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Abstract: Laser processes for cutting, annealing, structur-
ing, and printing of battery materials have a great potential
in order to minimize the fabrication costs and to increase
the electrochemical performance and operational lifetime
of lithium-ion cells. Hereby, a broad range of applications
can be covered such as micro-batteries, mobile applica-
tions, electric vehicles, and stand-alone electric energy
storage devices. Cost-efficient nanosecond (ns)-laser cut-
ting of electrodes was one of the first laser technologies
which were successfully transferred to industrial high-
energy battery production. A defined thermal impact can
be useful in electrode manufacturing which was dem-
onstrated by laser annealing of thin-film electrodes for
adjusting of battery active crystalline phases or by laser-
based drying of composite thick-film electrodes for high-
energy batteries. Ultrafast or ns-laser direct structuring or
printing of electrode materials is a rather new technical
approach in order to realize three-dimensional (3D) elec-
trode architectures. Three-dimensional electrode configu-
rations lead to a better electrochemical performance in
comparison to conventional 2D one, due to an increased
active surface area, reduced mechanical tensions dur-
ing electrochemical cycling, and an overall reduced cell
impedance. Furthermore, it was shown that for thick-film
composite electrodes an increase of electrolyte wetting
could be achieved by introducing 3D micro-/nano-struc-
tures. Laser structuring can turn electrodes into super-
wicking. This has a positive impact regarding an increased
battery lifetime and a reliable battery production. Finally,
laser processes can be up-scaled in order to transfer the
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3D battery concept to high-energy and high-power lith-
ium-ion cells.
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1 Introduction

Twenty-seven years ago, Sony introduced for portable
electronic applications a high-voltage (3.7 V) and high-
energy (HE) lithium-ion battery (LIB) based on graphite
anode (Li C,), lithium cobalt oxide (Li, ,CoO,) as cathode,
and non-aqueous liquid electrolyte. Since then, LIBs rose
as an essential tool for the storage of electric energy [1-3].
Currently, LIBs drag attention as green energy sources in
pollution-free electrical vehicles. Electromobility appears
today as a viable solution in the frame of new mobility
concepts for sustainable use of energy resources and envi-
ronmental protection, and LIB technology seems to be
the energy storage concept with the potential to meet the
future requirements of the automotive industry in terms
of energy and power density [4]. In modern lithium-ion
cells, thick-film electrodes (cathode, anode) are complex
multi-material systems with defined material compo-
nents, grain sizes, porosities, and pore size distributions
in the micrometer and submicrometer range. State-of-the-
art batteries with pouch cell design or prismatic cells for
high-power applications consist of thick-film electrode
stacks with capacities up to 60 Ah or even higher [5].

In cell manufacturing there are numerous produc-
tion steps, which could be covered or supported by
laser technologies (Figure 1): contour cutting, notch-
ing, slotting, structuring, welding, and marking [6]. The
main advantages of laser materials processing are rapid
manufacturing, high process reliability, and design flex-
ibility. To become accepted in commercial battery manu-
facturing, the laser processes should improve or at least
maintain the battery performance and safety. Finally,
an economic laser-based process technology should be
realized in order to achieve a reduction of the overall LIB
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— Laser cutting of electrodes

— Cutting speed 1-4 m/s

— Number of electrode sheets
>1 per second

— Structuring, modification and
cutting of electrodes and separators
— Cutting and welding of Al and Cu tabs
— Cutting of pouch cell laminate
— Laser-based packaging
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Figure 1: Laser-supported production steps for manufacturing of lithium-ion cells in pouch cell design.

manufacturing costs. These requirements can be reached
by the recently developed laser cutting, notching, and
slotting of electrodes for commercial battery manufactur-
ing. Nevertheless, laser technologies always compete with
conventional technologies (such as mechanical blanking)
regarding the size of investment, period of amortization,
the functional aspects, operating lifetime, and related cell
performance, which will finally decide a successful inte-
gration in battery production lines.

Laser welding processes such as tap welding, welding
of battery housing, and welding of up to 100 current col-
lector flags are intensively investigated and already intro-
duced in some battery manufacturing lines [7-9]. Even so,
state-of-the-art tap welding or welding of current collector
stacks is still represented by ultrasonic welding [6]. For
future HE cells using thick-film composite electrodes the
laser-assisted welding will become more interesting due
to the fact that the ultrasonic device may induce ultra-
sonic induced damages, cracks, or film delamination, to
thick and brittle composite electrodes. Non-contacting
laser welding methods with local thermal impact may
overcome these drawbacks.

Laser welding and laser cutting in cell manufacturing
are intended not to have a significant impact on the cell
performance. The main intention of these processes is to
make the production more reliable and to reduce produc-
tion cost. This is in contrast to the new idea of laser modi-
fication of battery materials, which are directly involved
in cell operation. Modification of active material, current
collectors, and separators will influence the performance
and cell functionality. This is a rather new scientific and

technical approach: laser structuring of current collectors
(aluminum or copper), coated separator materials, and
thin- or thick-film electrodes such as LiNi ,Mn, Co, O,
(NMC-111), LiFePO, (LFP), LiCoO, (LCO), LiMn,0O, (LMO),
and silicon [10-14]. It could be shown for thin-film and
thick-film batteries that laser-generated micro- and nano-
structures can improve battery lifetime, cycle stability, and
high rate capability. The structuring of current collectors
made of aluminum or copper can be used to improve the
electrode film adhesion which is a critical aspect for HE
and thick-film electrodes [15]. Direct structuring of elec-
trode films represents a new battery design concept which
can be described as three-dimensional (3D) concept (“3D
battery”) for increasing areal energy capacities and power
densities [16-19]. Three-dimensional architectures in LIBs
can, for example, increase lithium-ion diffusion, reduce
cell impedance [16], and compensate mechanical ten-
sions due to volume changes resulting from lithium-ion
insertion and de-insertion during cell operation [20]. The
3D battery concept is extended by introducing capillary
structures or artificial porosity in active material in order
to achieve an enhancement of electrolyte wetting proper-
ties [21]. Both the improvement in lithium-ion diffusion
kinetics and the turn of battery materials into superwick-
ing deliver advanced battery performances which will be
a central aspect for advanced battery production. Elec-
trochemical analysis showed that a steep rise of capacity
retention at high charging and discharging currents and
an increased cell lifetime can be obtained in comparison
to standard cells with unstructured battery materials. In
this review article, recent developments based on laser
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processing of battery materials will be presented, and
their impact on battery performance will be discussed.

2 Short overview of lithium-battery
technology and materials

The performance of LIBs is mainly defined by the so-
called active materials. In commercial battery manufac-
turing, the active materials and other constituents are
composed according to special and generally inaccessible
recipes. Hereby, licensing rights and patent application
play an important role. In general, secondary lithium-ion
cells utilize cathode materials such as lithium manganese
oxide LiMn 0, (LMO), lithium nickel oxide LiNiO,, lithium
nickel manganese cobalt oxide LiNi ;Mn, .Co, .0, (NMO),
lithium iron phosphate LiFePO, (LFP), or lithium cobalt
oxide LiCoO, (LCO) [22]. Differences can be found in the
type of lithium-ion diffusion paths. The olivine-type LFP
and some silicon derivatives provide one-dimensional dif-
fusion paths, whereas the layered compounds (NMC, LCO)
two-dimensional and the spinel-type (LMO) 3D paths [23].
The practical capacities also differ as a function of active
materials, counting 160 mAh/g for NMC, 120 mAh/g for

Electron flow
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LMO, 145 mAh/g for LCO, and 165 mAh/g for LFP [24]. In
state-of-the-art LIBs, graphite is used as counter electrode,
with a practical capacity of about 330 mAh/g.

In order to describe the functionality of a lithium-ion
cell, one has to distinguish between charging and dis-
charging. During charging, lithium-ions diffuse from the
cathode, e.g. LiCo0,, to the graphite electrode (the anode)
forming lithiated graphite (Li C). This in turn means
that during charging the cathode material gets delithi-
ated, forming Li, CoO, (Figure 2). The maximum uptake
of Li by graphite is one lithium per graphene unit (LiC)),
which corresponds to the maximum state of charge (SoC).
During discharging the reverse process takes place, and
one receives the LiCoO, cathode structure at the end of
the discharge process (0% SoC). There is the convention
that the electrodes are designated at the discharge, i.e. the
negative electrode as the anode and the positive electrode
as the cathode. The anode undergoes oxidation, while the
cathode sees a reduction. During charge and discharge,
lithium-ions shuttle reversibly between two host struc-
tures, and therefore batteries with LiCoO, cathodes and
graphite anodes are also called “rocking-chair system”
with a working potential of about 4 V.

The gravimetric or specific energy density, in Wh/kg,
is one of the important key parameters of batteries. It

during discharge [£ ) Charged
e -
© L
5 i © Li*
g o
g Li* Li% e
en Li+ g)
Z XRRe W °
=] .
£ o LY i)
::i 1
Electrolyte 3 “=
Negative electrode Positive electrode
(Anode) (Cathode)
- +
Electron flow ‘ S - - h - - - ﬁ .
during charge - Discharged
= SR 1
o Lit Li* Li* [ ™Y
'&- Lit 13 KL
N Lit) s - o
£ : L g Ly ol
o -+
.&. Li I—‘l+ 0 il
i 5 E Electrolyte m .
-

Negative electrode
(Anode)

Positive electrode
(Cathode)

Figure 2: Schematic view of the principle of operation of a lithium-ion cell. Reprinted from [25].
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defines the amount of lithium-ions, which can be trans-
ferred within the charged battery at a certain voltage. For
NMC the theoretical value for specific capacity Q/m can
be calculated using the Faraday constant F and the molar
mass M of the active material:

Q F

ey M
with molar mass M for NMC, M =96.461 g/mol and Faraday
constant, F=96,485 As/mol, the theoretical value for NMC
becomes Q/m=278 mAh/g.

Due to the fact that in the battery operating voltage
window (3-4.2 V) only 58% of the lithium-ions can be
extracted, the practical specific capacity drops down
to Qexp/m:160 mAh/g [24]. This value is still referred to
the active mass of NMC and does not take into account
inactive materials such as current collectors, electrolyte,
counter electrode, and battery housing. Related to an
average operating voltage for NMC of U=3.7 V [24], one
receives a practical gravimetric energy density on material
level of about U - Qexp/ m=592 Wh/kg.

This value has to be corrected still, taking into
account the inactive cell components. Referring to techni-
cal data listed by Wood et al. [26], one can calculate the
weight of the individual cell components for a HE 52 Ah
cell (Table 1).

On electrode level, including weight of binder, addi-
tives, and aluminum current collector, the weight of NMC
counts 64% of the weight of the entire electrode. Further-
more, the weight of the active material NMC is almost a
third of the weight of the whole cell. This becomes even
more worse on battery level including housing, electrical
connections, and battery management system. The spe-
cific energy density of the present battery packs is nearly
four times smaller than the energy density on material
level [4]. Figure 3 reveals these different levels and the big
gap (factor 4) between theoretical and practical energy
density of state-of-the-art LIBs.

Table 1: Weight of components in a 52 Ah pouch cell, total weight
1140 g. Data extracted from [26].

NMC 347 g
Graphite 171¢g
Copper 154 ¢
Aluminum 110g
Separator 52¢g
Binder and additives 57¢g
Electrolyte 249 ¢g

Laminate material for pouch assembly is not taken into account.
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Gravimetric energy density (Wh/kg)
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Figure 3: Theoretical [see equation (1)] and practical gravimetric
energy density of NMC based on a standard 52 Ah pouch cell [26]
and state-of-the-art battery packs [4].

In recent research, the main target for applications in
electrical vehicles is to develop cells with energy densi-
ties of about 250-350 Wh/kg on cell level [27]. Besides the
development of new types of HE cathode materials, e.g.
HE NMC, and HE anode materials, e.g. Si-doped graph-
ite, an engineering challenge is also taken into account:
a significant reduction of factor 4 in Figure 3 should be
possible by developing new cell architectures, by increas-
ing the electrode thickness, and by reducing the amount
of inactive material. The combination of material devel-
opment and engineering tasks will be the most promising
approach for next generation batteries.

3 Thin-film and thick-film
electrodes

The concept of a “thin-film electrode” is in general con-
nected to the term “micro-battery” (Figure 4). Micro-batter-
ies are used for small-scale and low-energy applications,
e.g. micro- and nano-electromechanical systems [19, 28].
The thickness of the individual compact electrodes is
limited to a few micrometers (Figure 4) due to the fact that
higher thicknesses would lead to crack formation and film
failure caused by mechanical stress.

According to a review article of Patil et al. [29], the first
rechargeable all-solid state thin-film batteries have been
developed in 1983 by Kanehori et al. from Hitachi Co. [30].
They consisted of a TiS, cathode prepared by chemi-

cal vapor deposition (CVD), an amorphous Li, Si P 0,

Bereitgestellt von | Karlsruher Institut fir Technologie KIT-Bibliothek

Angemeldet
Heruntergeladen am | 15.03.18 18:00



DE GRUYTER

Current collector

e.g. Al Cathode
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Figure 4: Schematic diagram of a stacked thin-film lithium-ion
cell. Reprinted from [28].

glass electrolyte by radio frequency (rf) magnetron sput-
tering and lithium metal as anode deposited by vacuum
evaporation (Figure 4). Pulsed laser deposition (PLD) is
conceptually a simple deposition tool for thin films and
multilayers. With the use of PLD, artificially layered mate-
rials and metastable phases have been created, and the
control of film composition and new material combina-
tions were enabled [31, 32]. The potential of thin PLD films
for electrochemical applications has been recognized
[33-35], and the number of studies is increasing steadily.
The reason for the late recognition of PLD films for electro-
chemical studies is probably related to the fact that many
electrochemical studies are associated with wet chemistry,
i.e. liquid electrolytes, while PLD is a vacuum technique,
and very often ultra-high vacuum analytical methods are
applied for the PLD films. The first application of PLD as
a deposition technique for LIB-related materials, studying
mainly materials used as cathodes, was published at the
end of the 1990s [36]. Only in the last few years, materials
for anodes and the solid electrolyte have also been studied
[33, 37, 38]. The studies on the thin films range from typical
PLD studies of the films as a function of deposition con-
ditions to electrochemical studies, such as in situ scan-
ning tunneling microscopy studies during cycling, to
studies about the capacity, cycling stability, lithium-ion
diffusion coefficients, or orientation [39]. Some examples
are pure (LiCoO,) and doped Li-cobaltate (LiCo, Al O,);
additional AlLO, coating on LiCoO, thin films; double
layers of WO,(V,0, doped)/V,0,(TiO, doped); Li V,0, and

X 275
Ag composite material, i.e. Li,Ag .V,0,; NiO-V,0,; Ta0,-

2 5; 2 5;
ZnO; anatase [33]; and LiFePO, in the form of thin films
and as needle-like structures, which has been obtained by
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off-axis PLD [40]. Some literature data are based on mate-
rials that are less common in the field of energy storage
or conversion but are ideal for studying the mechanism of
diffusion [41, 42].

The energy per footprint increases with the thickness
of the cathode and anode electrodes. On the other side,
an increasing of the electrode thickness will lead to power
limitations due to a slow lithium-ion diffusion kinetic.
In order to overcome these limitations, the compact and
dense electrode material is replaced by a thick and porous
film composite electrode film (Figure 5).

In state-of-the-art lithium-ion cells for HE applica-
tions, the electrodes, anodes, and cathodes are complex
multi-material systems with defined material compo-
nents, grain sizes, porosities, and pore size distribu-
tions in the micrometer and submicrometer range.
Thick-film electrodes are formed from slurries/pastes
of active material powders, binders, solvents, and addi-
tives (Figure 5) spread on current collector foils via tape
casting, slot-die coating, or laser printing technologies
[43, 44]. The materials are usually ground to a small
particle size and fabricated into composite porous elec-
trode structures with a polymer binder to give the film
mechanical strength. Thick-film electrodes reveal a
high porosity in the range of 30-50%, which in general
enables a penetration of liquid electrolyte through the
composite film down to the current collector. A liquid
electrolyte contained in the pores enables ionic path-
ways, and a conductive additive, typically acetylene
black, provides electronic pathways to the surfaces of
the active material particles where the redox reaction
occurs. The homogenous wetting of the complete elec-
trode with liquid electrolyte is required for achieving
a sufficient lithium-ion diffusion kinetic in the entire
lithium-ion cell and to avoid enhanced degradation
processes and hot spots during electrochemical cycling.
Therefore, the wetting process is a key issue and also
cost-intensive in battery manufacturing [26, 45]. Con-
ventional LIBs found in applications have a typically
single cathode film thickness of about 50 um [26].

Current collector
e.g. Al

Electrolyte layere.g. o
PVDF/HFP with Li salt and

Active material: e.g.
LiFePO, for cathode or
Graphite for anode

e
Mun ity

solvent added el
e,

Current collector _.';'.'a. .

rrd

Polymer binder e.g.

e.g. Cu
Total thickness = 50-1000 um

Figure 5: Schematic diagram of a thick-film cell. Reprinted from [28].

(PVDF/HFP) containing

Conductive additive e.g. electrolyte

Acetylene black (AB)
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In commercial cells it is common to reduce binder and
carbon black in electrodes in order to increase the energy
density. This leads to a high amount of active material in
the coating in the range of up to 96 wt%. Another approach
is to further increase the film thickness of electrodes, which
leads to a reduced amount of inactive material, namely,
metallic current collector (aluminum for cathode, copper
for anode) and separator material. A thicker cathode and
anode would mean that for a given capacity, e.g. 52 Ah, the
number of electrode and separator sheets would decrease.
For battery production, fewer numbers of electrode sheet
cutting and electrode sheet stacking steps would be
required leading to an increased throughput and improved
cost efficiency. For a 52 Ah cell, based on the technical data
given in [26], the final cell weight and specific cell capacity

1200 L} T T 1 I T 70
52 Ah Cell Spec. cell capacity

: Q
ool / {65 =
: g
C e +29% =
- g5 >
= . B
2 1000F £ {60 &
E: B +22% &
= 2 =
“ ¥
900 : \ 455 8
Cell weight &

800 . ; . 1 L 1 4 L L 1 . 1 . 50

0 50 100 150 200 250 300 350

Cathode thickness (um)

Figure 6: Impact of NMC cathode film thickness on cell weight
and specific cell capacity (state-of-the-art 52 Ah cell: footprint area
21x 24 cm?, cathode film thickness 50 um, 37 double-sided cath-
odes, 36 double-sided anodes, 2 single-sided anodes, 39 separa-
tors, and 204 ml electrolyte [26]).

A

Vacuum chuck for electrode positioning
Electrode sheet
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as a function of cathode film thickness was calculated
(Figure 6), starting from the state-of-the-art cathode film
thickness of 50 um. For a cathode film thickness of 150 um
and 300 um an increase in specific cell capacity can be
achieved by 22% and 29%, respectively.

Obviously, thick-film LIBs (electrode thickness
>100 um) could achieve higher areal energy densities;
the energy per footprint area increases with the thickness
of the cathode; however, lithium-ion diffusion kinetics
as well as the mechanical integrity of the film decreases
with the thickness. The latter one is due to the fact that
the active material expands and contracts during electro-
chemical cycling.

4 Laser cutting of electrodes

In general, the final contour of thick-film anodes and cath-
odes is achieved by punching of electrode sheets. Laser
cutting might be an appropriate approach to replace the
current technology due to the fact that mechanical blank-
ing is associated with tool wear and inflexibility regarding
cell and electrode design. It is assumed that a critical laser
cutting speed of 1 m/s is necessary to be competitive with
punching [46], which corresponds to cutting of one to two
electrode sheets per second for HE cells (>20 Ah) with
pouch cell design and conventional electrode film thick-
ness of about 100-150 um (total thickness of a double side
coated electrode including current collector) [47, 48]. A
typical NMC electrode sheet design for lithium-ion cells
with pouch cell configuration is shown in Figure 7A-C. A
vacuum chuck (Figure 7A) for appropriate sheet position-
ing and subsequent laser cutting (Figure 7B) is applied.
Dust particles caused by the laser cutting are exhausted in
order to avoid interaction with the incidence laser beam

NCM thick film cathode

B C
1064 nm Mirror
Beam expander
Scanner with f-theta lens
/Exhaust
e

Figure 7: NMC cathode sheet before and after laser cutting (footprint area 8 x 8 cm?).
(A) vacuum chuck and electrode sheet. The red line describes the desired electrode contour; (B) schematic view of laser cutting of electrode
sheets using scanner optics; (C) laser-cut electrode sheet in a storage box for subsequent assembly process.
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and in order to reduce the number of particles on the final
electrode surfaces (Figure 7C) and along the cutting kerf.
Those contaminations and laser-induced material modifi-
cation could be starting points for chemical degradation
or lithium plating, which would have an impact on the
overall battery lifetime.

Therefore, the cut edge quality has to be investi-
gated in detail. For graphite anodes and NMC cathodes
the laser cutting process by using cost-efficient nanosec-
ond (ns)-laser technology is already presented in some
battery manufacturing routes [49]. Due to different abla-
tion thresholds of metallic current collector (copper or
aluminum) and composite thick-film electrode coating
and due to the Gaussian intensity laser beam profile, a
characteristic cut edge geometry as described in [50-52] is
achieved (Figure 8).

A step between the metallic current collector and the
thick-film electrode is formed. The so-called “clearance
width” has to be kept as small as possible, in general
smaller than 50 um. Figure 8 shows a laser cut edge of
a graphite anode [52]. Typical defects caused by laser
cutting are a heat-affected zone (HAZ) on both sides of
the anode, burr along the cutting kerf, and the already
mentioned clearance width. Even with optimized process
parameters, ns-laser cutting will always induce a thermal
impact to the electrode material. This is due to thermal dif-
fusion length § and surface temperature rise AT during
laser processing, which is mainly controlled by laser para-
meters such as laser pulse duration t and laser repetition
ratev . A short pulse duration maximizes the peak power
and can reduce the thermal conduction to the surround-
ing material, which can be described by the thermal dif-
fusion length

b4i-T 2

Clearance width

Figure 8: Cross-section view of an anode laser cut edge (laser scan
speed 1200 mm/s, laser wavelength 1064 nm, average laser power
100 W). Reprinted from [52].
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where « [m?/s] denotes the thermal diffusivity, which is
about k=1.5-107 m?/s for composite NMC thick-film elec-
trodes [53]. For a 200 ns laser, the thermal diffusion length
achieves values of about 350 nm, while for 350 fs a value
of smaller than 0.5 nm is obtained. Due to the fact that the
primary particle size of active materials such as NMC is in
the range of 50 nm up to a few hundreds of nanometers
[54], the thermal diffusion length of ns-laser radiation
might be already critical.

Heat accumulation and subsequent thermal damage
of the material during laser processing is influenced by the
laser repetition rate Ve If V.., is too low, the energy loss by
heat conduction dominates, and all of the energy not used
for ablation will leave the ablation zone. Higher repetition
rates lead to an increase of the average surface tempera-
ture AT, which can be estimated by solving the one-dimen-
sional heat equation for a rectangular laser pulse [55]

t
PAl pc Kt

p

€)

AT=2(1-R)-e-v

where R is the reflectance, t the laser processing time [s],
p the density [g/cm’?], ¢, the specific heat capacity [J/(gK)],
and K the thermal conductivity [W/(cm K)]. The local tem-
perature increases linearly with the repetition rate, and
even with femtosecond (fs)-laser radiation, values of
about AT=7000°C can be reached by using 1 MHz laser
repetition rate and an accumulation of 20 laser pulses
[56]. A higher surface temperature in turn can induce an
increase of the material quantity removed per laser pulse.
This can make the cutting process more efficient. Nev-
ertheless, a thermal damage of the electrode material or
melt and debris formation should be avoided.

The laser-material interaction is a complex combina-
tion of photochemical and photothermal processes and is
dependent on the laser characteristics and materials’ prop-
erties. The dominating laser beam absorption mechanisms
may be either single-photon or multiphoton processes. A
single-photon absorption process is characteristic for mate-
rial ablation using UV laser radiation and ns-laser pulses.
While multi-photon absorption processes play an impor-
tant role by the use of ultrashort laser pulses with pulse
length 7 in the picosecond (t <10 ps) and femtosecond (10
s) range. In the case of fs-laser pulses, the high intensity
delivered by the focused laser beam can induce strong non-
linear optical absorption of photons in materials that might
otherwise be highly transparent to photons at much lower
intensities. Another advantage is the reduction of residual
damage by minimizing thermal effects [57-59].

Besides the above mentioned laser-induced defects,
also a chemical modification by material re-deposition

Bereitgestellt von | Karlsruher Institut fir Technologie KIT-Bibliothek

Angemeldet
Heruntergeladen am | 15.03.18 18:00



556 —— W.Pfleging: Laser electrode processing for lithium-ion batteries

could happen. It was detected by chemical analysis
applying TOF-SIMS (time-of-flight secondary ion mass
spectrometry) that due to ns-laser cutting of thick-film
graphite anode sheets, a thin copper contamination
layer was deposited on the upper coating of the electrode
(Figure 9A), which is due to evaporation of copper from
the current collector during the cutting process.

It is obvious that by applying fs-laser radiation the
amount of metallic contamination on top of the electrode
can significantly be reduced (Figure 9B). Furthermore,
during fs-laser cutting, the formation of a step between
the metallic current collector and the thick-film electrode,
which is characteristic for ns-laser cutting (Figure 9C),
can be completely avoided; i.e. the clearance width can
be decreased down to O (Figure 9D). If ns-laser cutting of
anodes can lead to deposition of a very thin copper film on
top of the electrode, then it could be expected that along
the cutting kerf a similar contamination would be formed.
This was simulated and investigated experimentally for
laser cutting of single-side coated graphite anodes by using
a high-power (500 W) continuous wave fiber laser operat-
ing at a wavelength of 1060 nm [61]. In Figure 104, the side
view of a laser-cut graphite anode, 90 um in thickness, is

>
=

Laser pulse
- duration
100 ns

Carbon

Copper

Element concentration (a.u.)
Element concentration (a.u.)

45

30
Depth (nm)

Figure 9: Laser cutting of single-side coated graphite anode.
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shown. A good cut edge quality is achieved, and the char-
acteristic clearance width is presented without delami-
nation, crack formation, edge banding, burrs, or visible
debris formation along the sidewall. Melt formation along
the copper current collector can be detected, which is due
to re-solidification. Lee et al. [61] developed a 3D math-
ematical model for high-speed laser cutting of graphite
anode material with which a theoretical copper concen-
tration profile along the cutting kerf could be achieved
(Figure 10B). The copper concentration along the cross
section of the laser-cut graphite layer was also measured
by using energy-dispersive X-ray spectroscopy (EDX) and
compared with the simulation results (Figure 10C). Most of
the graphite anode cross section showed a copper concen-
tration smaller than 10%. At 20 um above the interface of
copper foil and graphite layer, the copper contamination
increases significantly up to values of almost 100%.
Continuous wave, long pulse, or ns-laser cutting
of graphite anodes are in general not critical regarding
process integration in battery manufacturing. A marginal
copper contamination seems to have no negative impact
on battery performance. Furthermore, short-pulsed laser
sources are so far preferred in industry in comparison to

Laser puise
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—— Carbon
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30 45
Depth (nm)
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rﬂo“'

"

Active material

(A, B) TOF-SIMS depth profile close to the cut edge on top of the electrode layer: (A) cutting with ns-laser radiation (pulse length 100 ns and
(B) cutting with ultrafast laser radiation (pulse length 350 fs). (C, D) SEM image of cut edges produced by (C) ns-laser radiation (100 ns) and

(D) by ultrafast laser radiation. Reprinted from [60].
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Figure 10: Copper deposition along laser cut graphite anode.
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(A) SEM image of laser cut anode in cross-section view; (B) copper elemental mapping along cutting kerf (simulation) and (C) comparison of
the copper concentration between experiment and simulation. Reprinted from [61].

ultrafast laser systems due to the fact that ns-laser systems
with significantly higher laser power and lower invest-
ment cost are available. Nevertheless, the recent develop-
ment of high-power ultrafast laser is an emerging topic,
which might get relevance for industrial applications in
the near future. Related to ultrafast laser radiation for
high volume materials processing in industrial applica-
tions, the further development of optical devices with
improved lifetime and fast scanner systems for handling
of high repetition rates is absolutely required.

There are other types of electrodes that undergo
chemical modifications or phase change during thermal-
driven laser processing. This could lead to significant
drawbacks in cell lifetime or cell capacity. For example,
LFP electrodes tend to form droplet-like particles in the
HAZ which is produced during laser cutting. Those parti-
cles are sticking at the cutting kerf [62]. Given the complex
behavior of LFP, several different phases may exist at room
and higher temperatures. With heating, olivine LiFePO, in
the cathode may oxidize to form o-Fe,0, or may undergo
microstructural modification to form y-Li,Fe,(PO,), [63, 64].
Lutey et al. [62, 63] investigated laser cutting of LiFePO,
and NMC and tried to find the best condition of processing
efficiency. Nevertheless, in order to avoid microstructural
and chemical changes along the cut edge, the use of ultra-
fast laser radiation may be the right choice.

5 Laser annealing and drying
of electrodes

Laser-assisted thermal treatment of active material for
lithium-ion cells can be applied for thin and thick-film

electrodes. The as-deposited thin-film material has in
general not the proper crystalline battery phase and
chemical composition. Therefore, rapid laser annealing
can replace long-term conventional oven processes in
order to tune the material properties. For thick compos-
ite films the chemical composition and crystalline phase
are already provided in the desired form. Nevertheless,
attached to the particles and the binder material, water
and solvent act as critical contamination which has to
be removed prior to cell assembly and electrolyte filling
process. A drying process, normally realized by time- and
energy-consuming oven processes, could be in future an
economic laser-driven technology. Both approaches will
be presented in this section.

5.1 Laser annealing of electrodes

Rapid annealing processes for LMO thin-film electrodes
have already been applied by using halogen lamps for
so-called rapid thermal annealing [65-69]. The anneal-
ing processes can improve the microstructure of the films,
but many cracks may be easily formed in the process due
to volume expansion and shrinkage. Large area thermal
treatment can also reduce the flexibility to combine mate-
rials; e.g. the use of flexible and low-temperature materials
as substrates will become critical. Laser annealing could
be, for example, locally applied only on the desired elec-
trode material. Laser annealing has already been widely
applied to crystallization of amorphous semiconductor
materials, like amorphous silicon, which are deposited
on different types of substrates such as glass or polymers
[70]. Laser annealing could be also a powerful tool for
control of crystalline phases in cathode thin films, and
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regarding the industrial established thin-film transistor
laser annealing also an up-scaling for application seems
to be possible. And indeed, rapid laser annealing was
already successfully established for crystallization of thin
cathodes such as LiCoO, or LiMn,0, [71-74]. Besides the
crystalline phase also, the grain size could be controlled
for LiCoO, and LiMn 0, thin films as a function of anneal-
ing time. In case of LiCoO, it was shown that suitable
annealing temperatures are in the range of T=400-700°C.
Temperatures lower than or equal to 400°C led to an insuf-
ficient phase conversion, while temperatures equal to or
above 700°C led to the formation of a contamination phase
(Co,0,). High-power diode laser annealing processes were
also developed for rf magnetron sputtered lithium man-
ganese oxide thin films with the aim to form a spinel-
like phase [75]. The Raman spectrum for an as-deposited
Li-Mn-O thin-film is depicted in Figure 11B (1). Applying
an annealing temperature of T=600°C for t=100 s on the
film, significant changes within the Raman spectra could
be observed [Figure 11C (1)]. The characteristic peaks for
the electrochemically inactive LiMnO, phase could be
assigned [76, 77]. With an increase in laser annealing
temperature up to T=680°C and a fixed annealing time
of t=100 s [Figure 11D (1)], Raman spectroscopy indicates
a spinel-like Li-Mn-O phase showing the typical bands
which indicate stretching vibrations of manganese and
oxygen compounds at 629 cm™ (Alg species), the shoulder
around ~590 cm™ (Fzg), and a weak band at 482 cm™ (Fzg
species) [76, 78].

Similar Raman spectra could be observed for an
annealing temperature of T=600°C by applying an

DE GRUYTER

annealing time of t=2000 s [Figure 11E, (1)]. The thin films
showing the spinel phase were cycled and analyzed with
respect to the composition of the formed solid state inter-
face (SEI) layer [75]. Cyclic voltammogram scans identi-
fied that film annealing at T=600°C for t=2000 s leads
to characteristic redox peaks for spinel thin films [Figure
11, (2)].

5.2 Drying of thick-film electrodes

As described in Section 3, thick-film electrodes are manu-
factured from slurries of active material powders, binders,
solvents, and conductive agents and further additives. As
shownin Figure 12, the viscous slurry can be homogenously
distributed along the current collector by tape casting or
slot die coating. The significant amount of solvent leads to
a shiny surface after the coating process. The wet coating
usually is dried with hot air or with thermal radiation and
subsequently calendered to a specific porosity. After that,
the surface becomes optically matte. The drying process of
wet composite thick electrode films is an important step in
cell manufacturing. For example, film adhesion is mainly
influenced by the drying process, which was investigated
by Giinther et al. [79]. It was shown that rapid drying by
using large area infrared dryer can lead to a separation of
the active particles and the NMP (N-methyl-2-pyrrolidone)
or water-soluble binder, affecting the adhesion and cohe-
sion strength of the electrode. It was also shown that cells
made from electrodes with good film adhesion show also
a higher cell capacity. Besides improving the mechanical
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Figure 11: Effect of high-power diode laser annealing on crystallinity and electrochemical performance: (1) Raman spectra of Li, ,,Mn, O,

thin films (B-E) and LiMn,0, reference powder (A), as-deposited film (B), laser annealing was performed for t = 100 s at T = 600°C (), for

t =100 s at T=680°C (D), and for t=2000 s at T=600°C under ambient air (E); (2) cyclic voltammograms (Li

t=2000 s at T=600°C). Reprinted from [75].
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Figure 12: Processing steps for thick-film coating of composite cathode materials via tape casting.

stability of the coating, the removal or residual moisture in
electrodes is per se crucial for achieving the desired elec-
trochemical performance which was recently investigated
in detail for cathodes made of NMC-532 (LiNi ,Mn ,Co ,0,)
by Li et al. [80]. Drying of electrodes has also an economic
aspect and shows great energy-saving potential. For a
single 52 Ah pouch cell it was calculated by Wood et al.
[26] that an energy consumption of 31.5 kWh would be
required to remove 709.8 g NMP solvent by hot air drying.

With respect to the economic aspect, Vedder et al. [81]
and Hawelka [82] recently developed laser-based drying
technologies for anode (graphite) and cathode (LFP)
for LIBs. The principal experimental setup is shown in
Figure 13. For this purpose, a fiber laser (450 W maximum
average power) operating at a wavelength of 1070 nm
was applied. It could be proven that the electrochemical
performance, the residual moisture, and the electrode
morphology are almost the same for electrodes, which
were dried by laser and by a conventional oven process.
Peel-off tests were performed, and one can conclude that
the film adhesion to the current collector foil for both
types of electrodes shows no differences. The laser radia-
tion is absorbed directly in the wet coating, and ambient
heat losses can be kept small. In comparison to the oven

Step 1:

\p Coating

Step 2:

' Laser-based drying

Preparation of
electrode
slurry

Wet electrode
coating

Dried electrode
coating

Figure 13: Process chain for the production of thick-film electrodes.
For the drying process, the wet electrode is exposed to the line
focus of a high-power fiber laser. Reprinted from [81].

process, the laser process could reduce the energy con-
sumption for drying by a factor of 2. Nevertheless, up to
now, the laser process could reach processing speeds of
only 50 cm?/s. For typical coating speeds of 30 m/min for
52 Ah cells (footprint area 21x24 cm?) a laser processing
speed of about 1050 cm?/s would be required. Further
process upscaling using high-power lasers and further
process optimization will be necessary.

6 3D battery concept

The development of 3D electrode architectures in LIBs is
a relatively new approach for overcoming the problems
related to a restricted battery performance, e.g. power
losses or high interelectrode ohmic resistances [16, 18],
and mechanical degradation during battery operation due
to high volume changes resulting from lithium-ion inser-
tion [20]. The general strategy is to design cell structures
that maximize power and energy density yet maintain
short ion transport distances. A 3D matrix of electrodes is
proposed in order to meet short transport lengths and large
energy capacities in comparison to conventional 2D elec-
trode designs (Figure 14A and B) [16]. In the recent concept
[85-87], the 3D micro-battery based on micro- and nano-
structured architectures could potentially double the
energy density by fully utilizing the limited space avail-
able. The manufacturing process for 3D architectures is
usually a subtractive manufacturing. A common approach
is 3D structuring of the electrode substrate, the current
collector, before deposition of the thin-film electrode.
Baggetto et al. [84] and Xie et al. [88] adopted an approach
which aligned well with state-of-the-art integrated circuit
technology such as standard lithography, etching tech-
nologies and thin-film deposition (Figure 14C). For this
purpose, they used silicon as substrate for the so-called
3D-integrated all-solid-state battery.

All of these researches prove that 3D patterning of
electrodes improves the electron and ion diffusion kinet-
ics in the electrodes. Unfortunately, these methods are in
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Figure 14: Concepts for electrode designs and arrangements suggested for micro-battery applications. Schematic view of (A) 2D and (B) 3D
electrodes [83] and (C) an all solid state lithium-ion micro-battery integrated in a 3D substrate [84].

a very early stage of development and normally applied
for model electrodes in thin-film micro-batteries. Further-
more, it is generally not feasible for up-scaling to thick-
film composite electrodes or for large electrode footprint
areas.

Laser manufacturing of 3D lithium-ion thin- and
thick-film batteries was realized also by direct structur-
ing of the active material [14, 75, 89, 90]. With the elec-
trode fabricated by laser ablation or modification, the
3D and high aspect ratio battery was completed. The
laser-engineering structured electrode provides a signifi-
cant improvement of cycle retention, and an increased
power density and energy density on cell level could be
achieved. The principle approach is shown schematically
in Figure 15.
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Figure 15: Schematic view of energy density as a function of power
density for 2D, 3D, and thick-film electrodes (red: current collector

of the electrode; blue: active material of the electrode).

The yellow marked values of energy density and power density are

related to target values on cell level for the year 2025 based on [4].

6.1 Structuring of current collectors

Mechanical and chemical degradation processes in LIB
operation are rather complex and are mainly responsi-
ble for a short battery lifetime. During charging and dis-
charging, the electrodes of a battery undergo a volume
change due to intercalation and de-intercalation of
lithium-ions. Graphite anodes with a practical capacity
of about 330 mAh/g are used in state-of-the-art LIBs, and
they exhibit 10% volume expansion under charge [91].
Tin oxide, silicon, or silicon-doped graphite have been
regarded as the most promising anode materials for next-
generation LIBs [92]. This is due to the fact that tin oxide
and silicon can theoretically enable a lithium uptake that
is almost 10 times higher than that of graphite. The large
number of lithium-ion insertion/extraction results in huge
volume change of up to 400% [15, 20, 93]. In general, the
huge change in volume leads to the formation of cracks,
pulverization of the electrode, and film delamination
combined with a subsequent reduction of available active
material due to loss of electrical contact. Furthermore,
cracks are starting points for chemical degradation due to
interaction of the electrolyte with the active material. This
continuing SEI formation leads finally to a reduction of
battery active material. A significant increase of adhesion
forces between the anode composite layer and the current
collector would lead to an improvement of mechanical
stability and capacity retention and lifetime, which was
shown in a rather new approach by Tang et al. [15]. They
could reveal that blind holes of 50-100 um diameter and
an aspect ratio of 1 (Figure 16B) which were laser gener-
ated in copper plates (Figure 16A) with a thickness of 150
um can act as mechanical anchoring for silicon-based
active coating leading to a significant improvement of
battery cycle retention (Figure 16C and D). It should be
pointed out that state-of-the-art HE batteries use current
collector foils with thicknesses in the range of 6-20 um.
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Figure 16: Impact of laser-drilled current collector plate on cell performance: (C, D) specific capacity and coulomb efficiency of silicon-based
anodes deposited on (A) unstructured and (B) laser-drilled copper plates (A, B: SEM images, copper plates: 150 um in thickness). Reprinted

from [15].

The coulombic efficiency of a battery is the ratio of charge capacity divided by the following discharge capacity. High coulombic efficiency

means that low battery losses are given.

A transfer of the above mentioned approach into
battery manufacturing needs a significant down-scaling
of structure sizes and depths as shown by the follow-
ing methods: laser printing combined with wet chemi-
cal etching of Cu and subsequent Si thin-film deposition
[94], and laser drilling of porous graphite anode films [95]
were recently successfully applied in order to improve
the electrochemical performance of anode materials
in micro-batteries. Zhang et al. [96] could improve the
anode film adhesion on thin Cu foils by introducing
ultrafast laser micro-/nano-structuring prior to anode
coating process. They could reveal that a periodic pattern
by single pulse fs-laser ablation induces a self-organized
nano-structuring which is very similar to the so-called
laser-induced periodical surface structuring leading to a
hierarchical surface pattern on thin-film current collec-
tors made of copper or aluminum [97]. Additionally to an
improved film adhesion, a reduction of impedance and a
higher cycle lifetime was detected. It is assumed that the

improved lithium-ion diffusion is induced by a preferred
orientation of the graphite particles along the micro-/
nano-structured Cu surface.

6.2 3D electrode architectures

Different types of laser processing for increasing the
active surface area were established, i.e. “laser-assisted
self-organizing structuring” and “direct structuring” of
electrodes. The first of these processes can be applied
to thin-film and thick-film electrodes that have small
electrode footprint areas, e.g. for coin cells. The second
process is not limited to micro-batteries like for other
technical approaches listed in [19], which means that the
3D battery concept can be also applied for large electrode
footprint areas, such as for HE pouch cells.

The formation of self-organized surface structures
(Figure 17A) on LiCoO, and Li(NiMnCo)O, (NMC) thick- and
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Figure 17: SEM image of microstructures laser-generated in electrode cathode materials: (A) self-organized microstructures in LCO com-
posite electrodes by excimer laser exposure, (B) direct excimer laser micropatterning of thin-film LCO electrodes, and (C) micro-pillars in

composite LCO electrode obtained by direct fs-laser structuring.

thin-film electrodes was achieved by excimer laser abla-
tion at 248 nm wavelength. The self-organized structuring
process [10, 72, 98] can be explained by selective material
ablation and subsequent material re-deposition. It was
possible to avoid material loss during laser patterning. The
active surface area can be increased by a factor of about
10. Also, direct excimer laser ablation of thin-film LCO
electrodes with structure sizes in the micrometer range
could be realized with high surface quality (Figure 17B).
Nevertheless, the processing speed using excimer laser
sources with an average power of 1020 W is quite low,
so that it is proposed to apply this technology for micro-
batteries with small footprint area. For high processing
speeds and HE cells with large foot print area, direct laser
structuring, either with ns fiber lasers (e.g. 200 ns) or fs-
lasers (e.g. 380 fs) (Figure 17C), was established for real-
izing 3D microstructures.

Thick-film LIBs (electrode thickness >100 um) could
achieve high areal energy densities; the energy per foot-
print area increases with the thickness of the cathode.
On the other side, for thick-film cathodes, the supply
of lithium-ions and therefore the diffusion Kkinetics,
especially at high charging/discharging rates, becomes
limited in those parts of the electrode that are closer to
the current collector, and a lithium concentration gradi-
ent along the film thickness will be established. This is
worse with increasing film thickness. Therefore, not all
lithium-ions of the active material can take part in lithia-
tion/de-lithiation processes leading to a drop in capacity.
This capacity drop is already observed for low charging/
discharging currents of “C/2”, which was reported for the
performance of an optimized pair of conventional lith-
ium-ion anode and NMC cathode with single-sided thick-
nesses of each 320 um [99]. “C/2” means that the time for
charging and discharging takes 2 h each. Additionally,
the mechanical integrity of the film decreases with the

thickness, as the active material expands and contracts
during cycling.

The thick-film concept provides HE cells, while high-
power application and mechanical relaxation become
possible by introducing the 3D battery concept. State-of-
the-art high-power LIBs are usually achieved through a
“thin-film” concept or by 3D electrode architectures with
improved interfacial kinetics. However, due to manu-
facturing constraints, the thin-film and 3D technologies
are limited to micro-batteries for niche applications. The
combination of both concepts — 3D battery concept and
thick-film concept — will realize a battery system with high
power and high energy at the same time (Figure 15).

Thick films made of NMC (LiNi ,Mn, Co, O,) with
thickness of 155 um, 185 um, and 210 um were produced
by tape casting. The coating process is described in [100].
Those coatings are beyond the state-of-the-art LIBs with
a typical film thickness of 50 um. An increase of cathode
film thickness from 50 um up to 210 um means that on
52 Ah cell level the energy density could be increased by
26% (Figure 6). Ultrafast laser ablation was performed in
order to realize a periodic line pattern with a line-to-line
distance of 200 um [101] (Figure 18).

The electrochemical performance of LIB with laser-
structured thick-film NMC electrodes was analyzed
(Figure 19) for different C-rates, e.g. C/2 or 2C means that
battery discharging takes 2 h or 30 min, respectively. Cells
with unstructured thick-film electrodes reveal a strong
decrease in capacity with increasing discharging current.
With increasing film thickness, the specific discharge
capacity of cells with unstructured electrodes decreases,
even for low C-Rates. For C/5 the specific capacity for
cells with unstructured films with a thickness of 155 um,
185 um, and 210 um drops down to 132 mAh/g, 111 mAh/g,
and 76 mAh/g, respectively. Due to laser structuring of
cathodes with 210 um in film thickness, a loss in active
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Figure 18: Laser structuring of NMC thick-film electrodes.

(A) SEM image (top view) and (B) microscopy image (cross-section view) (film thickness: 155 pum).
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Figure 19: Specific discharge capacity as a function of cycle number
for lithium-ion cells with structured and unstructured NMC-111
thick-film electrodes (film thickness: 155 um, 185 um, 210 pum) for
different discharge C-rates.

material of 7% was obtained. On the other side, due to
laser structuring, the specific capacity of cells with 210 um
cathode films can be increased by 74% for C/5. This is a
huge effect, which cannot be explained by the small
amount of active material removed during structuring.
The main driven mechanism is the improved lithium-ion
diffusion kinetics in 3D electrodes. For cells with struc-
tured electrodes cell failure at high C-rates can be avoided.
Even for 2C, remarkable capacity retention for all film
thicknesses could be achieved. That means that HE and
high-power LIB become possible at the same time.

In recent research from Mangang et al. [102] it could be
proven that the laser micro-structuring of thick-film LFP
electrodes leads to an increase of the chemical diffusion
coefficient, i.e. the lithium-ion diffusion kinetics could
be significantly improved by increasing the active surface
area due to laser structuring. It could be shown by Smyrek

et al. [103] that for laser-structured NMC electrodes the
lithium concentration significantly increases along the
contour of 3D microstructures (Figure 20), especially for
high charging and discharging rates. It is stated that 3D
architectures act as an attractor for lithium-ions, and a
boost of battery performance regarding battery power and
lifetime can be achieved.

Besides an improved lithium-ion diffusion kinetic in
3D electrode materials [20, 72, 73, 104-109], it has been
shown that 3D grid structures can counter delamina-
tion from the current collector due to volume expansion
during electrochemical cycling for both LMO intercalation
cathodes and conversion-type tin oxide (Sn0O,) anodes [20,
104]. Besides reduction of mechanical degradation of the
electrode materials, chemical degradation and dissolu-
tion of active material components in the electrolyte has
been influenced by laser processing into 3D conical micro-
structures and subsequent passivation by C-60 coating
[89]. Finally, it could be shown that the cycling behavior
of lithium manganese oxides in liquid electrolyte could
be stabilized by passivation of 3D microstructures with
indium tin oxide (ITO) thin films [105].

o Lition Li(Ni,Mn, Co,,

)0,

(micro-pillars)

Li content

Figure 20: Schematic illustration for laser-structured NMC elec-
trodes (in cross-section view) during electrochemical cycling at high
discharge rates. Reprinted from [103].
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One important issue is the loss in active material due
to direct laser structuring of thick-film electrodes. The
removal of active material depends on the pitch distance
and on the type of laser ablation. By using 200 ns-laser
radiation and a pitch distance of 200 um, the loss in active
material can reach values of about 30% [13] which is
quite too high for industrial application. A pitch distance
of 600 um would reduce the material loss below 10 wt%
while maintaining an improved wetting of the electrodes
with liquid electrolyte (Section 6.4). Nevertheless, it is
expected that an increasing pitch distance will reduce
the lithium-ion diffusion kinetic and its impact on high
rate capability. By using fs-laser ablation and the same
optical beam path as for ns-laser radiation [13], higher
aspect ratios and a reduced mass loss can be achieved in
comparison to ns-laser ablation. For a pitch distance of
200 um and a pulse length of 380 fs the loss in active mass
could be reduced down to 6.8 wt% (Figure 18A and B). By
increasing the pitch distance up to 300 um, the loss in
active material could be reduced down to 4.5 wt%.

The removal of active material will have an impact
on the cell manufacturing costs. Figure 21 shows the cost
contributions for production of a 52 Ah lithium-ion cell
[26]. The total cell manufacturing costs are 272 $/kWh,
while 30% (82.5 $/kWh) of these costs are attributed to the
cathode material. For this state-of-the-art cell system, the
cathodes are made of NMC with a layer thickness of 50 um.
It is assumed that the laser structuring process for such
thin layers will lead to an active material loss in the range
of 4-5% with a line pitch distance in the range of 200-
300 um. This means that due to active material removal

- Cathode (NMC)
- Anode (Graphite)
- Cu+Al+Separator

- Electrolyte

|:‘ Processing and material

9.05%

29.5%

24.05%

7.06%

30.34%

Figure 21: Cost contributions for state-of-the-art NMC lithium-ion
cell manufacturing (cell manufacturing cost 272 $/kWh; data were
extracted from [26]).
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additional costs for active material are in the order of
3.3-4.1 $/kWh, which corresponds to an increase of cell
costs in the order of 1.2-1.5%. This increase in cell costs
will be overcompensated by the benefit of combining the
3D battery concept and the thick-film concept (Figure 6),
which will be discussed in Section 6.4. Nevertheless,
ongoing studies have to investigate in more detail the elec-
trochemical performance as a function of pitch distance
and material loss in order to find the most cost-efficient
electrode design for high-power and HE applications.

6.3 Laser printing of batteries

For the fabrication of thick-film electrodes with small
lateral resolution, printing technologies such as laser-
induced forward transfer (LIFT) are appropriate and even
suitable for the manufacturing of a complete all-solid-
state lithium-ion micro-batteries [44]. LIFT has shown to
be a promising method for fabricating lithium-ion micro-
battery electrodes and even all-solid micro-batteries [110,
111]. LIFT is a direct write technique that allows printing
from a variety of functional materials, such as composite
electrode materials. It is a non-contact, nozzle-free addi-
tive manufacturing process for producing highly porous
thick-film electrodes with adjustable thickness. While thin-
film electrodes are in general made of compact thin films
produced by physical vapor deposition or CVD processes
with a film thickness in the micrometer range or less, laser
printing of composite electrodes leads to minimum film
thicknesses in the range of 5 um. Due to multiple print-
ing steps, one can adjust the electrode film thicknesses
significantly above 100 um [44]. Discharge capacities of
about 2.6 mAh/cm? could be achieved for printed LiCoO,
cathodes which is over an order of magnitude higher
than those that were reported for sputter-deposited thin-
film electrodes [44]. One of the advantages of LIFT is that
the printed electrodes show porous structures with high
active surface area. The porosity of such films can be in
the range of 30-50% leading to an increased contact area
between the electrodes and the electrolyte. The charge
transfer will be significantly improved in comparison to
dense and compact films, which is quite important for
electrochemical devices.

LIFT for printing of batteries uses in general a pulsed
UV laser [wavelength A=355 nm, pulse length (FWHM)
7=30 ns] beam to induce the transfer of nano paste mate-
rial from a donor substrate (glass slide) onto a receiver
substrate (Figure 22). The substrate (current collector) is
facing the donor substrate at a distance of about 100 pum.
When the laser intensity is higher than the threshold
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Figure 22: Schematic view of the LIFT setup. Reprinted from [112].

energy, material is ejected from the glass slide and is trans-
ferred to the substrate (“printed voxel”). For example,
for printing of LiMn,0, electrodes the laser intensity was
maintained at 50 mJ/cm? [11].

Complete lithium-ion micro-batteries with LiCoO, as
cathode and carbon as counter electrode were fabricated
by LIFT, whereby the laser-printed electrodes were sepa-
rated by a porous membrane (Figure 23). However, little

A

1.:Cu current collector

2. Carbon anode

4 3. GPE separator

1 4. LiCoO, cathode

C50Al éu:rreﬁt col:léc_tor
1
Polymer spacer

100 pm

Figure 23: Cross-sectional view, (A) schematic, and (B) SEM micro-
graph of a lithium-ion micro-battery fabricated by LIFT.
Reprinted from [44].

W. Pfleging: Laser electrode processing for lithium-ion batteries =—— 565

research has examined the effects of laser processing
parameters on battery performance. In particular, the ori-
entation and texture of electrodes, e.g. LiCoO,, produced
in the LIFT process could have a significant effect on the
electrochemical performance [113, 114]. The combination
of printing of LMO electrodes by LIFT and subsequent fs-
laser structuring was shown by Préll et al. [11]. An array
of 3D grid rectangular electrode structures were estab-
lished, and an improvement in high rate capability was
achieved. Rosenberg and Hintennach [115] proposed a
LIFT approach using excimer laser, and they could dem-
onstrate successfully the printing of lithium-sulfur-based
electrodes. An up-scaling of this technology for HE cells
with footprint areas up to 9 x 18 cm? was proposed.

6.4 Electrolyte wetting

A main issue in cell production is the wetting of composite
electrodes and separator materials with liquid electrolyte
which is realized by time- and cost-consuming vacuum
and storage processes at elevated temperatures [26, 45].
The liquid electrolyte has to be forced into micro- and
nano-sized pores of the electrode and separator materi-
als. Nevertheless, by applying current electrolyte filling
processes, insufficient wetting of battery materials is one
drawback resulting in a certain production failure rate, a
lowered cell capacity, or a reduced battery lifetime. Laser
structuring has been successfully applied for the forma-
tion of capillary microstructures in separators [21] and
thick-film tape-cast electrodes resulting in an acceleration
and homogeneity of electrolyte wetting. For thick-film
composite electrodes an appropriate structure design
delivers the most efficient capillary transport, and It could
be shown that a huge impact on battery performance
regarding battery lifetime and capacity retention at high
charging and discharging currents could be achieved [13].

The capillary rise h of the electrolyte liquids along the
laser-generated micro-capillary structures can in princi-
ple be described by the classical Washburn equation [13]:

dn_r (ZOICOSG

dt 8 uh r —Apgh) @

where at h [m] is the height of capillary rise of the
liquid within the capillary, t [s] is the capillary rise
time, o, [kg/s?] and u [kg/(ms)] are the surface tension
and viscosity of the liquid, r [m] is the capillary radius,
Ap [kg/m?] is the difference in density between liquid and
the gas-phase, g [m/s?] is the acceleration due to gravity,
and 0 [°] is the contact angle between the wall and the
meniscus.

Bereitgestellt von | Karlsruher Institut fir Technologie KIT-Bibliothek

Angemeldet
Heruntergeladen am | 15.03.18 18:00



566 —— W.Pfleging: Laser electrode processing for lithium-ion batteries

By neglecting the gravity and assuming that the capil-
lary structure is filled at the beginning (t=0 s) up to an
height of h=h,, the integration of equation (4) delivers

ra,cos 0
2u
where at K [m/s®] describes the penetration ability of the
liquid, and ¢, [s] the capillary rise time for achieving the

height h [m].

The capillary rise of liquid electrolyte in laser-gener-
ated micro-channels in composite NMC electrodes could
be described by equation (5) [13]. Recently, comparative
studies of capillary rise in micro channels produced by
embossing were performed (Figure 24A). It can be clearly
seen that embossing leads to an inhomogeneity in material
density, which in turn will have an impact on the poros-
ity distribution. The edges of the generated channels were
compressed which completely differs to the edges of the
micro-channels produced by laser ablation (Figure 24B).
Laser ablation provided open porosity along the generated
sidewalls. The wetting behavior of capillary structures pro-
duced by these two methods is quite different (Figure 25A).
For the laser-generated capillary structures a penetration

h=h + (5)

0

0.5
‘t,=h +K-t,

A

Calendering/Compression
molding

Electrolyte
flow

Active particle
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ability of 12 [equation (5)] could be reached, while for
embossed channels only a value of two was obtained. After
20 s the embossed electrodes achieved a capillary rise of
about 10 mm, while the laser-generated capillaries were
filled with electrolyte up to 54 mm. Finally, the battery per-
formances, the capacity as a function of cycle number, was
investigated (Figure 25B). Cells assembled with embossed
NMC electrodes rapidly dropped in capacity. After 100
cycles only 87% capacity retention was achieved, while
for cells with laser-structured NMC electrodes the capac-
ity retention is better than 99% (93% after 1000 cycles, not
shown here). It is obvious that embossing, which could
be easily performed during the conventional calendering
processing step in battery manufacturing, is not a suitable
technology in order to replace laser structuring.
Laser-structured composite electrodes were devel-
oped for high-rate capability as well as for transforming
regular electrode surfaces to superwicking for quick and
efficient electrolyte impregnation [12, 116, 117]. It has been
demonstrated that this process allows for the complete
and rapid wetting of the electrode materials with liquid
electrolyte [118]. Homogeneous wetting of electrode mate-
rials for LIBs is one of the basic requirements for proper

B

Laser beam
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Compresse s
: structure edge

~ AT R R
= 50pm —  500x 15kV

15 kV 500x WD:21 mm

Figure 24: Capillary structures produced in NMC by embossing (A) in comparison to micro-channels generated by laser ablation (B).
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Figure 25: Comparison between laser structuring and structuring via embossing/calendering: (A) height of capillary rise as a function of
time for structured NMC, and (B) discharge capacity as a function of cycle number for cells with laser-structured and embossed NMC.

cell operation especially under challenging conditions
such as charging and discharging at high currents.

Proper electrolyte filling is still a challenging issue in
industrial production of large-areal LIB pouch cells where
failure rates have to be minimized. Integration of laser pro-
cessing technology into battery manufacturing will provide
new impacts to process reliability, processing cost reduc-
tion, improved battery performance, and battery safety.
Especially for HE batteries, wetting of the electrodes with
liquid electrolyte is a critical issue. Large electrode sheets
(e.g. 21x24 cm? [26]) are used, and in high-current cell,
anodes and cathodes — separated by electrically insulating
separator foils — are stacked until capacities of e.g. 40-60
Ah are reached. For this purpose, stacks of up to 100 indi-
vidual layers are built up. After stacking which represents
a technical challenge, this stack has to be filled with liquid
electrolyte, such that the electrolyte penetrates the indi-
vidual layers of the stack, and these layers are wetted com-
pletely and homogeneously. Due to the high vapor pressure
of the liquid electrolyte, the filling process has to take place
in a controlled and reliable manner. In the manufacture of
cells on a large technical scale, it is presently tried to accom-
plish homogeneous electrolyte wetting by expensive and
time-consuming vacuum and storage processes at elevated
temperatures [26]. However, it has to be assumed that in
spite of this high technical expenditure, a certain produc-
tion failure rate is caused by insufficient electrode wetting
in the manufactured cell. Insufficient electrolyte wetting
would lead to dry areas in the cell, which are not contribut-
ing to electrochemical reactions leading to a decrease of the
overall cell capacity. Those hot spots are starting points for
cell degradation and cell failure under challenging cycling
conditions. This is the only reason why the massive tech-
nical expenditure of the process steps of electrolyte filling
and storage at elevated temperatures, which require invest-
ments of millions in commercial cell manufacture lines, are

accepted. The laser-based structuring technology will accel-
erate the wetting process and will lead to a homogenized
electrolyte wetting. It is assumed that due to laser process-
ing the warm aging process of several days (72-96 h) can be
avoided, which will lead to a reduction of energy and power
consumption. Additional costs for vacuum, storage room,
and logistic can be avoided. Finally, the 3D battery concept
can reduce the cell manufacturing costs by 20%. These
values were taken from Wood et al. [26] with estimated cell
costs of 272 $/kWh on base of a 52 Ah pouch cell (NMC). The
thick-film concept will lead to an increase of 20-30% in spe-
cific cell capacity (Figure 6). Material costs and production
costs can be further reduced due to less inactive material
and less processing steps, respectively. Under the assump-
tion that an overall cost reduction of “only” 20% can be
achieved, the cell cost would drop by a value of 50 €/kWh.
For an electrical vehicle with 55 kWh (100 cells), a benefit of
about 2800 € could be obtained (28 € per cell). It is obvious
that the laser process will have also an impact on the battery
manufacturing cost. A rough estimation of the laser through-
put taking into account the conventional electrode coating
speed (30 m/min) leads to the assumption that a single
production line will consist of about three laser machines.
Over a period of 5 years electrodes for approximately 5 Mio
cells can be laser structured for a budget of about 5 Mio
€ including the laser investment costs of about 1.5 Mio €.
Under these assumptions, the laser process will lead to an
increase in manufacturing cost of about 1 €/cell which is
significantly smaller than the above mentioned benefit of
about 28 €/cell. Nevertheless, it should be pointed out that
the laser machines, their maintenance, and the required
optical devices, e.g. polygon scanner, are currently cutting
edge technology, and a fully proven concept and machine
design is still required to be developed.

The above mentioned assumptions regarding pro-
cessing costs need to be critically reviewed regarding the
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electrode footprint area. For a large footprint area, the
time-dependent electrolyte wetting might need a certain
time, even with support by capillary structures. For the
boundary condition dh/dt (h=h__)=0 a maximum height
of capillary rise of about 20 cm could be calculated from
equation (4) for a wetting arrangement versus gravity [13]
which is in good agreement with typical dimensions of a
40 Ah cell. But it is also clear from Figure 25A that wetting
of large footprint areas could take several minutes. Finally,
an experimental evaluation for large footprint areas and
large number of electrode stacks is necessary in order to
prove the reduction in processing costs.

In a first approach, the impact of laser-generated
capillary structures was evaluated by producing pouch
cells with footprint areas of 25 cm? with structured and
unstructured NMC cathodes [13]. While lithium-ion pouch
cells with unstructured NMC electrodes spontaneously
fail within a cycle number range of 1000-1500, lithium-
ion cells with laser-structured NMC electrodes indicated
a stable cycling behavior up to 3000 cycles resulting
in specific charge and discharge capacities of approxi-
mately 105 mAh/g (Figure 26). It could be shown that high
coulomb efficiency can be reached even during long-term
cycling. After 500 cycles the capacity retention of the cells
with unstructured NMC electrode is 89%, while the capac-
ity retention for cells with laser-structured NMC electrode
is 94%. After 1000 cycles the capacity retention for cells
with unstructured NMC electrode counts 85%. Concerning
lithium-ion cells with laser-structured NMC electrode as
well as after 1000 cycles, the capacity retention drops to
89%. A critical capacity value for lithium-ion cells is the
809% limit of the initial capacity. When reaching a capacity
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NMC/PE separator/graphite
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Figure 26: Specific discharge capacities of pouch cells with
unstructured and structured NMC cathodes for cycle numbers up to
n=3000 cycles and 10,000 cycles (inset diagram), respectively.
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retention of 80%, the so-called “cell lifetime” is achieved.
Lithium-ion cells with laser-structured NMC cathodes
exhibited the longest lifetime with 2290 cycles. The 80%
limit was reached for lithium-ion cells with unstructured
NMC cathodes at 1199 cycles. Cells with unstructured NMC
electrodes show a spontaneous failure after 1600 cycles,
while cells with laser-structured NMC electrodes show
only a slight decrease in capacity with increasing cycle
number leading to a capacity of about 60% of the initial
capacity after 10,000 cycles (Figure 26).

Regarding processing cost in battery manufacturing,
the use of cost-efficient ns-laser radiation for the structur-
ing process would be preferred. Therefore, the formation of
capillary structures using ns-laser ablation as well as ultra-
fast laser processing was investigated. For ns-laser radia-
tion (wavelength 1064 nm, pulse length 200 ns) the laser
beam energy is absorbed at the material surface, and due to
heat conduction the temperature of the surrounding com-
posite material increases. The binder material for tape cast
electrodes (~5 wt%) is polyvinylidene difluoride (PVDF),
which has alow decomposition temperature in the range of
250-350°C [119]. Therefore, the PVDF binder matrix spon-
taneously evaporates, and active particles are removed
from the laser beam interaction zone, which was demon-
strated for the patterning of NMC electrodes (Figure 24B)
[13]. A similar ablation process for metal/polymer compos-
ite materials has been described by Slocombe and Li [120].
Nanosecond laser ablation is not appropriate for each type
of electrode material. For example, ns-laser structuring of
LFP electrodes leads to melt formation and to an unde-
sired modification of the active material, very similar to the
already discussed phase changes which occur during laser
cutting of LFP (see Section 4). The thermal impact of laser
processing can be significantly reduced by using ultra-
fast laser ablation. Furthermore, the ablation efficiency
of LFP increases by a factor of 3 by using femto- or pico-
second laser ablation in comparison to ns-laser ablation
[117]. For battery production costs it is important to reduce
the amount of ablated material which in turn means that
small-capillary widths and high aspect ratios are pre-
ferred. By using ultrafast laser ablation, it could be shown
that the aspect ratio could be significantly increased and
that the loss of active material can be reduced from 20%
down to values below 5%.

7 Future perspectives

To get chemical change information in battery materials
on submicron and micrometer scales, there can be several
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technologies applied ex situ and post-mortem. Such very
well-established technologies are, e.g. X-ray photoelec-
tron spectroscopy (XPS), Auger electron spectroscopy
(AES), EDX, or TOF-SIMS. Besides the problem to have
a low lithium sensitivity for technologies such as XPS or
AES, all of these technologies suffer in general from a
large measuring time, measuring under vacuum condi-
tions, and a limitation in information depth and measur-
ing area. For a chemical mapping of a complete electrode
down to the current collector, laser-induced breakdown
spectroscopy (LIBS) seems to be an appropriate analyti-
cal technique, which is quite sensitive to lithium detec-
tion. There are only a few groups that are using this
technology for investigating battery materials [60, 103,
121-125]. Hou et al. [122] realized a 3D multi-elemental
mapping of solid electrolyte material in a 3D space of
1.11x1.11x0.035 mm’ with 74 um lateral resolution.
In a rather new approach large areal NMC electrodes
(5x5 cm?) with a thickness of 100 um, or even thicker,
were entirely investigated by LIBS with a lateral resolu-
tion of 100 um [124]. It is a rather new approach to apply
LIBS for a comprehensive chemical characterization for
complete large areal and thick-film electrodes down the
current collector in order to investigate chemical deg-
radation mechanisms and the impact of 3D electrode
architectures on lithium distribution [60, 103, 123, 124,
126]. It could be shown so far that 3D electrode structures
can provide new lithium-insertion paths, which enhance
the capability of the electrode material to accept high
charging/discharging currents (Figure 20). LIBS can be
used for local chemical analysis such as element depth
profiling and element mapping of cycled electrodes.
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Finally, new scientific findings regarding degradation
mechanisms due to electrochemical aging of advanced
electrode materials with different cell architectures
(structured, unstructured) can be explored. In summary,
the mechanisms associated with the performance evalu-
ation of 3D structure micro-battery and the structure and
chemical evolution on nanometer and micrometer scale
are an important leading basic subject for the develop-
ment of HE/high-power density batteries.

Figure 27 shows an example for a lithium mapping
of an electrochemically cycled unstructured electrode.
LIBS was performed for an area of 5x5 cm?, which cor-
responds to the footprint area of the electrode. The elec-
trode was used as NMC cathode in a 45 mAh pouch cell
with a polyolefin separator and graphite as counter elec-
trode. Before assembly, a periodic through-hole-pattern
was generated by fs-laser radiation into the separator
material in order to reinforce the battery degradation
process. A significant cell degradation was achieved
after 1000 cycles. After the cell capacity dropped down
to 10 mAh, the cell was disassembled. Figure 27A pro-
vides 3D information of the lithium concentration in
different layers. The 2D mapping (Figure 27B) shows
the lithium concentration along the electrode surface
which is varied, and obviously two spots with a signifi-
cant lithium increase could be detected. These spots are
related to lithium plating, which in turn can induce an
electrical shortcut in the battery and a drop in capacity. It
was shown that chemical degradation can be illustrated
for a complete pouch cell by using LIBS. The impact of
laser-structured electrodes on the lithium distribution
was recently investigated [60, 103, 124].
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Figure 27: LIBS lithium elemental mapping of an electrochemically cycled and degraded NMC pouch cell electrode (5x5 cm?).

The amount of x of lithium in Li,Ni, ;Mn_
of lithium concentration (second layer). The depth per pulse is 4 um.

Mn, ;Co, ,0, is illustrated. (A) 3D layer-by-layer contour map of lithium concentration, and (B) 2D mapping
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8 Conclusions

Several laser processes and their impact on battery per-
formance were presented. These technologies show dif-
ferent types of readiness level regarding up-scaling and
a possible integration in state-of-the-art battery produc-
tion lines. For laser cutting of electrodes a high degree
of process readiness level is achieved, and commercial
ns-laser cutter systems adapted to battery manufacturing
are available and can be introduced in cell manufactur-
ing. Nevertheless, laser cutting will be further developed
regarding next generation of batteries using the thick-
film concept. Ultrafast laser cutting of electrodes offers
improved cut edge qualities, less debris formation, and an
improved ablation efficiency, which will be essential for a
new electrode cutter generation.

The processing speed of laser drying of electrodes
seems to be a main drawback. In general, fast drying of
electrodes will raise problems of crack formation and
mechanical stability of the electrodes. This will get even
worse by the required transfer of this technology to thick-
film electrode materials (>100 um). In ongoing research,
an up-scaling of this technology and a precise adjustment
of process parameters will be necessary and is meaningful
regarding an important contribution for saving of energy
in battery production lines.

Laser structuring of composite electrodes is one of
the most promising approaches regarding battery per-
formance improvement by the 3D battery concept and
an increase of battery safety and production reliability.
A homogenous and rapid electrode wetting with liquid
electrolyte has several advantages, such as a significant
reduction of production costs, an increased battery life-
time, and an easy transfer of this technology to HE and
high-power batteries using the thick-film concept. The
increased lifetime will be further reinforced by providing
liquid electrolyte reservoirs in laser-generated artificial
porosity. Due to long lifetimes and a flexible use of those
batteries in stand-alone energy storage devices or electri-
cal vehicles, second-life applications will become possible
leading to an environmental sustainable use.

For ongoing research and development, laser tech-
nologies need to be adapted to new materials, processing
speeds, and footprint areas provided in state-of-the-artand
next generation battery production lines. Furthermore, a
processing match or selection of laser technologies to dif-
ferent cell designs, such as pouch cells, prismatic cells, or
cylindrical cells, will be necessary.
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