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Abstract: For the first time, the laser structuring of large-footprint electrodes with a loading of
4 mAh cm~2 has been validated in a relevant environment, including subsequent multi-layer stack
cell assembly and electrochemical characterization of the resulting high-capacity lithium-ion pouch
cell prototypes, i.e., a technological readiness level of 6 has been achieved for the 3D battery concept.
The structuring was performed using a high-power ultrashort-pulsed laser, resulting in well-defined
line structures in electrodes without damaging the current collector, and without melting or altering
the battery active materials. For cells containing structured electrodes, higher charge and discharge
capacities were measured for C-rates >1C compared to reference cells based on unstructured elec-
trodes. In addition, cells with structured electrodes showed a three-fold increase in cycle lifetime at a
C-rate of 1C compared to those with reference electrodes.
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1. Introduction

To increase the power density of batteries, a three-dimensional (3D) micro-battery
concept was first proposed by Long et al. [1], laying the foundation for subsequent research
and development in this area. The 3D battery concept was applied to different electrode
types, for example, for lithium-ion cells, leading to improvements in various aspects
of battery performance. To apply this concept to electrodes for lithium-ion cells, many
researchers are using laser ablation or laser-assisted surface modification. A key advantage
of the 3D electrode architecture in lithium-ion cells is its ability to improve the wetting
with the liquid electrolyte [2-5], as well as the more homogeneous lithium distribution
in the electrodes during cycling [6,7]. The ionic, electronic, and charge transfer resistance
are decreased as well as the tortuosity [3,4,6-8]. All these phenomena play a vital role
in enhancing the overall performance of the lithium-ion battery, including increasing the
specific capacity at elevated C-rates (which denotes the charge or discharge current related
to the nominal capacity of the battery in ampere hours) and battery lifetime. These advances
have been experimentally proven and validated, as presented in [4,8—-14], demonstrating
the potential of the 3D battery concept.

Moreover, the application of silicon as an anode active material [4,15-17] and the
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utilization of thick-film electrodes [3,4,18-20] have been greatly facilitated by the 3D battery
design. Various electrode compositions, incorporating different active materials, thick-
nesses, and patterns, have been manufactured and characterized. However, it is important
to note that the realization of small-scale batteries with capacities up to 2.9 Ah [11], so-called
Attribution (CC BY) license (https://  lab-pouch cells, has so far been the limit of practical implementation.
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ultrashort-pulsed (USP) laser source, we have successfully achieved the fabrication of line
structures within the electrodes. This innovative approach has enabled the assembly and
characterization of high-capacity lithium-ion batteries with a nominal capacity of 16.1 Ah.
It is noteworthy that this work not only pushes the boundaries of the current state of the
art but also elevates the laser-assisted 3D battery concept to a technology readiness level of
6, signifying its significant progress toward real-world high-energy applications.

By achieving this milestone, our research provides a critical foundation for further
investigation, development, and process upscaling in the field of 3D battery technology. The
successful realization of high-capacity lithium-ion batteries with laser-patterned electrodes
marks a pivotal moment, paving the way for the eventual integration of this promising
technology into the industrial production of next-generation batteries. The implications of
this advancement are profound, as it holds the potential to revolutionize energy storage
systems, leading to improved performance, increased power densities, and extended
battery lifetimes.

The findings from this study are expected to significantly contribute to the ongoing
efforts in advancing battery technology and accelerating the transition toward a more
sustainable and efficient energy landscape.

2. Materials and Methods

Commercially available LiNig ¢Mng2Co20, (NMC 622) cathodes and graphite an-
odes were laser patterned and subsequently assembled in high-capacity pouch cells. The
cathodes had a thickness of approximately 85 um per side with a mass loading of 250 g m 2
(areal capacity of 4.1 mAh cm~2 measured at C/10 using half cells containing NMC 622 vs.
Li), being coated on a 15 pm aluminum current collector. The corresponding anodes had a
film thickness of 85 um with a mass loading of 125 g m~2 (areal capacity of 4.4 mAh cm 2
measured at C/10) and were coated on an 18 um copper foil. The n/p ratio, the nomi-
nal capacity ratio of the negative to the positive electrode, of the unstructured electrodes
was 1.1.

The electrodes were laser patterned from roll-to-roll (R2R) using an ultrashort-pulsed
laser (FX600, EdgeWave GmbH, Wiirselen, Germany) with a pulse length of 600 fs, a
wavelength of 1030 nm, and a maximal power of 330 W in a multi-process laser patterning
workstation (MSV203, M-Solv Ltd., Eynsham, United Kingdom). The laser powers used for
the patterning were 94 W and 37 W, with scanning velocities of 5m s ™! and 20 m s !, 14 and
45 scans, and pitches of 200 um and 400 pum for the cathodes and anodes, respectively. The
laser had a beam diameter of 27.2 um in the work plane and a repetition rate of 1 MHz was
applied. The applied laser pulse peak fluences were therefore calculated to be 26.6 ] cm 2
and 10.5 ] cm~2 for the cathodes and anodes, respectively. The process of electrode laser
patterning was undertaken through employment of the multi-process R2R laser patterning
instrument MSV203 using a step-and-repeat method. A beam expansion telescope of
6-fold magnification was applied to widen the raw beam of 2.6 mm diameter. A scanner
(intelliSCAN III 20, Scanlab, Puchheim, Germany) was integrated with an f-theta lens
(JENar Silverline, Jenoptik Optical Systems, Jena, Germany), which had a focal length of
255 mm. An exhaust frame was placed directly above the ablation area in order to avoid any
material redeposition on the electrode surface. The electrodes were characterized regarding
the ablation depth, structure width, debris formation, and potential crack generation using
a scanning electron microscope (Phenom XL, Thermo Fisher Scientific, Waltham, MA,
USA) and a digital microscope (VHX7000, Keyence, Osaka, Japan). Energy-dispersive
X-ray spectroscopy (EDX) mapping was conducted on the cathodes’ surface to confirm
the composition.

Three prototype pouch cells with a nominal capacity of 20.2 Ah (unstructured elec-
trodes) and two pouch cells with a nominal capacity of 16.1 Ah (structured electrodes)
were assembled following the protocol described in [21], each containing nine double-sided
coated cathodes (footprint of 135 mm x 200 mm) and ten double-sided coated anodes
(footprint of 139 mm x 212 mm). To guarantee that all cathode areas were covered by the
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anode, an overhang of at least 2 mm was realized by choosing the mentioned electrode
dimensions. Ceramic-coated polyester separators (FS 3011-23, Freudenberg GmbH, Wein-
heim, Germany) with a thickness of 23 um were used. The stacks with a height of 4 mm
were dried at 130 °C for 24 h, and the tabs were welded on the current collector and sealed
in an aluminum laminate pouch bag. An amount of 70 mL of electrolyte (LP57 + 5 wt.%
FEC) was added.

The current at n-C was calculated considering 1C currents of 20.2 A and 16.1 A for cells
with unstructured and laser-structured electrodes, respectively. After 24 h wetting at 40 °C,
electrochemical priming was performed by applying three full cycles at C/20 (constant
current (CC)—constant voltage (CV) procedure for charge with C/50 as cut-off current;
CC C/20 for discharge, symmetrical). Symmetric rate capability measurements (CCCV)
were conducted with C-rates of C/10 and C/5 (five cycles each), where the cut-off current
corresponded to a C-rate of C/20. Ten cycles each followed at the C-rates C/2, 1C, 2C, 3C,
and 5C with a cut-off current corresponding to a C-rate of C/10. Finally, five cycles of C/5
were conducted as a measure of degradation effects caused by the rate capability analysis.
Lifetime measurements with a C-rate of 1C (CCCV with cut-off current C/10 for charge,
CC for discharge, symmetrical) followed. The voltage window for all measurements was
3.0 Vto 4.2V, and they were performed using a battery cycler (MRS-system, Basytec GmbH,
Asselfingen, Germany). To perform the measurements under safe conditions, a sealed
aluminum test box was applied. The temperature inside the box was controlled with the
help of a cryostat connected to a stainless-steel plate.

3. Results and Discussion

Commercial electrodes were subjected to laser patterning and the scanning electron
microscopy (SEM) images are shown in Figure 1a—f. The cathode primary particles have
a size of 0.98 £ 0.32 um (median 0.96 pm) and the secondary particles have a mean size
of 3.89 &+ 0.95 um (median 3.83 um). The graphite particles in the anode have a mean
size of 17.94 + 5.9 pm (median 16.93 um) and a chamfered appearance. No cracks or
debris is observed close to the laser-generated channel structures. For the anodes, some
particles remain within the channels. The depths of the channels are 53.9 & 9.4 um and
88.4 &+ 2.2 um, the widths are 34.9 + 2.7 um and 58.7 & 1.8 um, the aspect ratios are 1.54
and 1.50, and the mass loss of the coating is 8.9% and 22.3% for the anode and cathode,
respectively. The n/p ratio after laser patterning is 1.24.

Figure 1. SEM images of the laser-patterned electrodes: (a) cathode surface, (b) anode surface, (c) line
structure in cathode, (d) line structure in anode, (e) cathode edge under an angle of 30°, (f) anode
edge under an angle of 30°.
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EDX of the electrodes was performed to analyze the surface composition and possible
changes in the cathode composition in the laser-affected areas. The results of the analyses
are shown in Figure 2a,b for the anode and cathode, respectively. At the surface of the
anode, only carbon can be detected. It is assumed that there is only a very small amount
of binder directly located on the surface, which would contain oxygen and hydrogen in
addition to carbon, with the latter not being detectable through EDX analysis. The EDX
analysis of the cathode’s surface (Figure 2b) confirms that the cathode contains NMC 622
as an active material (17.7 at.% Ni, 6.6 at.% Mn, 6.3 at.% Co, 47.3 at.% O). The electrode also
contains 22.1 at.% carbon, which is assumed to stem from the conductive agent or binder
present in agglomerates. The EDX analysis of the laser-affected area reveals small amounts
of aluminum, which originates from the current collector. The aluminum is uniformly
distributed on the surface of the cathode, indicating that it was precipitated from the plasma
or material vapor during laser ablation.

Figure 2. Results of the energy-dispersive X-ray spectroscopy surface mapping of the (a) anode and
(b) cathode.

Very similar experimental conditions were applied in the publication by Dunlap
et al. [22]. They also used graphite and NMC622 electrodes, the same laser wavelength and
pulse length, and a similar beam diameter on the electrode surface. They applied FIB-SEM
cross-sectional imaging, XRD, and EDX and found that very little damage was inflicted
on the laser-impacted zones. For powder XRD, they found that no new peaks developed
for the cathodes after laser patterning, which indicates that no new crystalline phases
formed. But there was an increased degree of crystallinity and grain size near the channels.
Despite high-temperature exposure during laser patterning, only negligible lithium loss
and cation disordering were observed. The Rietveld fits before and after patterning showed
a highly ordered structure. For the anode, the graphite lattice constants were calculated
from Rietveld refinements of the XRD spectra and showed no change regardless of laser
patterning. The graphite crystal domain size grew after laser patterning, indicating an
annealing /aggregating effect of the laser patterning on the graphite. On the NMC cathode,
cracks might occur, and some particles will be partially ablated. They concluded that due
to the small amount of cracked or partially ablated particles compared to the total amount
of particles, only an insignificant reduction in the electrochemical performance is expected,
and no reduction was observed in the measurements. Kim et al. [23] also found that no peak
shift was observed for the Raman spectrum of graphite electrodes after laser patterning.

We therefore conclude that even if small changes in the microstructure or chemistry
occur, they will not be significant enough to change the electrochemical performance of
the electrodes, and further investigations regarding the crystallography, chemistry, and
morphology of the electrodes are outside of the scope of this manuscript.

Multilayer pouch cells with either structured or unstructured electrodes were as-
sembled in pouch cells as described in the experimental section, and the electrochemical
analysis was performed starting with the formation steps. At the formation step, capacities
between 19.7 Ah and 21.1 Ah were achieved for cells with unstructured electrodes, while
14.7 Ah and 16.1 Ah were achieved for cells with structured electrodes.
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The results of the differential capacity analysis for the first charge cycle during for-
mation between 2.0 V and 3.4 V are shown in Figure 3. In this region of the dQ/dV
diagram, the reduction potentials of EC and FEC (as electrolyte additive) are visualized.
The reduction products form the passivation layer, the so-called solid electrolyte interface
(SEI) [24], on the graphite particles of the anode. Between approx. 2.60 V and 2.88 V, the
FEC is reduced [24,25]. When using structured electrodes, the FEC reduction starts at
about 2.77 V, while it takes place at about 2.70 V for cells with unstructured electrodes. A
small EC reduction peak at approximately 2.90 V [26,27] is found only for the cells with
unstructured electrodes.
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Figure 3. Results of the differential capacity analysis for the first charging during formation plotted
versus the voltage, showing the formation of the solid electrolyte interface on the unstructured and
laser-structured anodes. The regions of reduction potential of FEC and EC are highlighted in purple
and green, respectively.

For cells with structured electrodes, the EC reduction peak is greatly reduced in
intensity. At approx. 3.05V t0 3.09V,3.19 V to 3.23 V, and 3.28 V, additional peaks can be
identified for the cells with unstructured electrodes, indicating further reduction processes,
while for those containing laser-structured electrodes, these peaks do not appear. These
additional peaks have not been described in the literature and further studies are required
to properly attribute them. So far, it is assumed that the observed difference in the dQ/dV
analysis might be caused by the fact that the structured electrodes provide electrolyte
reservoirs that are activated already during the electrochemical formation, which in turn
could affect the time sequence in the formation of the SEI passivation layers. In addition,
possible deficiencies in the electrolyte (and electrolyte additives) can be counteracted and a
more stable SEI could be formed when using structured electrodes.

The results of the first (dashed line) and second (solid line) cycle dQ/dV analysis of
the formation steps are shown in Figure 4. A Savitzky—Golay smoothing filter (second
polynomial order, window width 20) was applied to the raw data to facilitate peak identifi-
cation. Three peaks can be identified for the charging step, i.e., c1, c2, and ¢3, and two peaks
and a plateau can be identified for the discharging step, i.e., d1, d2, and d3. The positions of
the peaks and their corresponding phase transitions are summarized in Table 1. The peaks
at cl and c2 can be associated with the lithiation of graphite and the phase transition from
a hexagonal (H1) to monoclinic (M) lattice in the layered oxide [28-30]. The peak at c3 is
associated with a phase transition from monoclinic to rhombohedral (H2) [28-31]. During
delithiation, the processes take place in reverse order, i.e., d3 can be linked to the phase
transition from rhombohedral to monoclinic, and c2 and c1 can be associated with the
delithiation of graphite and the phase transition from monoclinic to hexagonal. Between c1
and c2, the monoclinic single-phase capacity is located and two additional peaks can be
found that are also present in LiNiO, [32] or, to a lesser extent, in NMC 622 [33]. ¢3 shows



Batteries 2023, 9, 548

6 of 13

the largest difference between the cells with structured and unstructured electrodes. This
has been associated with the changed n/p ratio of the unstructured (1.1) and structured
(1.24) electrodes in [22].
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Figure 4. Differential capacity of the cells plotted against the voltage for all cells at the first (dashed
line) and second (solid line) formation step; lines in shades of blue were used for cells with unstruc-
tured electrodes, lines in red and orange for cells with structured electrodes.

Table 1. Position of the peaks in the differential capacity analysis of the formation step and their
corresponding phase transitions.

Unstructured Structured

Phase Transition
1st Cycle 2nd Cycle 1st Cycle 2nd Cycle

cl 3.49 3.46 3.58 3.47
H1 — M, lithiation of graphite C¢ — LiCx
2 3.64 3.64 3.67 3.64
3 3.77 3.76 3.89 3.86 M — H2
dl 3.40 3.40 342 342
M — H1; delithiation of graphite
d2 3.59 3.59 3.60 3.60
d3 plateau between approx. 3.8 Vand 4.2 V H2 - M

A peak offset between charge and discharge can be observed for both cell types, which
can be related to the effect of the cell impedance [34]. Considering the peak positions, a
lower cell impedance can be associated with the cells with structured electrodes (peak
offset between c1 and d1 is 0.05 V for structured cells and 0.06 V for unstructured ones;
peak offset between c2 and d2 is 0.04 V for structured cells and 0.05 V for unstructured
ones). Comparing the peak positions of the individual phase transitions, a shift to higher
voltage values can be observed for cells with structured electrodes. In [22], a peak shift
was also observed, but the peak position shifted from higher values to lower values, which
was associated with a decrease in the cell overpotential. It is hypothesized that due to the
excess electrolyte in the electrolyte reservoirs, generated by the laser patterning process, the
formation of the SEI proceeds differently compared to cells with unstructured electrodes.
This will also affect the curvature of the differential capacity analysis and the peak positions.
Due to the higher amount of additives per weight of active material, a more stable SEI
should be formed. It may be of interest to investigate the amount of FEC still detectable
after the formation cycles depending on the laser patterning status of the electrodes.
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After the formation, symmetric rate capability measurements were conducted between
C-rates of C/10 and 5C, with the charge process using a CCCV protocol and the discharge
process using a CC protocol. The results of the rate capability measurements (C/10 to 5C)
are shown in Figure 5. The initial capacities at C/10 are 18.9 Ah to 20.0 Ah for the cells with
unstructured electrodes, and 14.5 Ah to 15.0 Ah for the cells with structured electrodes (see
Figure 5a). The lower capacity is due to the ablated active materials in laser-structured
electrodes, which is consistent with the mass loss in the NMC 622 cathode. As the C-rate
increases, the capacity decreases for all cells.
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Figure 5. Rate capability measurements of the pouch cells: (a) charge capacity and (b) relative
charge capacity.

At 2C, the cells with structured electrodes reach similar capacities compared to the
cells with unstructured electrodes, while at 3C, the capacities of the cells with structured
electrodes exceed the capacities of the reference cells with the unstructured electrodes.
After cycling at 5C, the cells were cycled again at C/5, and the capacity retentions are
98.1%, 97.3%, and 97.2% for the cells with unstructured electrodes and 96.3% and 96.8%
for the cells with structured electrodes, indicating that no severe degradation has occurred.
The relative charge capacities are shown in Figure 5b. Higher relative capacities can be
measured for cells with structured electrodes at a C-rate of 1C. At C-rates of 2C and 3C, a
10% increase in relative capacity can be achieved compared to the reference cells. This can
be related to a reduced tortuosity, ohmic polarization, and overpotential of the cells with
structured electrodes, as it has been described in [12,15,17,18,20].

The normalized discharge voltage profiles for a representative cell with unstructured
electrodes and a cell with structured electrodes for three exemplary C-rates (C/10, 1C, and
3C) are shown in Figure 6. They have been normalized to a capacity scale of 0-1 to ensure
better comparability even though different total capacities were achieved. With increasing
C-rate, the IR drop and the ohmic polarization increase. This was also found, for example,
in [35] for NMC 622 and other NMC-type active materials. For the cells with unstructured
electrodes, the IR drop and the ohmic polarization are increased more compared to cells
with structured electrodes.

Figure 7a displays the average charge capacity of cells containing either unstructured
or structured electrodes derived from the CC and CV phases of the charge rate test. At
C/10 and C/5, cells with unstructured electrodes show about a 5.3 Ah higher total capacity
than those with structured electrodes. This corresponds to the 22.3% mass loss on the NMC
622 cathode side due to the laser structuring. The total charge capacity decreases with
increasing C-rate. For example, the total capacity of cells with unstructured electrodes
decreases from 20 Ah to 4 Ah as the C-rate increases from C/10 to 3C, retaining 20% of
capacity in comparison to the initial capacity, while those with structured electrodes exhibit
a smaller capacity decrease from 15 Ah to 10 Ah under the same conditions, with 31% of the
capacity remaining. When the C-rate is higher than 2C, it is found that most of the charge
capacity comes from the CV phase. The proportions of charge capacity originating from the
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CC and CV phase as well as the relative total capacity versus the initial capacity at C/10
are presented in Figure 7b. With increasing C-rate from C/10 to 2C, the CV-phase capacity
fraction of cells with unstructured electrodes increases from 1.5% to 89.4%, while that of
cells with laser-structured electrodes increases from 1.3% to 74.3%. At 3C, the CC-phase
capacity fraction of cells with laser-structured electrodes still takes up 1.2%, while cells
with unstructured electrodes exhibit a 0% CC capacity share at 3C and 5C, indicating that
the cells have been charged only through the CV phase.
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Figure 6. Constant-current discharge voltage profiles of selected cells and cycles during a C/10 to 5C

rate capability test.
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Figure 7. Charge capacity of the cells: (a) total capacity and (b) share of CC and CV capacity in total
charge capacity for unstructured and structured electrodes.

In order to investigate the effect of laser structuring on the practical charging and
discharging times of cells at different C-rates, the mean charging time, the proportion of
charging times derived from CC and CV phases, as well as ratio of discharging time to
charging time are shown in Figure 8a—c. In Figure 8a, cells with unstructured electrodes
reach a total charge time of 9.9 h at C/10, while those with laser-structured electrodes show
a total charge time of 9.2 h, indicating that a higher specific current was applied for the
charging process in cells with laser-structured electrodes. Considering the mass loss of
22.3% of the cathode, the specific current for the structured electrodes was 17.05 mA g~ !,
while the current for the unstructured electrodes was 16.63 mA g’1 ata C-rate of C/10. As
the C-rate increases to C/5, the difference in charging time between cells with unstructured
and laser-structured electrodes is reduced, i.e., the ones with unstructured electrodes



Batteries 2023, 9, 548

90f13

10 T T T

exhibit 4.7 h of charging time, while the cells with laser-structured electrodes reach 4.4 h
of charging time. At C/2 to 2C, cells with unstructured electrodes show a 0.1 h longer
charging time in contrast to those with laser-structured electrodes, while at 3C and 5C,
an opposite trend is observed, where cells with laser-structured electrodes exhibit 0.1 h
more charging time in comparison to those with unstructured electrodes. However, the
cells should be theoretically charged in 0.5 h at 2C, but both cells with unstructured and
laser-structured electrodes show a charging time of about 0.7 h, which comes from the CV
phase. Similarly, all cells exhibit a 0.5 h charging time at 3C, which is significantly higher
in comparison to 0.33 h and only stems from the CV phase. The shares of charging time
from the CC and CV phase in contrast to the total charging time are displayed in Figure 8b.
By comparing this figure with Figure 7b, a similar trend is observed: (i) the proportion of
charging time/capacity from the CC phase decreases with increasing C-rates, and (ii) the
cells with laser-structured electrodes maintain a higher share of charging time/capacity at
higher C-rates >C/2. Figure 8c compares the ratio of discharge to charging time of cells
at different C-rates. The ratios of all cells decrease with increasing C-rates, while the cells
with unstructured electrodes display lower ratios compared to those with laser-structured
electrodes at each C-rate. The low ratios of cells with unstructured electrodes indicate that
the discharging time of cells with unstructured electrodes is shorter in contrast to those
with laser-structured electrodes, which is consistent with the lower charge capacity of cells
with unstructured electrodes, especially at C-rates higher than 1C.
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Lifetime analysis (cycling at 1C) of the pouch cells is shown in Figure 9a—c. For a
detailed analysis of the charging behavior, the charge capacities are divided into the capacity
derived from the CC and CV phases. Figure 9 shows that the cells with unstructured
electrodes have an initial total charge capacity of 14.1 Ah to 14.4 Ah, while the cells with
structured electrodes show a capacity of 11.7 Ah and 11.9 Ah. All cells exhibit a decreasing
total charge or discharge capacity with increasing cycle number, while the gradient of the
capacity drop is higher for the cells with unstructured electrodes, indicating a lower cell
polarization in the cells with structured electrodes in comparison to the reference cells.
The CC charge capacity decreases with increasing cycle number, while the CV capacity
increases. It is worth noting that the charge capacity increase in the CV phase for the
cells with unstructured electrodes is 9.6% to 13% compared to 2.7% and 4.2% for those
with structured electrodes after 100 cycles, which indicates that more capacity stems from
the CC phase instead of the CV phase during the aging test for cells with laser-structured
electrodes. This can be associated with the lower internal cell resistance due to the increased
electrode surface, which was also shown in [8,19]. After ~140 full cycles, the cells with
structured electrodes show higher charge and discharge capacities than the reference cells
do. For the cells with unstructured electrodes, the End-of-Life (EoL) at 80% of relative
capacity is reached after 96, 117, and 123 cycles. However, cells with structured electrodes
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maintain 89% of capacity after 350 cycles, which indicates that the aging process of cells
with laser-patterned electrodes is mitigated.

16

T T T T T T T T T T T T
0 50 100 150 200 250 300 350

Symbols: (b)
o cells with unstructured electrodes
= cells with structured electrodes

Colors: CCCV; CC; CV

T T T T T T T T T T T T
0 50 100 150 200 250 300 350

100
90

80
70

Rel. discharge cap. /% Discharge capacity /Ah  Charge capacity /Ah
o

60 T T T T T T T T T T T T T

0 50 100 150 200 250 300 350
Cycle number

Figure 9. Lifetime analyses of the pouch cells. Open symbols: unstructured electrodes; solid symbols:

structured electrodes. (a) Charge capacities: black, CCCV; red, CC; blue, CV. (b) Discharge capacities.
(c) Relative discharge capacities.

In the study by Kriegler et al. [11], NMC 111 cathodes with an areal loading of
1.98 mAh/cm? were used, while exclusively laser-patterned graphite anodes were applied.
The cells with an initial capacity of 2.9 Ah exhibited 77% of relative capacity after 300 cycles
at 4C charging (CCCV with a cut-off current of C/20) and C/2 discharging. The 4C CC
charging resulted in a capacity of 1.36 Ah, with 0.88 Ah charged during CV charging.
In the study by Dunlap et al. [22], NMC 622 cathodes and graphite anodes were laser
structured with a line pattern. The NMC 622 cathodes showed theoretical areal loadings of
4.28 mAh/cm? (pristine) and 3.81 mAh/cm? (structured), while the anodes had loadings
of 4.35 mAh/cm? (pristine) and 3.61 mAh/cm? (laser patterned). The electrodes were
assembled in coin cells, and a capacity retention of 52.9% was obtained after cycling for
100 cycles at 6C (6C CC charging until reaching 4.2 V, then CV charging until a total charge
time of 10 min). The findings of this research demonstrate a noteworthy enhancement
compared to the previous studies. The lithium-ion diffusion pathway from the liquid
electrolyte to the active particles at the bottom of bulk electrodes near the current collector
is shortened due to the laser patterning, as the lithium-ion insertion from the sidewalls of the
channel structures is facilitated, reducing the tortuosity of the electrode, as verified in [6,7]
through laser-induced breakdown spectroscopy. In contrast, the reference electrodes require
lithium ions to diffuse through the compacted composite material. The concentration of
lithium in cycled electrodes with laser-generated patterns is quite uniform compared to
lithium distributions in unstructured electrodes. The latter normally show a considerable
concentration gradient from the top of the electrode to the current collector [6,7]. As a
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result, in the case of applying a 3D electrode architecture, the electrochemical reaction can
involve significantly more active material particles near the current collector.

The normalized charge—discharge curves for cells with unstructured and structured
electrodes for selected cycles during long-term testing are shown in Figure 10. The cell
capacities are continually decreasing due to an increasing cell polarization. The average
discharge voltage is lowered, which decreases the deliverable capacity, since the cut-
off voltage is kept constant at 3.0 V. The IR drop and ohmic polarization demonstrate
an increase as the cycles progress, as indicated by the arrows in Figure 10. Upon the
comparison of cells with unstructured and structured electrodes, it becomes apparent that
the IR drop and the ohmic polarization increase more for cells with unstructured electrodes.
These results may imply continuous SEI growth [36]. Similar observations were made in
the past, such as in [37].

4.2

% cycle no. structured:

o —1 ——50 i

B —— 100 —— 150

~ 200 250
3.4+ — 300 350 A
3.24 4
3.0 T T

0.0 0.2 0.4 0.6 0.8 1.0
Normalized capacity /-

Figure 10. Normalized charge and discharge voltage profiles of the cells during long-term testing
at 1C for structured (solid line) and unstructured (dashed line) electrodes in comparison. Arrows
indicate trends of IR drop and ohmic resistance.

4. Conclusions

Commercially available NMC 622 cathodes (4.0 mAh cm~2) and graphite anodes
(4.4 mAh cm~?) were patterned using a high-power USP laser with a pulse length of
600 fs and a repetition rate of 1 MHz. The laser patterning was executed in a roll-to-
roll environment, validating its feasibility for process scaling (technology readiness level
TRL 6). Scanning electron microscopy images confirmed the attainment of line structures
down to the current collector without any crack formation or debris. The aspect ratio
was approximately 1.5 for both electrode types. Energy-dispersive X-ray spectroscopy
measurements indicated no chemical alteration or melting of the active materials near the
channel structures. Pouch cells containing a multi-electrode stack were assembled with
nine cathodes and ten anodes, using either unstructured or structured electrodes to yield
mean total capacities of approximately 20.4 Ah and 15.4 Ah, respectively. The peaks of the
formations in differential capacity analysis indicated a shift due to the laser structuring,
which could be attributed to the electrolyte reservoirs and the greater electrolyte-to-active-
material ratio in laser-patterned electrodes. In addition, cells containing laser-patterned
electrodes demonstrated an enhanced performance in rate capability analyses between 1C
and 5C, with a reduced ohmic polarization and IR drop. In addition, the proportion of
the CC charging in the overall charged capacity is greater with the structured electrodes.
Symmetrical lifetime tests at 1C by applying 100% of DoD (depth of discharge) confirmed a
vastly improved longevity of the cells with patterned electrodes, showing 89% of discharge
capacity after 350 cycles, while cells with reference electrodes showed an EoL (80% of
retained capacity) after 110 full cycles.
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