polarization in the electrode are increasing. Accompanying
side reactions and repeated charging and discharging of the electrode lead to a further
increase in the impedance values against the transport of lithium-ions in the electrode. The
result is an effectively higher current density in the top layer (Figure 5.7 a, b), which means
that the active particles exposed to a higher current density are more susceptible to
electrochemical degradation. According to Park et al. [56] cracking is initiated within the
particles, followed by SEI reformation at the exposed surfaces. The cracking and resulting
surface products increase the complexity of the lithium-ion diffusion pathways, along with
the increase in tortuosity. Overall, the proportion of active material that is still available for
the electrochemical reactions is reduced. Finally, a considerable amount of the active
material in the area close to the current collector can no longer participate in the
electrochemical reaction at all. On the other hand, the particles in the top layer of the
electrode are exposed to a higher effective current density, with the risk of permanent

damage over several cycles.



Figure 5.7 ABOUT HERE

However, as shown in [50], the lithium mapping of an electrode surface shows in general
strong deviations from a homogenous behaviour. The local state of charge in general varies
influenced by defects, electrode, and separator inhomogeneities, and external pressure
variations on the cell. In case of separator inhomogeneities and their impact on lithium
plating this was entirely discussed by Liu et al. [57]. They found that external stresses lead to
a local change in separator porosities which in turn induce a variation of current density and
thus a local change in state-of-charge or even lithium plating can be detected. A variation in
porosity on macro-scale is enforcing the formation of lithium hot spots during
electrochemical cycling as shown in [50]. However, also for a homogenous porosity cells
show after cell failure the formation of lithium hot spots at cathode side. The cross-sectional
depth profile Figure 5.8 a shows clearly that a local increase in lithium concentration is
penetrating through all layers down to the current collector. It is worth mentioning, that a
local increase in lithium concentration is also observed in an area close to the current
collector. Possible reasons for this may indicate insufficient wetting with liquid electrolyte in
deeper areas of the electrode where dry areas provide starting points for cell degradation
during cycling. However, an uneven pressure distribution during cell assembly could also
lead to increased lithium enrichment.

The zones of characteristic lithium concentration profiles are denoted by the "I" to "IV" in
Figure 5.8 a. The lithium concentration significantly increases for layers 14 to 26 and
especially close to the current collector. The lithium concentration is also most pronounced
in the range Yoo(I)=4.5 mm to Y1(1)=5.5 mm. In layers 2 to 14 the lithium concentration is
quite inhomogeneous. The intercalation and deintercalation rate of lithium-ions is reduced in

electrode areas close to the current conductor due to the lithium-ion concentration gradient



along the thickness of the electrode layer and a correlated increased diffusion overvoltage. In
addition, dry areas of the electrode can accelerate cell degradation. For Yo(I1)=7.0 mm to
Y1(I1)=7.4 mm (marked with "I1" in Figure 5.8 a), the lithium concentration in NMC reaches
a value of 1.30 at the electrode surface and 1.24 close to the current collector (layer 26). This
increase in lithium concentration is an indication that the starting point of degradation started
exactly at this electrode position. It can be concluded that the cell failure was initiated due to
the lithium concentration profile shown in area "II". For area "HI" (Yo(lI1)=7.5 mm to
Y1(111)=11.0 mm), the lithium concentration profile corresponds to the model described by
Park et al. [56]: While the upper layer particles are exposed to higher current densities, the
lower region of the electrode remains largely inactive during electrochemical cycling. The
increased lithium concentration is due to cracking or formation of reaction products during

the cycling process. The marked area "IV" is equivalent to area "I", whereby the increased
lithium concentration can already be observed starting from the fourth layer. It is worth
mentioning that lithium concentration gradients were observed in both directions. On the one
hand, an increased lithium concentration spread from the electrode surface in the direction to
the current conductor (area "II") was detected, on the other hand, an increased lithium
concentration profile was detected in deeper regions of the composite layer (area "IV" and
“17).

Figure 5.8 ABOUT HERE

5.5 3D battery concept and its impact on high-rate capability

The 3D battery concept for ultra-thick film nickel rich NMC cathode materials could be
recently established. NMC 622 electrodes with a thickness of up to 250 um and a mass
loading of 52 mg/cm? were realized for this purpose. Structuring using ultrafast laser

ablation enables a high aspect ratio and defect free pattern down to the current collector



(Figure 5.9 a). The active mass loss could be reduced to less than 5%. The periodicity of the
line pattern is typically in the range of 200 um to 600 um [22]. NMC 622 cathodes were
assembled in half cells versus metallic lithium using the coin cell design. The impact of
electrode thickness and laser structuring on the rate capability was investigated. Figure 5.9 b
shows that for laser-structured NMC 622 electrodes with a thickness of up to 210 um, the
discharge capacity could be maintained even for high power operation (C-rate of 2C). For
cells with unstructured NMC 622 electrodes of same thickness the capacity drops
dramatically even for low power operation. An increase in NMC film thickness from state-
of-the-art 50 um up to 210 um corresponds to an increase in energy density of about 26 %
according to [6]. Thus, it could be proven for the first time for this type of battery system
that high energy and high-power operation are possible at the same time.
Figure 5.9 ABOUT HERE

In recent research the 3D battery concept was successfully transferred to next generation
electrode materials such as silicon/graphite anodes and NMC 811 cathode materials by
introducing line and grid patterns, respectively [28,30,44]. The results of 3D batteries based
on thick-film NMC 811 electrodes with a thickness of 100 um show a huge impact with
regard to high rate capability for structured electrodes as shown in Figure 5.10 a. It is quite
obvious that in the presented case the high rate capability is most efficient for a C-rate of 2C.
The respective Nyquist plots (Figure 5.10 b) which were taken prior to the galvanostatic
measurements reveal that the charge transfer resistance is smaller for the 3D battery in
comparison to the conventional 2D approach. In addition a higher diffusion coefficient was
measured for the 3D approach proving the improvement of lithium-ion diffusion kinetics

resulting in the increased high rate capability (Figure 5.10 a). For more details refer to [28].



There are several groups worldwide pushing the 3D battery concept towards application
level. Currently, most of those research is focused on hole, line, and grid patterns [6,44,58-
62]. Numerical studies of electrochemical processes prove that in a first approximation the
type of pattern does not matter [63]. The experimental evaluation of lithium concentration
profiles in electrodes via LIBS is a suitable approach to support finding appropriate structure
design rules (see next sections). However, with regard to wetting of electrode with liquid
electrolyte and volume changes during lithiation/delithiation of the active materials, it is
expected that free standing structures and capillary features will be very beneficial with
regard to battery lifetime. Another aspect to be taken into account for the selected pattern
type is the laser process upscaling which might be an issue for selected structure designs.

Figure 5.10 ABOUT HERE

5.6 LIBS analysis on laser-structured model NMC thick-film electrodes

In order to investigate the impact of the 3D battery concept on lithium distribution by LIBS,
a model electrode design was selected as described in detail by Smyrek et al. [50]. Free-
standing electrode architectures consisting of micro-pillars with geometric dimensions of
600 pm x 600 pm x 100 um were generated using ultrafast laser ablation, see Figure 5.11.

Figure 5.11 ABOUT HERE

For this type of electrode architecture, due to the laser ablation, in addition to a uniform
intrinsic porosity, additional cavity areas (electrolyte reservoirs) were created, which
continuously replace the liquid electrolyte consumed during cell cycling. In addition, the
porosity value (34% + 3%) of the free-standing structures corresponds to that of standard
NMC 111 thick-film electrodes. In order to be able to evaluate the lithium concentration
distribution in free-standing structures and to correlate this together with the electrochemical

data with regard to enhanced cell performance, the laser modified NMC cathodes were



assembled into half-cells. Galvanostatic measurements were performed exposing the cells to
C-rates of 2C (Figure 5.11). During the formation step, three cycles were performed with a
charging and discharging C-rate of C/10. The subsequent C-rate increase was undertaken to
study lithium intercalation and its distribution in free-standing architectures under high-
current conditions. After a total of 146 cycles, the electrochemical characterization was
discontinued so that the electrode could be studied post mortem with LIBS after
disassembling the cell. During the execution of the LIBS analysis, the NMC micro-pillars
generated by means of fs laser radiation were removed very homogeneously down to the
current collector.
For laser-structured electrodes, the lithium concentration distribution strongly depends on
the charging and discharging current. Figure 5.12a shows the measured lithium
concentration distribution in cross-sectional view of a single micro-pillar of the laser-
structured NMC thick-film electrode (see SEM in Figure 5.11) after charging and
discharging rate each at C/10 during formation (formation step of Figure 5.11). The shown
LIBS lithium mapping was achieved after the respective cell has been completely discharged
to a voltage of 3.0 V.

Figure 5.12 ABOUT HERE
During formation at a C-rate of C/10, the long charging and discharging times of each 10
hours ensure a homogeneous intercalation and deintercalation of the lithium-ions as shown
in the model scheme in Figure 5.12 b.
At high C-rates of 2C (see Figure 5.11), which corresponds to charging and discharging
times of each 30 minutes, the lithium concentration distribution completely changes as
reported in [50]. As already postulated by Park et al. [56], the particles which are in direct

contact with the free electrolyte guarantee a reduction in cell polarization. It is assumed that



the intercalation/deintercalation of lithium-ions in deeper regions of the electrode - for
example close the current collector - mainly takes place via the laser-generated sidewalls in
the liquid electrolyte. The tortuosity, i.e., the ratio of the effective lithium-ion diffusion
pathway to the theoretically minimum length of pathway (i.e., the electrode film thickness),
decreases, leading to an increased effective diffusion coefficient of structured electrodes in
comparison to unstructured ones.

It is worth mentioning that the maximum quantitative lithium concentration in the laser
generated micro-pillars of the 3D model electrode structured electrodes reaches maximum
values of about 1.05 which is only a marginal deviation from the fully-lithiated state of
NMC 111. Degradation would be expected for significantly higher lithium concentration
values of about 1.3 as illustrated in Figure 5.8. In summary, it can be stated that no
degradation processes could be detected for the laser-structured electrodes. However, due to
the sensitivity of the LIBS measurement method, it could be clearly shown that new
diffusion paths form along the interface between liquid electrolyte and laser-structured side
walls, which are activated at elevated C-rates. The change of lithium-ion diffusion pathways
and respective lithium concentration profile in micro-pillars as function of C-rate is
schematically shown in Figure 5.13. The model scheme is related LIBS studies presented in
[50]. The centre of the micro-pillars shows a drop in lithium concentration due to
electrochemical cycling at elevated C-rates. In current development this is being
compensated by geometric adjustments of the generated structure size.

Figure 5.13 ABOUT HERE

Figure 5.14 shows a comparative study of quantitative lithium concentration profiles in free-
standing cathode [50] and anode [43] material because of galvanostatic cycling at elevated

C-rates. It can be clearly seen that in both types of electrodes the laser-generated sidewalls



act as new lithium-diffusion pathways. Due to the anisotropy characteristics of flake-like
graphite which result in a preferred lithium diffusion parallel to the current collector plane,
the impact of laser structuring is even more pronounced. The drop in lithium concentration
in the centre of the free-standing structure is more than a factor of two and the penetration
depth (half of maximum concentration) indicated by the arrows in Figure 5.14 is about
100 um and 80 um for anode and cathode, respectively. This is in good agreement with the
experimental results were the most benefit regarding high-rate capability is achieved for
structure pitch distances in the order of 200 um (see Figure 5.9).

Figure 5.14 ABOUT HERE

5.7 Brief summary and perspective for upscaling electrode structuring in production
Structuring of composite electrodes can lead to a doubling of the operational lifetime of the
batteries. Furthermore, structuring of anodes boosts the charging performance while
structuring of cathodes is required to enable simultaneously high power and high energy
battery operation. For realizing high energy batteries, the thick film concept will be flanked
with high energy active materials such as nickel rich NMC cathodes, high voltage spinel
LMNO cathodes, and silicon-based anodes. However, introducing the 3D battery concept in
parallel to the thick film concept significantly improves the electrolyte wetting of the battery
materials which finally will lead to a remarkable reduction of scrap rate in battery
production. In related research it could be also shown that a positive impact regarding a
reduced lithium plating and therefore a benefit with regard to battery safety can be expected
as well [64].

Besides an optimization of electrode architectures regarding application scenario, the
upscaling of the laser process for integration in battery manufacturing is quite a challenging

and rather important task in current research and development. A first approach during



upscaling would be simply increasing the laser power and using ultrashort laser pulses. For
thin films and medium size footprints this approach will provide a rather good pattern and
surface quality. However, the processing speed has further to be increased as well as the film
thickness and electrode footprint for high energy applications. It is worth mentioning, that
the process efficiency gets a maximum with regard to the ablation rate per photon if the
selected laser energy density is set almost one order of magnitude higher than the removal
threshold, which is still a quite small value [6]. Therefore, in terms of ablation efficiency, a
further increase in laser power is only meaningful if a multi-beamlet approach is chosen as
schematically shown in Figure 5.15. For next generation of ultra-thick film electrodes and
large footprint batteries the ultrafast laser structuring process needs to be further optimized
regarding its processing speed. A first successful approach was demonstrated by industrial
guided projects [42]. A suitable OEM ultrashort pulsed laser radiation source with an
average laser power up to 500 W was developed while maintaining the laser pulse duration
in the ultrafast regime.
Figure 5.15 ABOUT HERE

The use of ultrafast lasers instead of classical nanosecond lasers is a main precondition to
realize laser ablation without any thermal impact to the sensitive active electrode materials.
The high average laser power enables the use of a multi-beam laser approach by using
diffractive optical elements and a multi-scanner approach (Figure 5.15,). As shown in Figure
5.15, the same laser source can be applied for sub-micron structuring of the current collector
by either direct ablation forming so-called LIPSS (laser-induced periodical surface
structures) or by direct laser interference processing (DLIP) [65-67]. Laser structuring of
current collector foils prior to coating process will gain an enhanced film adhesion which is

especially important for silicon-based anodes with huge volume expansion during



electrochemical cycling finally leading to life-extending battery operation. At KIT roll-to-
roll infrastructures for laser processing of commercial and sophisticated electrodes with high
precision and processing speed are enabling pilot line level. In a first technical approach the
processing speed could be increased by a factor of 5. In current national and international
projects pouch cells and cylindrical cells with structured electrodes and capacities of 20 Ah

and beyond are being built.
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Figure 5.1: Schematic representation of the (a) 2D and (b) 3D battery concept for micro-scaled

batteries. Reproduced from [8].
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Figure 5.2: Performance indicators (at cell level) for research and development of lithium-ion
batteries extracted from data by Armand et al. [33] and the European Energy Storage

Technology Development Roadmap [34].
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Figure 5.3: Schematic representation of the PS450-TO type laser processing system: arrangement

of (a) the beam path and (b) the laser processing chamber. Reproduced from [8].

Figure 5.4: SEM images of ultrafast laser-structured electrodes: (a) Hole pattern in NMC 811

cathode and (b) line pattern in graphite anode.



Figure 5.5: Fabrication and characterization of NMC 111 thick film cathodes: (a) Photograph

P i

of the
electrode thick film (wet film) after the coating process (film casting process), (b) SEM
image of the surface of an NMC thick film cathode after the drying process. The blue-
framed particles identify the NMC secondary particles, which consist of primary particles

- shown in (c) with yellow dashed lines. Reproduced from [8].
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Figure 5.6: LIBS measurement ranges (marked in green) for investigating the lithium concentration

distribution in unstructured and degraded NMC thick-film electrodes: (a) measurement
range outside a detected lithium hot spot at (X=4.8 mm and Y=7.2 mm). (b)

Measurement range covering the lithium hot spot. Reproduced from [8].
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Figure 5.7: LIBS analysis (depth profile in cross sectional view) of a NMC 111 thick film cathode
(measurement range shown in Figure 5.6 a): (a) X-direction averaged lithium
concentration profile (quantitative) as a function of the Y-coordinate. (b) Model scheme
of the lithium concentration distribution in the discharged state of the cell. Reproduced
from [8].
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Post mortem LIBS investigation of unstructured NMC 111 thick-film electrode after
spontaneous cell failing described in [50]: (a) 2D lithium distribution in cross sectional
view (measurement range shown in Figure 5.6 b). (b) Model scheme derived from LIBS

measurements to describe possible degradation processes. Reproduced from [8].
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Laser structured Li(Nio.sMno2C002)O2 (NMC 622) cathodes and their impact on
electrochemical performance: (a) cross-sectional view of NMC 622 cathodes with

different film thicknesses (line distance 200 um) [45]; (b) specific discharge capacity as



a function of cycle number for lithium-ion cells with structured and unstructured
NMC 111 thick-film electrodes for different discharge C-rates and electrode film
thickness (155 ym, 185 um, 210 ym). Reproduced from [22].
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Figure 5.10: Electrochemical performance of cells with laser structured NMC 811 electrodes: (a)

Rate capability performance and (b) respective Nyquist plots for unstructured and
structured NMC electrodes with thicknesses of 100 um. Reproduced from [28].
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Figure 5.11: Electrochemical characterization of half-cells with laser-structured NMC 111 thick-film
model electrode: specific discharge capacity as a function of the number of cycles. The
formation was performed with a charge and discharge rate of C/10. From the 4™ cycle,
the charge and discharge rate was fixed to 2C. After a total number of 146 cycles, cell
operation was stopped, the cell disassembled, and the electrode washed out in solvent
DMC for subsequent LIBS investigation. The image insert represents an SEM image
(top view) of the laser structured NMC thick film at a tilt angle of 30°. For more details

refer to [50]. Reproduced from [8].
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Figure 5.12: Lithium concentration profile in laser-generated NMC electrode (micro-pillar in cross
section view) after formation: (a) Measured (post mortem) lithium concentration profile
after performing the formation step (C-rate of C/10 during charging and discharging) and
(b) model scheme of lithium-ion penetration into the micro-pillar. With modifications
reproduced from [8].
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Figure 5.13: Model scheme for lithium diffusion pathways in liquid electrolyte as function of C-rate.

The model is referred to model electrode in Figure 5.11.
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Figure 5.14: Comparative study of lithium concentration profiles in NMC 111 cathode material and
flake-like graphite anode material.
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Figure 5.15: Schematic view of a 3D electrode manufacturing process consisting of coating, drying,

calendering and a multi-beamlet high power laser approach for high-speed structuring of
electrodes and current collectors.



