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Abstract: Lithium-ion batteries are currently one of the most important energy storage devices for
various applications. However, it remains a great challenge to achieve both high energy density and
high-power density while reducing the production costs. Cells with three-dimensional electrodes
realized by laser ablation are proven to have enhanced electrochemical performance compared
to those with conventional two-dimensional electrodes, especially at fast charging/discharging.
Nevertheless, laser structuring of electrodes is still limited in terms of achievable processing speed,
and the upscaling of the laser structuring process is of great importance to gain a high technology
readiness level. In the presented research, the impact of different laser structuring strategies on
the electro-chemical performance was investigated on aqueous processed Li(Ni0.6Mn0.2Co0.2)O2

cathodes with acid addition during the slurry mixing process. Rate capability analyses of cells
with laser structured aqueous processed electrodes exhibited enhanced performance with capacity
increases of up to 60 mAh/g at high current density, while a 65% decrease in ionic resistance was
observed for cells with laser structured electrodes. In addition, pouch cells with laser structured
acid-added electrodes maintained 29–38% higher cell capacity after 500 cycles and their end-of-life
was extended by a factor of about 4 in contrast to the reference cells with two-dimensional electrodes
containing common organic solvent processed polyvinylidene fluoride binder.

Keywords: laser ablation; 3D battery; high mass loading; NMC 622; aqueous processing; pouch cells

1. Introduction

Lithium-ion batteries (LIBs) have been widely used for battery electric vehicles (BEV)
due to their higher energy and power density in comparison to other battery-types such as
lead-acid or sodium-/potassium-ion [1,2]. However, major issues, such as range anxiety,
high purchase costs, and insufficient charging infrastructures, are so far limiting the market
penetration of BEV [3,4]. Thus, the development of high power and high energy batteries
at reduced production costs is becoming more significant for the battery industry [5].

Battery cells with high power density can be obtained by using thin-film electrodes,
while cells with high energy density can be achieved by employing thick-film electrodes
with thicknesses greater than 100 µm, which can lower the cost by 60% at battery level,
since the share of inactive components is reduced [6]. Numerical modeling showed that,
with increasing cathode thicknesses from 60 to over 200 µm, the energy density at cell
level increased at C/5. However, it dropped rapidly at C-rates higher than 1C once a
critical thickness was reached [7,8]. The capacity fade is mainly due to accumulated cell
polarization and local material degradation, which result in an increase of charge transfer
resistance [8,9].
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In contrast to the state-of-the-art cathode production using N-methl-2-pyrrolidone
(NMP) as organic solvent, aqueous slurry preparation has great potential due to its low
material cost, reduced drying time, and safe production, while reducing the environmental
impact and eliminating the need for expensive organic solvent recycling [6,10]. For instance,
the drying of water-based electrodes is 4.5 times faster compared to NMP-based electrodes,
and the total energy required for processing is reduced by almost a factor of 10 [11].
Besides, the life-cycle CO2 emissions for the production of a battery pack with 10 kWh can
be reduced by 23% by substituting NMP-based processing with aqueous processing [12].
However, the cracking of electrodes during drying was reported due to the higher surface
tension of water compared to NMP [13]. Furthermore, a drawback of aqueous processing is
the reactivity of active materials upon contact with water, which leads to phase transitions
at the surface of the active materials [14], as well as the formation of a reaction layer
consisting of Li2CO3 and LiOH, with a thickness of about 10 nm, at the surface of the active
material within a few minutes [15,16]. Another aspect is the slurry pH increase due to
the Li leaching [17], which leads to the chemical corrosion of the aluminum (Al) current
collector along with hydrogen gas formation during the slurry coating process [18,19]. One
practical solution is pH adjustment during the slurry mixing process. Formic acid [20],
acetic acid [21], phosphoric acid (PA) [20], Li-polyacrylate (LiPAA) [21], and Li2SO4 [22]
were reported as pH modifiers for cathode slurries. Some studies have shown that the
addition of PA in slurries containing different Li(NixMnyCo1–x–y)O2 (NMC) materials led to
a significant enhancement in electrochemical performance [23–27]. Thus, on the one hand,
PA can adjust the slurry pH value and prevents chemical corrosion between the slurry
and the Al current collector; on the other hand, it can also stabilize the interphase of NMC
particles in contact with water, which is due to the formation of a protective phosphate
layer, as confirmed for Li(Ni1/3Mn1/3Co1/3)O2 (NMC 111) [20] and Li(Ni0.6Mn0.2Co0.2)O2
(NMC 622) [25,28].

Three-dimensional (3D) electrode architectures with different patterns were generated in
electrodes having various types of active materials. Line structures ablated in electrodes by using
laser ablation can accelerate the wettability of electrodes with liquid electrolyte [29–31]. Fur-
thermore, they enhance the electrochemical performance, such as rate capability, at C-rates
higher than 1C and battery lifetime for cells containing, LiCoO2 [32], NMC 622 [28,33,34],
Li(Ni0.8Mn0.1Co0.1)O2 NMC 811 [35], and graphite [36,37] or anodes containing silicon
mixed with graphite [36,38]. In addition, hole structures have also been applied for the
structuring of LFP [39] cathode and graphite anodes [40–43]. Furthermore, our recent
studies found that, for cells containing graphite anodes and NMC 622 cathodes, despite
the same mass loss, electrodes with line-based patterns, such as line, grid, and hexagonal
line pattern exhibited higher rate capability and reduced lithium plating compared to those
with hole patterns [44,45], which is due to the capillary structures which accelerate and
homogenize wetting of electrodes with liquid electrolyte during cell assembly and enable
continuous re-wetting of electrodes during cell operation [29].

However, the processing speed of laser structuring still does not match the coating
speed of production lines in the battery industry and thus the upscaling of the laser
structuring process is of high importance. In recent studies, different approaches have
been reported to upscale the laser structuring process, such as increasing the laser power
(or laser fluence) [46], applying polygon scan units [47], using roll-to-roll processing with
hollow cylinders [48], or using diffractive optical elements (DOEs) to split the laser beam
into multiple beamlets gaining a higher ablation efficiency [43]. In a first approach, simply
increasing the laser fluence results in a higher ablation rate, so that fewer laser scans are
required to obtain the same structure depths. In other words, the laser processing time
is reduced. However, there is still a lack of in-depth research investigating the effect of
increasing laser fluence on the electrochemical performance of the electrodes.

In the present work, aqueous processed thick-film NMC 622 cathodes with phospho-
ric acid addition during slurry mixing were prepared, which represent environmentally
friendly and cost-effective cathode manufacturing. Meanwhile, NMC 622 cathodes with
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PVDF as binder were prepared to represent electrodes manufactured with state-of-the-art
technology. Subsequently, with respect to the upscaling of the laser structuring process,
we varied average laser power and laser scan strategy and analyzed their impact on the
morphological properties and electrochemical performance of aqueous processed NMC
622 cathodes. The resulting active mass losses were kept similar by applying different laser
scan strategies. Afterwards, the laser structured NMC 622 cathodes were assembled in
coin cells (half-cells) vs. Li and in pouch cells (full-cells) vs. structured graphite anodes.
Rate capability and lifetime analyses were performed, while electrochemical impedance
spectroscopy (EIS) was applied to investigate the tortuosity and the ionic resistance of
NMC 622 cathodes using symmetrical cells and the charge transfer resistance increase of
pouch cells during lifetime analyses.

2. Materials and Methods
2.1. Electrode Preparation

Commercially available polycrystalline NMC 622 powder (BASF SE, Ludwigshafen,
Germany) with a median particle size of 8.7 µm was used as active material for the cathode
slurry preparation, while C-NERGY Super C65 (Imerys G and C, Willebroek, Belgium)
and KS6L graphite (Imerys G and C, Bodio, Switzerland) were applied as conductive
agent and compaction aid. Solef 5130 PVDF powder (Solvay Specialty Polymers, Brussel,
Belgium) was dissolved in NMP solvent (Merck KGaA, Darmstadt, Germany) with a
weight ratio of 1:10 prior to the mixing process, while 5 wt% Na-carboxymethyl cellulose
(Na-CMC, CRT 2000PA, Doe Wollf Cellulosic, Bomlitz, Germany) solution was prepared
for the aqueous slurry.

For aqueous cathode slurry processing, NMC 622 powder was mixed with Super C65
carbon black and was added into the Na-CMC solution using a lab-scale dissolver (VMA-
Getzmann, Reichshof, Germany) at a rotation speed of 2000 rpm for 20 min. Subsequently,
phosphoric acid (Merck KGaA, Darmstadt, Germany) was added into the slurry. The slurry
pH value was adjusted to 9.2, since no obvious chemical corrosion between the slurry and
the Al current collector was observed in the pH range of 9–10 [49]. Afterwards, the slurries
were homogenized under atmospheric pressure at 2000 rpm for 90 min, and the container
was water-cooled to 20 ◦C persistently. Finally, shear sensitive latex binder TRD 202A (JSR
Micro NV, Leuven, Belgium) was added into the slurry and the slurry was further mixed
using 500 rpm for 3 min under vacuum. The mass ratio of each component was set to NMC
622: carbon black: Na-CMC: TRD 202A = 92.6:2.8:1.8:2.8. The solid content of aqueous NMC
622 slurry was 57 wt%. For the NMP-based cathode slurry, NMC 622 powder, Super C65,
and KS6L graphite were mixed together and added into PVDF solution with a mass ratio
of 92:3:2:3 (NMC 622:Super C65:KS6L:PVDF). The slurry was dispersed using a centrifugal
mixer (SpeedMixer DAC 150 SP, Hauschild and Co., Hamm, Germany) at 1000 to 3000 rpm
for 1.5 h. The solid content of the NMP-based NMC 622 slurry was adjusted to 67%.

As for the anode slurry preparation, synthetic graphite powder SPGPT808 (Targray,
Kirkland, QC, Canada) with a median diameter of 4.9 µm and Super C65 (MTI Corporation,
Richmond, CA, USA) were used as active material and conductive agent, respectively.
The graphite and conductive agent were added into the Na-CMC solution and dispersed
using a lab-scale dissolver (VD-10 XP, DISTECH, Kirchen, Germany) at 2500 rpm for 1.5 h.
Subsequently, shear-sensitive styrene-butadiene rubber (SBR, MTI Corporation, Richmond,
CA, USA) was added at 500 rpm and mixed for 3 min. The mass ratio of each component
of the anode slurry was set to graphite: conductive agent: Na-CMC:SBR = 93:1.3:1.87:3.73,
while the solid content was adjusted to 43 wt%.

All slurries were tape-cast with a doctor blade ZUA 2000.100 (Proceq, Schwerzenbach,
Switzerland) onto a current collector (Al foil with a thickness of 20 µm for the cathode and
copper (Cu) with a thickness of 9 µm for the anode), which was fixed on a laboratory coater
MSK-AFA-L800-LD (MTI Corporation, Richmond, CA, USA) equipped with a vacuum
table. A coating speed of 5 mm/s was applied, while the film thickness was adjusted by
varying the gap of the doctor blade. After casting, all aqueous slurries were dried at room
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temperature (20 ◦C), while the NMC 622 cathode slurry with PVDF binder was dried at
an elevated temperature of 75 ◦C for 2.5 h. After drying, the cathodes and anodes were
calendared using an electric calendaring machine MSK-2150 (MTI Corporation, Richmond,
CA, USA) at room temperature with a constant feeding speed of 35 mm/s. The average
porosities of cathodes and anodes were adjusted to 35% and 40%, respectively, which were
determined by the weight percentage and density of each component [33].

2.2. Laser Structuring Process

A pulsed fiber laser (Tangerine, Amplitude Systèmes, Pessac, France) operating at a
wavelength of 515 nm with a maximal average laser power of 12 W and a pulse duration of
380 fs was used for the structuring and cutting of NMC 622 cathodes. In order to investigate
the impact of the laser fluence (or average laser power) on cell performance, two strategies
were adopted. The first strategy was to apply a laser power of 5.0 W, while the second
strategy was to adjust the channel width by using multiple scans with an offset, keeping
the average laser power at 2.5 W, as illustrated in Figure 1. By adjusting the offset distance,
the mass loss of the laser structured electrodes can be kept at a similar value compared to
the electrodes structured at various laser powers.
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Figure 1. Schematic representation of the two laser structuring strategies using different laser powers
to adjust the ablation width.

The laser parameters for the structuring of NMC 622 cathodes and graphite anodes
are listed in Table 1. Line structures with 200 µm pitch (the distance between adjacent
groove structures) were generated in NMC 622 thick-film electrodes, since our previous
study revealed that the rate capability was enhanced with decreasing pitch from 600
to 200 µm [33]. For the laser structuring of graphite anodes, a pulsed slab laser (FX600,
Edgewave, Würselen, Germany) operating at a wavelength of 1030 nm and a pulse duration
of 600 fs implemented in a laser micromachining system (MSV203, M-Solv Ltd., Oxford,
UK) was used. The laser line energy shown in Table 1 is the ratio of average laser power
and scanning speed. In addition, the line pitch for graphite anodes was adjusted to 350 µm
in order to achieve a similar N/P ratio (the areal capacity of anode divided by that of
cathode) in pouch cells containing different types of cathodes and anodes.

Table 1. Laser structuring parameters for different types of electrodes used in cells.

Electrodes Average Laser
Power [W]

Laser Scan
Speed [mm/s]

Laser Repetition
Rate [kHz]

Line
Energy [J/m]

Laser Scans
[-]

Pitch
[µm]

NMC 622 cathodes
with PVDF as binder 2.5 500 500 5 22 200

Aqueous processed
NMC 622 cathodes 2.5 500 500 5 13 200
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Table 1. Cont.

Electrodes Average Laser
Power [W]

Laser Scan
Speed [mm/s]

Laser Repetition
Rate [kHz]

Line
Energy [J/m]

Laser Scans
[-]

Pitch
[µm]

Aqueous processed
NMC 622 cathodes 5.0 500 500 10 7 200

Graphite anodes 37 20,000 1000 1.85 92 350

2.3. Cell Assembly and Electrochemical Analyses

NMC 622 cathodes were cut into circular samples with a diameter of 12 mm and
dried at 130 ◦C for 12 h under vacuum at 0 bar. After final drying, the electrodes were
transferred to an argon-filled glove box (LAB master pro sp, M. Braun, Garching, Germany)
with H2O < 0.1 ppm and O2 < 0.1 ppm. NMC 622 cathodes were assembled vs. Li foil
(Merck, Darmstadt, Germany) with a thickness of 0.25 mm in CR2032 coin cells (half-cells).
A total amount of 120 µL electrolyte (Solvionic, Toulouse, France) consisted of 1.3 M LiPF6
in ethylene carbonate (EC) and ethyl methyl carbonate (EMC) with EC:EMC = 3:7 (mass
ratio) plus 5 wt% additive of fluoroethylene carbonate (FEC) was added to each coin
cell. A polypropylene (PP) separator foil (Celgard 2500, MTI Corporation, Richmond, CA,
USA) with a thickness of 25 µm was placed between NMC 622 cathode and Li foil. All
cell components were crimped using an electric crimper (MSK-160E, MTI Corporation,
Richmond, CA, USA) at 0.8 t after stacking and the cells were stored at room temperature
for 24 h to ensure a complete wetting of separator and cathode with liquid electrolyte.

For pouch cell assembly, NMC 622 cathodes and graphite anodes were laser cut into
electrodes with an area of 45 × 45 mm2 and 49 × 49 mm2, respectively. The terminals of the
cathodes and anodes were subsequently welded to an Al- and a Ni-tab, respectively, by us-
ing an ultrasonic welding machine (DS20-B, Schunk, Heuchelheim an der Lahn, Germany).
The electrodes and PP separator with an area of 60 × 60 mm2 were subsequently dried
under vacuum (−1 bar) at 60 ◦C for 24 h to eliminate residual water from the electrodes
and separator. All the components were stacked in the cathode/separator/anode sequence.
Afterwards, the stack was sealed in an Al laminated pouch case (MTI Corporation, Rich-
mond, CA, USA) consisting of polyamide/Al/polypropylene (each with adhesive layers
in between) with an opening on one side, and 1.1 mL of the same type of electrolyte used
for coin cells was injected into each pouch cell. After 30 min of wetting, the final sealing
process with evacuation was performed to completely seal the pouch bag. Finally, all pouch
cells were stored at 20 ◦C for 20 h prior to electrochemical analyses.

Rate capability analyses were carried out with a battery cycler (BT2000, Arbin Instru-
ments, College Station, TX, USA). A “constant current–constant voltage” (CCCV) protocol
for charging was applied for each studied C-rate, while only constant current (CC) was
used for discharging. The voltage window applied for half-cells was 3.0–4.3 V, while for
pouch cells, the operating voltage window was 3.0–4.2 V. At the beginning, 3 cycles at C/20
(with C/50 as cut-off current during constant voltage phase) were performed as formation
step, followed by raising C-rates from C/10 to 3C. A degassing process of the pouch cells
was conducted after the first C/20 cycle. Finally, 5 cycles at C/5 were applied for coin
cells to study possible capacity loss after cycling at high currents. In addition, symmetrical
protocol was applied, which means that the currents for charging and discharging were the
same. After rate capability analyses, half-cells and pouch cells were cycled at C/2 to study
their long-term cycling performance.

A battery cycler (BCS-810, Biologic, Seyssinet-Pariset, France) was used for electro-
chemical impedance spectroscopy (EIS) on pouch cells and symmetrical coin cells. EIS
analyses on pouch cells were performed at 3.6 V (50% state-of-charge, SoC) after the rate
capability analyses and after every 100 cycles at C/2 during lifetime analyses. For symmet-
rical coin cells and pouch cells, a 10 mV voltage amplitude was applied, while the scanning
frequency range was set from 10 mHz to 10 kHz. The EIS data were analyzed and fitted
using analyzation software (ZView 2 Version 3.2, Scribner LLC, Southern Pines, NC, USA).
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3. Results and Discussion
3.1. Electrodes and Laser Structuring Parameters

Thick-film NMC 622 cathodes prepared in the present work have higher areal loading
than the state-of-the-art cathodes (23–27 mg/cm2) [50,51], while the aqueous processed
thick-film graphite anodes with two different thicknesses were manufactured, which served
as counter electrodes vs. NMC 622 cathodes in full-cells. Graphite anodes with two real
loadings are needed to ensure a similar N/P ratio for the cells with PVDF-based or aqueous
processed NMC 622 cathodes. Although NMC 622 cathodes with different binders had
a similar mass loading of around 35 mg/cm2, the aqueous processed cathodes showed a
lower specific discharge capacity of 166 mAh/g compared to the reference cathodes with
PVDF binder (172 mAh/g). This is due to the Li-leaching from the NMC 622 surface during
the aqueous mixing process [14]. Thus, cathodes with PA addition showed similar active
mass loading but lower areal capacity in contrast to the reference cathodes with PVDF
binder. The details of all electrodes are listed in Table 2.

Table 2. Film thickness, active mass loading, and areal capacity of different types of electrodes.

Electrodes Type Film Thickness * [µm] Active Mass Loading [mg/cm2] Areal Capacity [mAh/cm2]

Ref. cathodes with PVDF 150 ± 5 35.4 ± 0.6 6.1 ± 0.1
Cathodes with PA

addition 149 ± 4 35.5 ± 0.3 5.9 ± 0.1

Graphite anodes (thin) 171 ± 3 19.5 ± 0.3 6.4 ± 0.1
Graphite anodes (thick) 195 ± 4 22.0 ± 0.4 7.3 ± 0.2

* This film thickness does not contain the thickness of the current collector.

Aqueous processed thick-film NMC 622 cathodes with PA addition were structured
using different average laser powers and laser scans, their cross sectional views (Figure 2)
obtained from metallographic samples prepared with resin, hardener, and a fluorescent
additive, as illustrated elsewhere [49]. The green part is the resin containing fluorescent
additive, while the NMC 622 particles and Al foil are shown in red. With increasing laser
power from 2.5 to 5.0 W, i.e., with increasing line energy from 5 to 10 J/m, the maximum
groove width near the electrode surface increased from 30 to 43 µm, as shown in Figure 2a,b,
whereas the full-width-at-half-maximum (FWHM) increased from 13 to 26 µm. This is
similar to our published results on the laser structuring of graphite anodes, where a linear
increase in ablation depth with increasing line energy from 5 to 25 J/m was found [52].
The channel geometry changed from V-shapes (with sidewalls at about 6◦ to the vertical)
to approximately rectangular shape with increasing laser line energy. Furthermore, the
aspect ratio (the quotient of film thickness and FWHM) was reduced from 11.5 to 5.7 with
increasing average laser power. Besides, the resulting active mass loss increased from
4% to 9% as summarized in Table 3. Due to economic reasons, a mass loss significantly
higher than 10% should be avoided, especially for the cathode material, which in general
is more expensive than the anode material and other cell components [53]. However, the
laser processing time is significantly shorter due to the reduction of the number of laser
scans from 13 to 7, which means that the ablation depth per laser scan increased from 11
to 21 µm with increasing average laser power from 2.5 to 5.0 W. The width and ablation
depth increased with increasing laser power, while low laser power and multi-laser scans
were effective in achieving groove structures with high aspect ratios. A similar conclusion
was also drawn in the study of the laser structuring of LFP cathodes [46]. In addition, the
reference NMC 622 cathodes with PVDF binder were laser structured using a line pitch of
200 µm and an average laser power of 2.5 W, resulting in a mass loss of 3.4%.

Figure 2c,d exhibit the outcome of the second laser structuring strategy, which is to
adjust the channel width by using multiple scans with offset, while keeping the average
laser power constant. Four different offset distances varying from 30 to 10 µm were applied.
Since the laser spot size was 29 µm, these four offsets correspond to hatch overlaps ranging
from 0% to 66%. When the offset was set to 30 µm (0% overlap), the grooves generated by
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the two laser structuring processes were not completely connected to each other, resulting
in a Π-shaped structure (Figure 2c). As the offset was reduced, the channels emerged, and
the total channel width was increased in comparison to the single laser scan with the same
average laser power. However, when the offset was reduced to 15 and 10 µm, the channel
width was decreased, while the ablation depth was increased, affecting the Al current
collector, as marked in Figure S1a,b by dashed circles. To avoid the ablation of current
collector material, an offset of 20 µm (31% hatch overlap) was applied. Besides, an angle
of 6◦ between the sidewalls and the vertical was maintained by applying 5 J/m laser line
energy with/without offset scans.

Batteries 2024, 10, x FOR PEER REVIEW 7 of 22 
 

reference NMC 622 cathodes with PVDF binder were laser structured using a line pitch of 
200 µm and an average laser power of 2.5 W, resulting in a mass loss of 3.4%. 

 
Figure 2. Cross sectional analyses of laser structured NMC 622 cathodes with an average laser power 
of (a) 2.5 W and (b) 5.0 W, and double scans with 2.5 W laser power and an offset of (c) 30 µm, (d) 
20 µm. 

Figure 2c,d exhibit the outcome of the second laser structuring strategy, which is to 
adjust the channel width by using multiple scans with offset, while keeping the average 
laser power constant. Four different offset distances varying from 30 to 10 µm were ap-
plied. Since the laser spot size was 29 µm, these four offsets correspond to hatch overlaps 
ranging from 0% to 66%. When the offset was set to 30 µm (0% overlap), the grooves gen-
erated by the two laser structuring processes were not completely connected to each other, 
resulting in a Π-shaped structure (Figure 2c). As the offset was reduced, the channels 
emerged, and the total channel width was increased in comparison to the single laser scan 
with the same average laser power. However, when the offset was reduced to 15 and 10 
µm, the channel width was decreased, while the ablation depth was increased, affecting 
the Al current collector, as marked in Figure S1a,b by dashed circles. To avoid the ablation 
of current collector material, an offset of 20 µm (31% hatch overlap) was applied. Besides, 
an angle of 6° between the sidewalls and the vertical was maintained by applying 5 J/m 
laser line energy with/without offset scans. 

Table 3. Maximum width and FWHM of the groove structures in different types of electrodes and 
the respective active mass loading, areal capacity, and mass loss due to laser structuring. 

Electrode Type Max. Width 
[µm] 

FWHM 
[µm] 

Active Mass Loading 
[mg/cm2] 

Areal Capacity 
[mAh/cm2] 

Mass Loss 
[%] 

Cathodes with PA addition, 2.5 W 30 ± 3 13 ± 1 34.0 ± 0.1 5.6 ± 0.1 4.2 ± 1.3 
Cathodes with PA addition, 5 W 43 ± 4 26 ± 2 32.3 ± 0.3 5.3 ± 0.1 9.0 ± 1.5 

Cathodes with PA addition, 2.5 W, with offset 50 ± 4 25 ± 3 31.9 ± 0.2 5.3 ± 0.1 10.2 ± 1.9 
Ref. cathodes with PVDF, 2.5 W 33 ± 2 10 ± 2 33.6 ± 0.2 5.8 ± 0.2 3.4 ± 2.2 

Anode (thick) 46 ± 5 28 ± 2 19.4 ± 0.4 6.4 ± 0.1 12.0 ± 3.3 

Furthermore, the surface topography of the sidewalls of groove structures using dif-
ferent laser power was analyzed. Scanning electron microscopy (SEM) (Figure S2a) reveals 
that the entire surface of the sidewalls of the structured cathodes is smooth and polished 
using 2.5 W laser power (laser peak fluence of 1.5 J/cm2), while energy dispersive X-ray 
(EDX) analysis (Figure S2b,c) shows a homogenous distribution of elements attributed to 
NMC 622. This indicates a homogenous laser ablation regardless of the ablation depth, 
and the composite electrode was uniformly ablated along the laser scan route. However, 
as the laser power increased to 5.0 W (laser peak fluence of 3.0 J/cm2), a heterogeneity in 
topography appeared on the sidewall surface: numerous intact, unaffected secondary 

Figure 2. Cross sectional analyses of laser structured NMC 622 cathodes with an average laser power
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Table 3. Maximum width and FWHM of the groove structures in different types of electrodes and the
respective active mass loading, areal capacity, and mass loss due to laser structuring.

Electrode Type Max. Width
[µm]

FWHM
[µm]

Active Mass Loading
[mg/cm2]

Areal Capacity
[mAh/cm2]

Mass Loss
[%]

Cathodes with PA addition, 2.5 W 30 ± 3 13 ± 1 34.0 ± 0.1 5.6 ± 0.1 4.2 ± 1.3
Cathodes with PA addition, 5 W 43 ± 4 26 ± 2 32.3 ± 0.3 5.3 ± 0.1 9.0 ± 1.5

Cathodes with PA addition, 2.5 W, with offset 50 ± 4 25 ± 3 31.9 ± 0.2 5.3 ± 0.1 10.2 ± 1.9
Ref. cathodes with PVDF, 2.5 W 33 ± 2 10 ± 2 33.6 ± 0.2 5.8 ± 0.2 3.4 ± 2.2

Anode (thick) 46 ± 5 28 ± 2 19.4 ± 0.4 6.4 ± 0.1 12.0 ± 3.3

Furthermore, the surface topography of the sidewalls of groove structures using
different laser power was analyzed. Scanning electron microscopy (SEM) (Figure S2a)
reveals that the entire surface of the sidewalls of the structured cathodes is smooth and
polished using 2.5 W laser power (laser peak fluence of 1.5 J/cm2), while energy dispersive
X-ray (EDX) analysis (Figure S2b,c) shows a homogenous distribution of elements attributed
to NMC 622. This indicates a homogenous laser ablation regardless of the ablation depth,
and the composite electrode was uniformly ablated along the laser scan route. However,
as the laser power increased to 5.0 W (laser peak fluence of 3.0 J/cm2), a heterogeneity
in topography appeared on the sidewall surface: numerous intact, unaffected secondary
NMC 622 particles were observed near the current collector, and cavities also appeared
in these areas (Figure S3). The different topography of sidewalls may result from surface
modification by interaction between laser-induced plasma and electrode materials along
the surface of laser-generated channels. The plasma temperature increases with increasing
laser fluence [54], and the electrode material attached to the channel geometry may face
an increased temperature due to plasma interaction. However, no melt formation near the
channel was detected in all laser-structured NMC 622 cathodes. The increased temperature
may lead to selective ablation of binder and conductive agent in NMC 622 cathodes, which
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can be verified by the existence of cavities in Figure S3b. Similar results were reported
in composite LiCoO2 electrode using fs-laser ablation [32] or in NMC 111 electrode with
surface treatment using infrared (IR)-laser radiation [55].

Figure S4 shows the cross-sectional view of a laser structured graphite anode. Compared
to the groove structures in NMC 622 cathodes having a V-shape with wider opening near the
electrode surface, laser structured graphite anodes provide more rectangular-type channels.

3.2. Electrochemical Analyses
3.2.1. Coin Cells (Half-Cells and Symmetric Cells)

Figure 3a shows the rate capability of coin cells (half-cells) made of laser structured
thick-film NMC 622 electrodes prepared aqueously with PA addition using different laser
structuring strategies. The error bars were obtained from the standard deviation of the
specific capacities of three cells with the same type of cathodes at different C-rates. At the
first C/20 cycle, cells with unstructured cathodes achieved the highest initial capacity of
168 mAh/g, while those containing cathodes structured at high average laser power or
with offset scans had a similar discharge capacity of 160 mAh/g. The cells with single scan
(without offset) structured electrodes achieved the second highest capacity of 163 mAh/g.
Nevertheless, all cells showed a similar initial coulombic efficiency (CE) of 86%. As the
C-rate increased from C/10 to C/2, cells with 5.0 W structured electrodes exhibited the
lowest capacity compared to other cells with laser structured electrodes at other structuring
parameters. Especially at C/10 and C/5, the capacity decrease of cells with this type of
electrodes was significantly higher. As C-rates increased from C/2 to 2C, cells with laser
structured electrodes showed a capacity increase of 5–64 mAh/g in comparison to the
reference cells with unstructured electrodes, as shown in Figure 3b. The increase in capacity
was based on the difference between the average specific discharge capacities of the cells
with laser structured electrodes and those with unstructured electrodes, while the error bars
were determined based on the uncertainty propagation theory [56]. In particular, the cells
containing structured electrodes with 2.5 W and offset scans exhibited the highest capacity
of 39 and 64 mAh/g at C/2 and 1C, respectively. In contrast, cells with electrodes structured
at 5.0 W showed lower capacity increase at C/2 to 2C compared to cells with cathodes
structured at 2.5 W and offset scans. Besides, they retained lower discharge capacity at 3C
compared to the reference cells with unstructured aqueous processed electrodes.
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Figure 3. Rate capability analyses of (a) cells containing laser structured PA-added NMC 622 cathodes
with three different structuring strategies, and (b) the increase in specific discharge capacity of cells
containing laser structured electrodes compared to those with unstructured PA-added electrodes.

The capacity retention of cells with different types of cathodes is calculated by dividing
the average capacity of the last five C/5 cycles by those of the first five C/5 cycles. The cells
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with NMC 622 cathodes structured at 2.5 W with offset scans exhibited the highest capacity
retention of 97.6 ± 0.9%, while the cells with electrodes structured at 5.0 W had the lowest
capacity retention of 93.7 ± 1.5%. The cells with other two types of NMC 622 cathodes
showed a similar capacity retention of 96.9%.

Our previous study found that, for cells containing NMC 622 electrodes with 150 µm
thickness, the discharge capacity increased at C-rates larger than C/2 with decreasing
structure pitch. In other words, it is assumed that, with increasing mass loss of the laser
structured electrodes, an enhanced rate capability at high C-rates should be achieved [33].
However, the electrode mass losses due to laser ablation with 5.0 W and 2.5 W with offset
scans were similar, but the cells containing electrodes with former structuring strategy
displayed less capacity in rate capability.

The same types of cathode, as well as the reference cathodes with PVDF binder,
were assembled in symmetrical cells in order to determine their ionic resistance using EIS
analyses [57]. The Faradaic processes can be inhibited by using fully lithiated electrodes in
blocking condition [57]. The equivalent circuit for EIS data fitting (Figure 4a) consists of a
resistor and a generalized finite Warburg element, which was applied in another study [58],
and the resistor describes all ohmic resistance in the cell, while the generalized Warburg
element is used to represent the porous electrodes. For cells with aqueous processed
electrodes, the ones containing unstructured cathodes (“PA, US”) exhibited the highest
ionic resistance of 70.5 ± 1.0 Ω cm2 (Figure 4b), followed by those with 2.5 W structured
cathodes (“PA, 2.5 W”) of 34.5 ± 0.4 Ω cm2. The cells having structured electrodes with
5.0 W (“PA, 5.0 W”) and 2.5 W offset scans (“PA, 2.5 W, offset”) exhibited around 25 Ω
cm2 ionic resistance, which is 65% lower compared to those with unstructured electrodes.
Similar results were reported by Park et al. [32], where 42% and 38% ionic resistance
decrease in symmetrical cells containing laser structured LiCoO2 cathodes and graphite
anodes was observed, respectively. Around a 20% decrease in ionic resistance of laser
structured graphite with line structures in comparison to unstructured ones with the same
areal capacity was also reported in our previous work [45]. Compared to cells with aqueous
processed cathodes, those having unstructured electrodes with PVDF binder (Ref. PVDF,
US) showed lower ionic resistance of 41.0 ± 0.2 Ω cm2, while the lowest resistance of
21.6 ± 0.3 Ω cm2 was measured for the cells containing structured cathodes with PVDF
binder (“Ref. PVDF, 2.5 W”). The tortuosity of different cathodes was determined according
to the equation shown in ref. [59], while the ionic conductivity of the electrolyte used in
this work was assumed to be 7.8 mS/cm, according to the study of Landesfeind et al. [60].
The “PA, US” cathodes had a higher tortuosity of 6.5 ± 0.3, while the “Ref. PVDF, US”
electrodes showed a reduced tortuosity of 3.7 ± 0.1.

The decrease in capacity of cells containing aqueous processed NMC 622 cathodes
compared to the reference cells with PVDF-based cathodes can be compensated by ap-
plying 3D architectures generated by laser ablation. The cells with “PA, 2.5 W, offset”
NMC 622 cathodes delivered the highest discharge capacity at C/2 to 3C and the highest
capacity retention in rate capability analyses compared to cells with other types of elec-
trodes. This indicates that channel geometry plays an important role in the enhancement of
the electrochemical performance of cells with 3D electrodes. It is obvious that the channel
geometry impacts the tortuosity of the electrode (Figure 4a). In addition, the electrolyte
wetting in 3D electrodes with narrow V-shape channels (2.5 W without offset scan) could
be less effective than that in the electrodes structured with 2.5 W with offset scans or with
5.0 W. Dry regions near the current collector might appear in V-shaped channels, which
would result in a lower discharge capacity. By applying offset scans, the channel geometry
changes from V-shape to nearly rectangular, and the rate capability of cells with laser
structured electrodes can be enhanced at high C-rates larger than C/2, while the ionic
resistance is reduced by 23.5%. The defined control of wettability and tortuosity opens up
new perspectives for enhancing electrochemical performance, and the channel geometry
can be further tuned by combining laser structuring with multilayer electrodes [61].
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Figure 4. (a) Nyquist plot of EIS spectra (points) and respective fits (lines) of the symmetrical cells
containing different types of laser structured and unstructured electrodes, and the equivalent circuit
used for the data fitting, as well as the ionic resistance Rion derived from the EIS data; and (b) the
acquired ionic resistance. The term “US” stands for “unstructured” electrodes.

In addition to the channel geometry, the applied average laser power (or laser line
energy) also has an impact on the electrochemical performance of the cells with laser
structured electrodes. As mentioned in Section 3.1, SEM images (Figure S2a) showed that,
as the average laser power increased from 2.5 to 5.0 W, the surface of the sidewalls in laser
generated grooves became more inhomogeneous. The increased average laser power leads
to a selective removal of matrix composites consisting of binder and conductive agent. The
ablation might affect a thin surface layer along the sidewalls of the generated grooves, and
thus may result in a decrease in electrical conductivity of the NMC 622 particles distributed
along the groove surface. This can also explain the observed decrease in specific discharge
capacity from C/10 to 1C (Figure 3a). It is worth noting that the channel geometry affects
the formation of the laser-induced plasma and that the plasma-sidewall interaction can
offer the main contribution to material modifications, especially when using ultrafast laser
ablation, which is well known for the “cold” nature of its material removal. Thus, the
channel geometry and, in turn, the ablation or scan strategy should be very well controlled
to reduce possible material modification, besides the proper selection of the used average
laser power.

3.2.2. Pouch Cells (Full-Cells)

Although similar mass losses were achieved by applying 5.0 W average laser power
or 2.5 W with offset, the latter laser structuring strategy provided the most enhanced
cell performance in rate capability. Thus, this parameter set was applied for the laser
structuring of aqueous processed NMC 622 cathodes for full-cells vs. graphite. In contrast,
2.5 W without offset scan was applied as “standard” laser structuring process for aqueous
processed cathodes and cathodes with PVDF binder.

Rate capability analyses (Figure 5a) show that the cells with unstructured PA-added NMC
622 cathodes exhibited the lowest initial discharge capacity of 97 mAh/g, whereas those with
laser structured aqueous processed NMC 622 cathodes displayed capacities of 120–125 mAh/g,
which are similar to the reference cells having unstructured NMC 622 cathodes with PVDF
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binder (Table 4). The highest initial discharge capacity of 157 mAh/g belonged to the
cells containing laser structured NMC 622 cathodes with PVDF binder. In addition, the
cells with “PA, US” cathodes exhibited 30 mAh/g lower initial capacity compared to the
reference cells with “Ref. PVDF, US” cathodes, which is due to the Li dissolution from
the surface of NMC 622 during the slurry mixing process [17,62]. Furthermore, the initial
capacity increased by 27–31 mAh/g and 36 mAh/g for cells containing laser structured
aqueous processed or PVDF-based cathodes in comparison to those with unstructured
electrodes, respectively. This enhancement may be due to the rapid and homogeneous
electrolyte wetting in laser structured electrodes [29]. The discharge capacity in pouch cells
with aqueous processed NMC electrodes also increased with increasing cycle number from
the 2nd to 3rd cycle during formation. This was also observed in other studies [24,26],
which may be attributed to the swapping of Li-ions from the electrolyte with part of the
protons on the surface of aqueous processed NMC 622 particles [14].
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Figure 5. (a) specific discharge capacity of pouch cells (full-cells) containing different types of NMC
622 cathodes vs. graphite anodes with increasing C-rates from C/20 to 3C. (b) dQ/dV plots of the
respective pouch cells from the third cycle during formation step at C/20.

Table 4. Initial CE and discharge capacity of pouch cells containing different types of NMC 622 cathodes
from the formation step at C/20.

Cathode Type Initial CE [%] Initial Discharge Capacity [mAh/g]

PA, 2.5 W 81.7 ± 0.7 120 ± 4
PA, 2.5 W, offset 84.3 ± 3.3 125 ± 3

PA, US 83.8 ± 1.6 97 ± 15
Ref. PVDF, 2.5 W 86.0 ± 3.2 157 ± 12

Ref. PVDF, US 83.3 ± 3.1 126 ± 23

The initial CE of pouch cells was lower in contrast to that of coin cells (half-cells). For
instance, reference pouch cells with unstructured electrodes had an initial CE of 83.3%,
whereas coin cells had an initial CE of 88.8%. This difference can be attributed to the
formation of the solid–electrolyte interphase (SEI) [63]. After the first cycle, the CE increased
to 99–100% for all pouch cells, indicating an adequate SEI formation on the graphite anodes
and an adequate cathode–electrolyte-interphase (CEI) on the NMC 622 cathodes.

The dQ/dV plots of pouch cells with different types of electrodes from the third cycle
during formation step (C/20) are displayed in Figure 5b. Three peaks were observed during
charging and discharging, respectively, which are in good agreement to the literature [64,65].
The first distinct peak c1 during charging appeared at 3.46 V, followed by the main peak
c2 at 3.64 V. A third peak c3 was observed at around 3.85 V, which is significantly weaker
in contrast to the other peaks. During discharging, the main anodic peak a2 and the
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second peak a1 at 3.58 V and 3.39 V, respectively, are visible for all cells with unstructured
electrodes, while the third peak a3 is weak and not obvious. The c2 peak is ascribed to
the phase transition of NMC 622 from the hexagonal (H1) to the monoclinic (M) phase,
while the c1 peak is associated to the lithiation of graphite (C6→LiCx), which is in good
agreement with the literature [66]. The weak c3 peak is associated with the phase transition
of NMC 622 from the monoclinic (M) to the hexagonal (H2) phase [66]. Thus, the addition
of PA and the laser structuring do not affect the redox reaction of NMC 622 cathodes. In
addition, the peak area of c2 was reported to be proportional to the total cell capacity [65,67].
In the present work, the c1 peaks exhibited similar intensity for cells with laser structured
electrodes compared to those with unstructured electrodes, while the intensity of c2 peaks
reduced for cells with laser structured electrodes, especially for cells containing aqueous
processed cathodes. The decrease in intensity of c2 and a2 peaks for cells with laser
structured electrodes with increasing mass loss in comparison to those with unstructured
electrodes is coherent with the decrease in cell capacity at C/20 and C/10 (Figure S5).

At C/10 and C/5, the cells having laser structured electrodes exhibited up to 5 mAh/g
lower specific discharge capacity compared to those with unstructured electrodes. The
charge and discharge profiles at C/10 of pouch cells with different types of electrodes are
displayed in Figure S6a,c. The IR-drops at the beginning of the discharge profiles for all cells
were in the range of 0.05 V. As the C-rate increased to values larger than C/2, all cells with
laser structured electrodes exhibited higher specific capacity in comparison to the cells with
unstructured electrodes. For example, compared to cells with “Ref. PVDF, US” electrodes,
cells with laser structured electrodes showed 25 mAh/g higher specific discharge capacity
at C/2. An increase of 32 mAh/g was observed for cells with laser structured aqueous
processed cathodes. The discharge profiles of pouch cells containing different types of NMC
622 cathodes at C/2 are displayed in Figure S6b,d. Compared to the cells with unstructured
electrodes, the respective cells with laser structured electrodes exhibited a higher discharge
plateau (or a lower charge plateau) and reached a 20–25 mAh/g higher specific capacity
after discharging (or charging). This illustrates that laser structuring can reduce the cell
polarization in cells containing electrodes of high mass loading. A maximal increase in
discharge capacity of 44 mAh/g was found for cells with “PA, 2.5 W, offset” cathodes in
contrast to cells with “PA, US” cathodes at 1C, whereas the cells with “PA, 2.5 W” cathodes
showed an increase in discharge capacity of 34 mAh/g. Similarly, reference cells with “Ref.
PVDF, 2.5 W” cathodes showed an increase in specific capacity of 40 mAh/g compared to
those with “Ref. PVDF, US” cathodes. At 2C, pouch cells with two types of laser structured
aqueous processed NMC 622 cathodes reached a similar specific capacity compared to
the cells with “Ref. PVDF, US” electrodes. At the highest studied C-rate of 3C, the cells
with “Ref. PVDF, 2.5 W” cathodes maintained a specific discharge capacity of 19 mAh/g,
while other cells had a similar specific capacity of 8–12 mAh/g. By comparing half-cells
and full-cells of the same type of cathodes, it is found that their rate capability results
are comparable.

Applying aqueous processing and laser structuring decreases the overall cell capacity
at low C-rates from C/20 to C/5 (Figure S5), which is due to the Li-dissolution and laser
generated active material loss, respectively. However, cells with laser structured electrodes
starts to show an advantage at C-rates higher than C/5. The cells with laser structured
PA-added cathodes achieved a similar or higher total capacity compared to the cells with
“Ref. PVDF, US” cathodes. If the C-rate was further increased to 1C, the cells with laser
structured PA-added cathodes outperformed the cells with “Ref. PVDF, US” cathodes,
resulting in an 11–13 mAh higher capacity.

The energy density at cell level was calculated from the rate capability analyses
and plotted vs. the power density (Figure 6), which is also known as Ragone plot. The
calculation of energy and power density of cells is demonstrated in Appendix A. It reveals
that, for pouch cells with thick-film electrodes, both the volumetric and gravimetric energy
density decrease as the power density increases. Figure 6a displays that, at power densities
lower than 130 W/L, cells with unstructured thick-film electrodes achieved a higher energy
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density than those with laser structured electrodes. This implies that, for low power
applications (C-rates below C/2), the enhancement of Li-ion diffusion in 3D structured
electrodes is insufficient to compensate for the loss of active materials due to laser ablation.
For the cells with aqueous processed cathodes, the crossing point, where the energy density
reaches the same value for both cells with unstructured and laser structured electrodes,
shifted to a higher power density as the mass loss increased. For example, the crossing point
was located at 140 W/L for cells with 2.5 W structured cathodes whereas, for cells with
cathodes structured at 2.5 W and offset, the point increased to 190 W/L. This suggests that,
by reducing the mass loss in electrodes, laser structuring begins to show its advantages at
lower power density. Moreover, for reference cells with PVDF binder, an increase in energy
density of up to 110 Wh/L is observed at power density from 140 to 1300 W/L for cells with
laser structured electrodes. In contrast, cells with “PA, US” cathodes exhibited the lowest
energy density due to the irreversible Li-leaching during aqueous slurry preparation.
However, from 220 to 600 W/L, the energy densities of the cells with laser structured
aqueous processed cathodes increased to the same or higher level compared to the reference
cells with “PA, US” electrodes. The same trend is observed in Figure 6b, where cells with
laser structured PA-added electrodes reached a higher gravimetric energy density at 80
to 220 W/kg compared to the reference cells with unstructured PVDF-based electrodes.
Besides, if only comparing cells containing aqueous processed electrodes, laser structuring
can enhance the energy density in the power density range from 140 to 1300 W/L (or 40 to
450 W/kg).
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Figure 6. Ragone plots for the pouch cells containing unstructured or laser structured thick-film
cathodes with PVDF binder or with water-soluble binder and PA addition. (a) Volumetric and
(b) gravimetric energy density vs. power density are plotted, taking into account all cell components
in a full-cell. A detailed description of the calculations can be found in Appendix A.

Figure 7 exhibits the lifetime analyses of pouch cells, which were cycled at C/2 (charge
and discharge) and, after each 100 cycles at C/2, the cells were cycled at C/5 for 3 cycles
to examine the capacity retention. The cells with “Ref. PVDF, US” electrodes showed
continuous specific capacity decline from 117 to 83 mAh/g, retaining 70.9% capacity after
500 cycles, whereas those containing “PA, US” electrodes showed a lower specific capacity
of around 100 mAh/g at the beginning but remained 93.6% capacity after 500 cycles. The
enhanced cycling stability of cells with aqueous processed NMC 622 cathodes compared to
cells containing electrodes with PVDF binder was also observed in other literatures [24,68].
The enhanced lifetime of cells with PA-added cathodes indicates that phosphates formed on
the surface of NMC 622 particles can stabilize the interface between NMC 622 particles and
electrolyte and may hinder the dissolution of transition metal-ions during cycling [20,25].
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Figure 7. Specific discharge capacities of pouch cells containing different types of electrodes at C/2
during lifetime analyses. After each 100 cycles at C/2, 3 cycles at C/5 were conducted to determine
the capacity retention. The shaded areas indicate the deviations between cells containing the same
type of electrodes.

Furthermore, in comparison to the cells with “Ref. PVDF, US” electrode, the remained
total cell capacities of the cells with “PA, 2.5 W” or “PA, 2.5 W, offset” cathodes were
38% and 29% higher after 500 cycles, respectively, while the cells with “PA, US” cathodes
achieved a 19% higher specific capacity. In addition, it is worth noting that the mass
loading of the aqueous processed NMC 622 cathodes used in the present work is higher in
comparison to the previously published references [22,24,25].

Figure S7 shows the state-of-health (SoH) of different cells during lifetime analyses,
and the end-of-life (EoL), which is defined by a SoH reduction to 80%, was determined by
applying a linear fit to the data. The cells with “Ref. PVDF, US” electrodes reached their EoL
after 369 cycles, while the cells with “Ref. PVDF, 2.5 W” electrodes were expected to last the
longest, with 1952 cycles. In contrast, cells with “PA, US” cathodes would last 1664 cycles,
whereas those with “PA, 2.5 W” or “PA, 2.5 W, offset” cathodes could achieve 1480 and
1815 cycles before reaching their EoL, respectively. This indicates that, for the reference
cells containing thick-film cathodes with conventional PVDF binder, laser structuring
can significantly extend their EoL by a factor of 4.3. With the combination of aqueous
processing of NMC 622 cathodes and laser structuring using offset scans, the EoL of cells is
four times longer compared to the reference cells with unstructured PVDF-based cathodes.
Additionally, tailoring the mass loss by applying offset scans allows the cycle life and cell
capacity to be further adjusted to meet different requirements in practical applications.

EIS analyses were performed on pouch cells after the rate capability analyses and
after every 100 cycles during lifetime analyses at an open circuit voltage (OCV) of 3.6 V,
which almost corresponds to a SoC of 50% (Figure 8). The semicircles from 10 kHz to
about 0.1 Hz showed a plateau-shaped form and thus did not allow a clear separation of
the contribution of anode and cathode. The widening of the semicircles with increasing
cycle number was also observed in other studies with half-cells [69] or full-cells [70,71]
containing NMC cathodes, where the semicircles at middle frequencies correspond to the
charge transfer resistance of cells. Furthermore, by comparing the semicircles before the
lifetime analyses, all cells with laser structured electrodes showed a reduced semicircle in
contrast to those with unstructured electrodes, indicating an overall lower charge transfer
resistance in cells with laser structured electrodes.

In order to distinguish the effects from anode and cathode, an equivalent circuit with
three in series connected R-CPE elements are used for the data fitting [72]. However, due
to the limited frequency range, the first semicircle corresponding to the SEI formation
could not be fully detected. Thus, we focus on the charge transfer processes of anode and
cathode at the middle frequencies. Previous results of pouch cells using three-electrode
configurations showed that the semicircle corresponding to the charge transfer resistance
consisting of anode and cathode, with anode at higher frequencies and cathode at lower
frequencies. [73]. The characteristic frequencies of the fitted RC circuits containing R1
and R2 were checked to ensure that the resistances were correctly matched to anode and
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cathode, respectively. The fitted equivalent circuit is shown in Figure 8b marked with a
red rectangle.
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Figure 8. Nyquist plots of the pouch cells containing unstructured and laser structured thick-
film NMC 622 cathodes with (a) water soluble binders and (b) PVDF binder at OCV of 3.6 V. EIS
analyses were performed subsequently to rate capability and after every 100 cycles during the lifetime
analyses. The respective fitting curves were related to the illustrated equivalent circuit model shown
in (b) marked with red rectangle.

The R1 for all cells increased with increasing cycle number (Figure 9a), and cells
with PA-added electrodes exhibited 0.3–0.8 Ω lower R1 compared to the reference cells
with unstructured electrodes. This may be due to the fact that the graphite anodes used
for the cells with PA-added cathodes had lower mass loading compared to those for the
reference cells with PVDF-based cathodes, due to the capacity loss in aqueous processed
NMC 622 cathodes resulting from Li-leaching (Table 2). The cell with “Ref. PVDF, US”
electrode showed an increase in R1 by 185% after 500 cycles, which is in agreement with
their severe aging behavior in lifetime analyses. In addition, all pouch cells with laser
structured electrodes displayed similar R1 values after 100 to 400 cycles. The R1 and R2
values of the cell with aqueous processed cathodes structured at 2.5 W after 500 cycles were
unusual, which is probably due to the fact that this cell was stored at open circuit voltage
for more than two weeks prior to the last EIS analysis due to a technical issue. Thus, these
data points can be neglected.
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Figure 9. Fitted charge transfer resistances. (a) R1 at higher frequency and (b) R2 at lower frequency
of pouch cells containing different types of electrodes after different cycle numbers.
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In contrast to the significant increase in R1 with increasing cycle number, R2 of the
reference cells with unstructured electrodes showed less than 0.1 Ω increase during the
lifetime analyses (Figure 9b). This indicates that, during lifetime analyses, the ageing
process is more severe on the graphite anodes than on the NMC 622 cathodes in full-cells.
The cell with “PA, US” cathode showed an about 0.5 Ω higher R2 value compared to the
cell with “Ref. PVDF, US” electrode. Since PA has a melting point of about 40 ◦C, the
residual PA would be dense and highly crystallized after the drying process at 90 ◦C; After
cell assembly, PA can cause excessive cathode-electrolyte-interphase (CEI) growth on the
NMC 622 cathodes, leading to an increased charge transfer resistance [25]. In addition, the
cells having aqueous processed cathodes structured with different scan strategies showed
about 0.3 Ω lower R2 compared to the cell with aqueous processed unstructured electrodes,
while the cell with cathode structured at 2.5 W and offset scans exhibited the lowest R2
among all cells with aqueous processed electrodes. However, the difference in R2 between
the cells containing laser structured electrodes with different scanning strategies was only
0.03–0.09 Ω. Thus, both scan strategies are capable of reducing the charge transfer resistance
R2 of the NMC 622 cathodes in pouch cells.

4. Conclusions

Aqueous processed phosphoric acid-added NMC 622 cathodes, as well as reference
cathodes with PVDF as binder, were prepared. For both types of cathodes, a film thickness
of about 150 µm was achieved, which corresponded to an active mass loading of around
35.5 mg/cm2. All aqueous processed cathodes were subsequently laser structured using
two laser scan strategies, i.e., doubling the average laser power or performing offset scans.
The offset was adjusted to 20 µm with 66% hatch overlap in order to generated grooves
without affecting the Al current collector. A similar mass loss of 9–10% due to laser ablation
was achieved by using both laser scan strategies. The cross-sectional geometry of the
grooves changed from V-shape to approximately rectangular shape with increasing average
laser power from 2.5 to 5.0 W (laser line energy from 5 to 10 J/m), while the aspect ratio
was reduced from 11.5 to 5.7. Besides, SEM analyses revealed heterogeneity on the surface
of the sidewalls of the laser generated grooves in cathodes structured at 5.0 W average laser
power, which might be due to the selective ablation of binder and carbon black.

The unstructured and laser structured aqueous processed NMC 622 cathodes were
assembled in half-cells vs. Li. Rate capability analyses showed that the cells having
cathodes structured with offset scans reached an enhanced discharge capacity at C/2
and 1C, while the cells with structured electrodes using high laser power showed a lower
capacity increase from C/2 to 2C and maintained a lower discharge capacity at 3C compared
to the cells with unstructured electrodes. EIS spectra from symmetrical cells showed that,
by applying both laser scan strategies, the cells with aqueous processed cathodes had
65% lower ionic resistance compared to the cells with unstructured aqueous processed
electrodes. In addition, the ionic resistance can be reduced by 15 Ω cm2 for cells with laser
structured aqueous processed cathodes compared to the reference cells with unstructured
PVDF-based cathodes.

The channel geometry plays an important role in the enhancement of the electrochemi-
cal performance of cells with 3D electrodes. By applying offset scans, the channel geometry
changes from V-shape to nearly rectangular, and the rate capability of cells with laser
structured electrodes can be further enhanced at high C-rates larger than C/2, while the
ionic resistance is significantly reduced by 23.5%. The channel geometry and the applied
average laser power have to be controlled carefully in dependence to each other. With
increasing average laser power, the temperature of the laser-induced plasma increases
as the plasma propagates and expands, and thus the possible interaction of plasma with
the electrode material strongly depends on the groove geometry. A selective ablation of
conductive agent (and binder) along the sidewall surface of the generated grooves might
cause a decrease in the electrical conductivity of the affected NMC 622 particles. However,
this contribution is considered to be small and further studies are needed that take into
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account the holistic influence of laser parameters and their impact on channel geometry,
wettability, tortuosity, and selective material modification as a function of active material
type, binder type, electrode porosity, and mass loading.

Pouch cells containing thick-film aqueous processed NMC 622 cathodes combined
with laser structuring with a total capacity of around 100 mAh were first characterized and
compared with those containing conventional PVDF binder in this work. Rate capability
analyses revealed that cells with laser structured PA-added cathodes achieved similar
or higher cell capacities than the reference cells with PVDF-based cathodes, especially
at high C-rates ranging from C/2 to 2C. Ragone plots indicated that laser structuring
could enhance the energy density of full-cells at power densities ranging from 140 to
1300 W/L (or 40 to 450 W/kg). Furthermore, full-cells exhibited enhanced performance in
lifetime analyses in comparison to the half-cells. The cells with laser structured PA-added
electrodes maintained a 29–38% higher total capacity compared to the reference cells with
unstructured PVDF-based cathodes after 500 cycles. Besides, the EoL of cells with PA-
added cathodes can be extended by a factor of 4 by implementing electrode structuring
with offset scans compared to the reference cells with PVDF binder. EIS analyses and
lifetime analyses indicated that combining laser structuring with aqueous processed for
thick-film NMC 622 cathodes could significantly mitigate the charge transfer resistance
increase in pouch cells during cycling, thereby allowing cells to maintain a high capacity
and a longer lifetime. By choosing the appropriate channel geometry tuned by laser ablation
with different laser parameters and scan strategies, the cells with aqueous processed 3D
NMC 622 cathodes can outperform the cells containing cathodes with PVDF binder in rate
capability analyses at high rates ranging from C/2 to 2C as well as in lifetime analyses.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/batteries10100354/s1, Figure S1: Cross sectional analyses of laser
structured NMC 622 cathodes with an average laser power of 2.5 W and an offset of (a) 15 µm,
and (b) 10 µm. The partial ablation of Al current collector are marked by dashed circles; Figure S2:
The (a) SEM image and (b) the overview of the EDX analysis performed on the sidewall of a laser
generated channel in aqueous processed NMC 622 cathode using 2.5 W laser power (laser peak
fluence of 1.5 J/cm2); (c) the EDX element mapping of aluminum, carbon, oxygen, nickel, manganese,
and cobalt; Figure S3: The (a) SEM image and (b) the overview of the EDX analysis performed on
the sidewall of a laser generated channel in aqueous processed NMC 622 cathode using 5.0 W laser
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Appendix A. The Calculation of Energy and Power Density of Pouch Cells

The calculation of the energy and power density of pouch cells containing different
types of electrodes is presented in this chapter in order to obtain the Ragone plot (Figure 6).
The gravimetric energy density EDg [Wh/kg] and volumetric energy density EDv [Wh/L]
are calculated as follows:

EDg =
Qcell ·UOC

mcell
·1000 (A1)

EDv =
Qcell ·UOC

Vcell
(A2)

where Qcell [Ah] is the total cell capacity, UOC [V] the open circuit voltage of the cell (3.6 V),
mcell [g] and Vcell [L] the total mass and volume of a unit cell, respectively. The Qcell is
obtained from the rate capability analyses at different C-rates.

The gravimetric power density PDg [W/kg] and volumetric power density PDv [W/L]
are described as follows:

PDg =
I·UOC
mcell

·1000 (A3)

PDv =
I·UOC
Vcell

(A4)

where I [A] is applied current.
The basic unit cell is considered in this work, which can be repeated in series to achieve

high capacity at the battery level in practice. The total mass of a unit cell mcell [g] is given as:

mcell = mCat + mAno + mSep + mEle −
1
2
(mAl + mCu) (A5)

where mCat [g] is the mass of the cathode with Al foil, mAno [g] the mass of the anode
with Cu foil, mSep [g] the mass of a used separator, mEle [g] the mass of the total injected
electrolyte, and mAl [g] and mCu [g] the mass of Al and Cu current collector, respectively.
The mAl and mCu were determined to be 0.120 g and 0.223 g by weighing, respectively. The
mSep was 0.043 g, while the mEle was 1.166 g (1.1 mL). The measured mCat and mAno are
summarized in Table S1 for cells with different types of cathodes.

The total volume of a unit cell is calculated as follows:

Vcell = A f oot·
hCat + hAno + hSep +

1
2 (hAl + hCu)

10000
(A6)

where A f oot [cm2] is the footprint of the pouch cell (4.9 × 4.9 cm2); hCat [µm] and hAno [µm]
the film thickness of the cathode and anode without current collector (Table 2), respectively;
hSep [µm] the thickness of separator, hAl [µm] and hCu [µm] the thickness of Al and Cu foil.
All the information can be found in Section 2.
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