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Abstract: The most common pattern types for anode structuring, in particular the line, grid, and
hexagonal-arranged hole pattern were evaluated in a comparable setup in full-cells and symmetrical
cells. The cells with structured electrodes were compared to reference cells with unstructured anodes
of similar areal capacity (4.3 mAh cm−2) and the onset of lithium plating during fast-charging was
determined in situ by differential voltage analysis of the voltage relaxation and ex situ by post-mortem
analysis. Furthermore, electrochemical impedance spectroscopy measurements on symmetrical cells
were used to determine the ionic resistance of structured and unstructured electrodes of similar
areal capacity. All cells with structured electrodes showed lower ionic resistances and an onset of
lithium plating shifted to higher C-rates compared to cells with unstructured electrodes. The structure
patterns with capillary structures, i.e., lines and grids, showed significant reduced lithium plating
during fast-charging and a higher rate capability compared to reference cells with unstructured
electrodes and cells with hole structured electrodes. The continuous rewetting of the electrode with
liquid electrolyte by capillary forces and the reduced ionic resistance of the 3D electrode are identified
as key factors in improving overall battery performance. The data of the studied cells were used
to calculate the resulting energy and power densities of prospective commercial pouch cells and
potential pitfalls in the comparison to cells with unstructured electrodes were identified.

Keywords: lithium-ion battery; lithium plating; fast-charging; 3D battery; structured electrode;
ultrafast laser ablation; laser structuring; upscaling; rewetting; electrode architecture

1. Introduction

The increasing electrification, especially in the transport sector, requires electrochemi-
cal energy storage systems with high energy and power density, long lifetime, and high
safety standards [1]. For electric vehicles to gain wider acceptance over conventional
combustion engine-powered vehicles, it is crucial to address the advantages that conven-
tional vehicles still hold in terms of refueling and range [1,2]. The development of active
materials for lithium-ion batteries with high specific capacities, such as silicon on the anode
side and nickel-rich nickel-manganese-cobalt oxides (NMC) on the cathode side, as well
as improvements in electrode design, like the implementation of thick-film electrodes,
i.e., electrode thickness > 100 µm and areal capacity > 4 mAh cm−2, referred to single-side
coated electrodes, are leading to the high specific and volumetric energy densities of today’s
automotive battery cells of up to 300 Wh kg−1 and 650 Wh L−1 [1,3–7]. With a specific
energy density of up to 300 Wh kg−1 in combination with a total energy of 30–100 kWh of
state-of-the-art automotive batterie packs, driving ranges of larger than 500 km are already
possible [1,3]. Greater difficulties are associated with the fast-charging requirements for
automotive cells. A charging time of less than 15 min to a state of charge (SoC) of about
80%, which corresponds to a current rate (C-rate) of 3.2C–4C, is considered the target to
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reach in order to close the gap in time needed to refill compared to combustion engine-
powered vehicles [2]. For high-energy cells with thick-film electrodes, in addition to the
fast-charging limitation of the used active material in terms of charge transfer resistance and
solid-state diffusion, the depletion of lithium-ions in the electrolyte during fast-charging on
the anode side is considered a bottleneck [2,7–9]. Furthermore, the resulting concentration
overpotential within the electrode during fast-charging, namely in the active material and
in the electrolyte, can lead to a potential below 0 V vs. Li/Li+ in parts of the anode, and
lithium plating becomes thermodynamically favorable [10]. Lithium plating is considered
a serious safety risk, as growing lithium dendrites can cause an internal short circuit in the
cell leading to a thermal runaway, and should therefore be avoided [11]. In addition to the
safety risks associated with lithium plating, there is also a significant decrease in capacity
related to it. The continuous growth of the solid electrolyte interphase (SEI) on freshly
plated lithium as well as the formation of electronically isolated and electrochemically
inactive lithium, due to the combination of the processes of lithium plating and lithium
stripping, lead to irreversible loss of lithium inventory [12–14]. Various approaches are
being investigated to enhance the fast-charging capability of high-energy cells. On the
material level, implementing active materials with high-rate capability, like hard carbons is
the subject of current research [15–17]. On the electrode level, the controlled adjustment of
electrode parameters like porosity, particle size distribution, as well as the implementation
of an active material gradient by multilayer coating are studied [18–21]. A further possi-
bility at electrode level is the reduction in the effective tortuosity by electrode structuring,
either by laser ablation, mechanical embossing, 3D printing, or freeze casting [22–26]. The
laser-assisted patterning of electrodes has the advantage that it can be integrated into man-
ufacturers’ existing production lines and no new cell chemistry needs to be implemented to
improve fast-charging capability [27]. However, to integrate the process into industrial cell
production, the laser structuring process must keep pace with the belt speed in production.
The upscaling of the structuring process is therefore the current subject of research, and the
concept was recently transferred to large-format pouch cells demonstrating a technology
readiness level (TRL) of 5 to 6 [28,29]. Several pattern types have been investigated and
used in research and development, including a hexagonal arrangement of holes, parallel
oriented lines, and grid patterns or combinations and variations of the above [30–39].

Chen et al. [31] realized a hexagonal-arranged hole pattern with a structure pitch of
85 µm in graphite electrodes. The electrodes with an initial areal capacity of 3.2 mAh cm−2

were ablated using nanosecond laser pulses operating at a wavelength of 355 nm and
resulted in structured electrodes with an areal capacity of 2.9 mAh cm−2. 2.2 Ah pouch cells
with structured and unstructured graphite anodes and unstructured NMC532 cathodes
were studied regarding their fast-charging capability at 4C and 6C. The capacity retention
for pouch cells with structured anodes after 100 cycles of fast-charging at 6C and 4C
remained at 93% and 97%, respectively, compared to 59% and 69% for the cells with
unstructured anodes with an areal capacity of 3.2 mAh cm−2. In addition, new reference
cells with adjusted loading and porosity were manufactured to compensate for the influence
of mass loss due to the structuring. These cells also showed a lower fast-charging capacity
compared to the cells with structured electrodes of the same loading and porosity. The
authors detected by post-mortem scanning electron microscopy (SEM), the deposition of
lithium due to plating on large areas on the surface of the reference electrodes, and only
a minor amount of lithium due to plating was observed on the surface of the structured
electrodes. The suppressed lithium plating on structured electrodes was attributed to a
more homogeneous reaction rate in structured electrodes compared to the unstructured
ones derived from simulation-based results.
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Zheng et al. [37] demonstrated a lower capacity fading and higher fast-charging
capability of structured graphite and silicon/graphite electrodes with line and grid patterns.
The half-cells with structured electrodes, with a thickness of 75 µm for graphite and
55 µm for silicon/graphite, exceeded the cells with unstructured reference electrodes in
terms of the charging capacities achieved at C-rates greater than C/2. In laser-structured
electrodes, the volume expansion of silicon and graphite resulted in a significant reduction
in mechanical degradation, as shown by post-mortem analyses.

So far, the impact of the pattern-types of laser structured anodes in full-cells on the
fast-charging capability and the lithium plating have not been investigated. In the study
presented, the fast-charging capability and lithium plating behavior of full-cells with hole,
line and grid structured anodes were investigated and qualified in a comparable setup
for the first time. Furthermore, the structured electrodes were examined regarding their
ionic resistance in symmetrical cells. Particular attention was paid to the mass loss due to
laser ablation and the resulting cell balancing of the cells with structured and unstructured
electrodes. The targeted mass loss due to structuring in this work was 10% and was thus
based on comparable values in the literature [31]. The mass loss of the structured electrodes
has been adjusted to a similar level by adjusting the structure pitch to the respective
structure type. For a comparison of cells with structured and unstructured electrodes, it
is crucial that the loadings of the electrode are kept the same. For that, the mass loss due
to structuring was compensated in electrode manufacturing by thicker electrode coatings.
Otherwise, the cell balancing would be changed or, in the case of structuring the cathode,
the capacity would be reduced.

2. Materials and Methods
2.1. Electrode Preparation

Artificial graphite (Gr, SPGPT808, Targray Inc., Kirkland, QC, Canada) and carbon
black (CB, Timcal Super C65, MTI Corporation, Richmond, CA, USA) were mixed with
a water-based 2 wt.% sodium carboxymethyl cellulose solution (CMC, MTI Corporation,
Richmond, CA, USA) with a centrifugal mixer (Speedmixer DAC 150 SP, Hauschild, Hamm,
Germany). Once a homogeneous mixture of the slurry was achieved, a styrene butadiene
rubber solution (SBR, 50 wt.% solid content, MTI Corporation, Richmond, CA, USA) was
added and stirred into the slurry with a centrifugal mixer at low rotational speed (60 s
at 1000 rpm). The composition of the anode slurry is summarized in Table 1. The anode
slurry with a solid content of 51.2 wt.% was doctor-blade coated onto 9 µm thick copper
foil and dried at room temperature. Subsequently, the anodes were calendered to a porosity
of 40%. To realize structured and unstructured graphite electrodes of similar areal capacity,
two electrodes with an areal capacity of 4.3 mAh cm−2 and 5.0 mAh cm−2 were prepared to
balance the loss of active material due to the laser ablation. For the cathode, polycrystalline
lithium-nickel-manganese-oxide (NMC 622, BASF SE, Ludwigshafen, Germany), carbon
black (C-NERGY Super C65, Imerys G & C Belgium, Willebroek, Belgium), and conductive
graphite (KS6L, Imerys G&C Switzerland Ltd., Bodio, Switzerland) were mixed with a
N-methyl-2-pyrrolidone (NMP, Merck KGaA, Darmstadt, Germany) based polyvinylidene
fluoride (PVDF, Solef® 5130, Solvay Specialty Polymers, Brussel, Belgium) solution with a
weight proportion of 1:10 using a centrifugal mixer. Subsequently, the cathode slurry with
an adjusted solid content of 66.7 wt.% was doctor-blade coated onto 20 µm thick aluminium
foil and dried for 3 h at 90 ◦C. Subsequently, the cathodes were calendered to a porosity of
35%. The composition of the cathode slurry is summarized in Table 1. The porosity values
for anode and cathode were calculated according to the common procedure described in
Equation (S2) [38].
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Table 1. Composition of electrode slurries (Anode composition adapted from [40]).

Material Anode Mass Fraction/wt.% Cathode Mass Fraction/wt.%

graphite 93 -
CB 1.4 3

CMC 1.87 -
SBR 3.73 -

NMC622 - 92
PVDF - 3

conductive graphite - 2

solid content/wt.% 51.2 66.7

2.2. Laser Structuring

Laser ablation was performed on the calendered graphite anodes using a laser source
(FX600-2-GFH, EdgeWave GmbH, Würselen, Germany) with a maximum average laser
power of 300 W, a pulse length of 600 fs, and an operating wavelength of 1030 nm. The laser
source is implemented in a laser material processing system (MSV203 Laser Patterning Tool,
M-SOLV LTD, Oxford, UK) which is capable of roll-to-roll (R2R) processing. The calculated
beam waist radii are 11.95 µm and 10.85 µm due to the slightly elliptical output beam
profile and differences of beam quality factor (M2) in x- and y-direction. The hexagonal-
arranged hole pattern was structured at a scanning velocity of 13.5 m s−1, a repetition rate
of 100 kHz, and a pulse energy of 70 µJ. The grid and line pattern were structured at a
scanning velocity of 2 m s−1 and 20 m s−1, a repetition rate of 150 kHz and 1.5 MHz, and a
pulse energy of 33.3 µJ. All pattern types were structured with an adjusted number of laser
beam passes until the current collector has been exposed, varying from 32 to 57 passes. The
differences in the process parameters are due to the varying complexity of the geometries.
The laser structured anodes were examined by SEM (Philips FEI XL 30S, FEI Technology
Inc., Hillsboro, OR, USA) regarding debris formation as well as mechanically and thermally
driven material modification.

2.3. Cell Assembly and Electrochemical Testing

Anodes and cathodes with a diameter of 15 mm and 12 mm, respectively, were
laser cut and subsequently dried in a vacuum oven at 100 ◦C for 24 h to remove excess
moisture. Full-cells and symmetrical cells in CR2032 coin cell format were assembled in an
argon-filled glove box (LAB master pro sp, M. Braun Intergas-Systeme GmbH, Garching,
Germany) with H2O < 0.1 ppm and O2 < 0.1 ppm. As electrolyte, 1.3 M LiPF6 in a mixture
of ethylene carbonate and ethyl methyl carbonate (EC/EMC 3:7) with 5 wt.% FEC additive
was used. Each full-cell was constructed of one anode and cathode, 160 µL of electrolyte,
and a 25 µm polypropylene (PP) separator. In the case of symmetrical cells, two anodes
with a diameter of 15 mm, 160 µL electrolyte, and a PP separator were utilized. For the
calculation of the area specific resistance, the footprint (176.7 mm2) of the electrodes was
applied. For all investigated anode structure pattern, at least 3 full- and symmetrical cells
were built. To ensure a homogeneous wetting of the electrodes and separator with liquid
electrolyte, full-cells were stored for 20 h and symmetrical cells for 24 h at 20 ◦C prior to
further electrochemical analyses. Galvanostatic characterization was performed using a
battery cycler (BT 2000, Arbin Instruments, College Station, TX, USA). The formation of the
full-cells was performed in a voltage window of 3.0–4.2 V following a constant current (CC)
constant voltage (CV) protocol at a charging and discharging current rate (C-rate) of 0.05C
and a cut-off current in the charging CV phase of 0.02C. The initial capacity of the cells was
calculated with a practical specific capacity of 172 mAh g−1 for NMC 622 and 330 mAh g−1

for graphite. Between each charging and discharging step there was a rest period of 15 min.
The C-rate for the rate capability analysis was calculated on base of the discharge capacity
of the cells in the third formation cycle. Electrochemical impedance spectroscopy (EIS) on
symmetrical cells were measured using a battery cycler (BCS810, Biologic, Seyssinet-Pariset,
France) between 10 mHz and 10 kHz with a voltage amplitude of 10 mV. The rate capability
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analyses consisted of a CCCV charging protocol with increasing charging rates from 0.1C
to 5C shown in Table 2. In the first four cycles at each C-rate, there was a 15 min rest period
after each charging and discharging cycle. For the fifth cycle at each C-rate, the CV phase
was not only limited by a cut-off current but also limited by time (15 min). Furthermore,
for this cycle, the rest period after charging and discharging was extended to 4 h to study
the voltage relaxation of the cells.

Table 2. CCCV protocol of the rate capability analyses.

Charging CC 0.1C 0.2C 0.5C 1C 2C 3C 5C
Cut-off CV 0.05C 0.1C 0.1C 0.1C 0.1C 0.1C 0.1C

Discharge CC 0.1C 0.2C 0.2C 0.2C 0.2C 0.2C 0.2C
Repetitions 5 5 5 5 5 5 5

2.4. Post-Mortem Analysis

Discharged cells, at a voltage of 3 V, were disassembled in an argon filled glovebox.
The electrodes were separated and stored in dimethyl carbonate (DMC) for a total time
of 1 h. Subsequently, the electrodes were rinsed with DMC and dried in the glovebox. To
study the cell degradation, the electrodes were transferred under ambient conditions to an
optical microscope (VHX7000, KEYENCE, Osaka, Japan) and subsequently to the SEM.

3. Results and Discussion
3.1. Electrode Characterization

Figure 1a–f shows the top-view SEM images of the laser patterned electrodes. For all
three investigated structure patterns, no debris on the electrode surface have been found.
Nevertheless, a modification of the active material induced by the laser structuring, as
described in the literature for graphite anodes, cannot be completely ruled out [33]. Since
the mass loss due to structuring is a function of the pattern type, pitch (ps), and structure
dimension (w), the individual structuring parameters had to be adjusted separately for
each pattern type. As shown in Figure 1a–c, the chosen ps varied from 580 µm for the grid
pattern to 300 µm for the line pattern and 135 µm for the hole pattern, and the resulting
mass loss of each electrode type, determined by weighting the electrodes before and after
structuring, is listed in Table 3. The average mass loss over all structures is 11.0% with
the highest mass loss of 12.4% for the electrodes structured with the line pattern and the
lowest mass loss of 9.7% for the electrodes structured with the hole pattern. The measured
average w of each structure from the higher magnification SEM images in Figure 1d–f are
46.3 µm, 38.7 µm, and 33.7 µm for the hole, line, and grid pattern, respectively. Assuming
the shape of the holes as cylinders and the shape of the line structures of the line and
grid pattern as cuboids, the calculated mass loss is 10.7%, 12.9%, and 11.3% for the hole,
line, and grid pattern and with that in good agreement to the measured mass loss. The
slightly higher calculated mass loss compared to the measured mass loss can be explained
by slightly tapered structures towards the bottom of the electrode, which is often described
in the literature and depends on the laser ablation characteristics [41,42]. The resulting
areal capacities of the electrodes have a maximum deviation of 4.4% in case of the hole
structured electrodes to the unstructured reference electrode. With that, the comparability
of all investigated cells is given by similar N/P-ratios in the range of 1.14–1.17 and cell
capacities in the range of 4.07 mAh to 4.18 mAh (Table 3).
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Figure 1. Top-view SEM images of the laser structured anodes with grid (a,d) line (b,e) and hole (c,f)
pattern with indicated structure dimension (w) and pitch (pS). (SEM: 10 kV accelerating voltage).

Table 3. Specification of the tested full-cells after formation. Each pattern type consists of a set of
three cells.

Unstructured Hole Line Grid

Areal capacity anode/mAh cm−2 4.33 ± 0.01 4.52 ± 0.04 4.38 ± 0.01 4.45 ± 0.01
Cell capacity/mAh 4.13 ± 0.04 4.18 ± 0.05 4.07 ± 0.03 4.09 ± 0.01

N/P-ratio 1.14 ± 0.00 1.17 ± 0.00 1.16 ± 0.00 1.17 ± 0.00
ICE/% 85.75 ± 1.75 83.48 ± 4.56 86.39 ± 0.23 86.37 ± 0.19

Mass loss (anode)/% - 9.7 ± 0.6 12.4 ± 0.1 11.0 ± 0.2

In addition to the characterization of the influence of structured anodes on the elec-
trochemical performance in full-cells, symmetrical cells with structured and unstructured
electrodes were built. The anodes used in the symmetrical cells are similar to the set
of anodes utilized in the full-cells. Symmetrical cells in blocking conditions, so faradaic
processes are suppressed, are used to evaluate porous electrodes regarding their ionic
resistivity [43,44]. To realize blocking conditions, a so-called non-intercalating electrolyte
can be utilized, or in the case of an intercalating electrolyte, electrodes in a SOC in which
faradaic reactions are suppressed can be used [44]. For anodes, this refers to a fully lithiated
or delithiated state [44]. The results of the EIS measurements were fitted to the equivalent
circuit shown in Figure 2c consisting of a resistor and a generalized finite Warburg element
(Equation (S19)). The generalized finite Warburg element is mathematically identical to a
transmission line model of resistors and constant phase elements typically used to describe
porous electrodes [45]. The pure resistance represents the sum of all ohmic resistances in
the cell as electrolyte and electrical resistance. No semicircles in the high and low frequency
regime were observed in the Nyquist plot of our measurements (Figure 2a). A semicircle
in the high frequency region of the Nyquist plot would be expected for a high contact
resistance or faradaic processes, but can also be observed in the case of various pore ge-
ometries [46,47]. The highest ionic resistance of 30.0 ± 2.2 Ω cm2 was measured for the
unstructured reference electrodes. All investigated structure patterns showed lower ionic
resistances compared to the unstructured reference electrode, with. 21.0 ± 0.8 Ω cm2 for
the hole structure, 21.8 ± 1.3 Ω cm2 for the line structure, and 23.7 ± 0.2 Ω cm2 for the grid
structure (Figure 2b). A reduction in ionic resistance of structured electrodes compared to
unstructured electrodes with unmatched areal capacity due to mass loss during structuring
is known in the literature [35]. Due to the increase in ionic resistance with increasing coating
thickness, such a comparison puts the unstructured electrodes at a disadvantage [44]. Our



Batteries 2024, 10, 160 7 of 17

results reveal that structured electrodes of various structure patterns also exhibit lower
ionic resistances compared to reference electrodes with similar areal capacity and with that
a decreased layer thickness compared to structured electrodes.
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Figure 2. (a) Nyquist plot of EIS data (squares) and related fits (solid lines) on symmetrical cells with
structured and unstructured electrodes; (b) the measured ionic resistance; and (c) the used equivalent
circuit with R1 as resistor and WGE as generalized finite Warburg element.

3.2. Fast-Charging Capability

Figure 3 shows the specific charge capacity after the CC (Figure 3a) and CCCV phase
(Figure 3b) without the 5th cycle at each C-rate, since the CCCV phase was additionally
limited in time instead of a pure current limitation for this cycle. A gradual decline
in specific capacity can be observed during cycling at 0.1C and 0.2C until the specific
capacity stabilizes in the cycles at 0.5C for cells with electrodes of all structure types
and the unstructured reference electrode. All cells show a decrease in achievable CC
specific capacity with an increasing C-rate, with a significant drop in capacity between 1C
and 2C (Figure 3a). The loss in achievable specific capacity between 1C and 2C is most
pronounced for cells with unstructured electrodes, with a decrease from 109 mAh g−1 at
1C to 53 mAh g−1 at 2C. The highest specific capacity at C-rates greater than 0.5C was
reached by cells with line structured electrodes, with 95 mAh g−1 at 2C and 63 mAh g−1

at 3C. While cells with grid structured electrodes showed similar results compared to
the cells with line structured electrodes (89 mAh g−1 at 2C and 53 mAh g−1 at 3C), the
cells with hole structured electrodes showed a lower fast-charging capability, reflected in
lower reached specific capacities compared to the cells with electrodes of other structure
types at C-rates greater than 1C. The obtained specific capacity of 72 mAh g−1 at 2C and
33 mAh g−1 at 3C of the cells with hole structured electrodes are in the range between the
cells with unstructured electrodes and line as well as grid structured electrodes. The higher
fast-charging capability of cells with structured electrodes can be assigned to an improved
lithium-ion diffusion kinetic in the structured electrodes [48]. This is consistent with the
results of the experiments on symmetrical cells, where the cells with structured electrodes
had a lower ionic resistance compared to cells with unstructured electrodes (Figure 2b). The
lower performance in fast-charging of the cells with hole structured electrodes compared
to cells with electrodes of the other structure types, on the other hand, is contrary to the
results on symmetrical cells, where the cells with structured electrodes of all pattern types
had similar ionic resistances. However, the larger standard deviations in the set of cells
with hole structured electrodes and unstructured electrodes compared to cells with line and
grid structured electrodes are also noteworthy and are an indication of enhanced electrolyte
wetting and rewetting promoted by the capillary structures present in the electrode with
line and grid structures [49,50]. While the reached specific capacity in the CC phase is
an indication for the fast-charging capability, the reached specific capacity in the CCCV
phase gives information about the cell’s capacity fade. To quantify the capacity retention,
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five checkup cycles at 0.2C were appended to the rate capability analysis. As can be seen in
Figure 3b, the reached specific capacity after CCCV charging decreases irreversibly starting
at C-rates greater than 1C for cells with unstructured electrodes. This drop in capacity
can be attributed to lithium plating starting for charging at C-rates higher than 1C for
the cells with unstructured electrodes (see voltage relaxation analysis and post-mortem
analysis presented below). The cells with structured electrodes showed a more stable
cycling behavior with a capacity retention of 89%, 86%, and 84% for the cells with line, grid,
and hole structured electrodes compared to the cells with unstructured electrodes with a
capacity retention of 65%.
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The respective SOC achieved during the fifth cycle at each C-rate, with the CCCV
phase additionally limited in time (15 min), is shown in Figure 4a. A time limitation of the
CV phase is necessary for the subsequent analysis of the voltage relaxation, but also more
accurately represents fast-charging applications than a current limit. An SOC of 80% is
often considered as target in the literature regarding fast-charging and is indicated by the
dotted line in Figure 4a. For cells with structured electrodes, an SOC of 80% can be reached
after charging at 2C, while cells with unstructured reference electrodes can only be charged
at 1C to reach the same SOC. Of all the structure patterns investigated, only the cells with
line structured electrodes were able to be charged to an SOC of 80% at 3C. Due to the CV
phase, the charging time up to an SOC of 80% does not correlate directly with the C-rate.
The proportion of the SOC achieved after the CC and the CV phase is indicated by the
different shades of the columns in Figure 4a. The positive impact of the structuring with
regard to an enhanced diffusion kinetics and thus, the fast-charging capacity is not only
evident in the CCCV phase, but also in the CC phase. The SOC achieved in the CC phase is
higher for cells with structured electrodes charged at C-rates greater than 1C compared
to the reference cells. While at 2C the majority of the gained SOC is charged in the CC
phase, from 3C, the CV phase accounts for the largest share on the reached SOC. At 5C, the
CC phase only accounts for a maximum of 18% (cells with line structured electrodes) of
the SOC reached. This also affects the charging times to a SOC of 80% (Figure 4b). While
the charging times halve from 0.5C to 1C, this is no longer the case from 1C to 2C, as the
proportion of the SOC achieved in the CV phase increases. This is particularly evident
for cells with line structured electrodes between 2C and 3C. It is worth noting that only
cells with line-structured electrodes between 2C and 3C reached 80% SOC in the 5th cycle.
However, in this case, the charging time required to reach an SOC of 80% is only reduced by
2.45 min, which means that charging at higher C rates than 2C does not offer significantly
more advantages regarding fast-charging capability in the case of cells with thick electrodes
with high areal capacity >4 mAh cm−2. If the areal capacity of the electrodes and thus
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also the coating thickness is reduced, the proportion of achieved capacity in the CC-phase
increases at C-rates > 2C, which enables a further reduction in the possible charging time
to a SOC of 80% [51].
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3.3. Voltage Relaxation Analyses

To gain a profound insight into the higher capacity retention of cells with structured
electrodes, the voltage relaxation after every fifth cycle at each C-rate was measured for a
duration of 4 h. The onset of lithium plating can be determined from the voltage relaxation
after fast-charging [10,14,32]. During the rest period after charging, the plated lithium
re-intercalates into the active material, affecting the concentration relaxation in the active
material. This results in a characteristic plateau in the transient voltage [10]. The plateau
in the transient voltage in the rest period appears as a peak in the differential voltage
analysis (dV/dt). The corresponding peak width as well as the peak position can indicate
the amount of plated lithium [52]. In Figure 5, the dV/dt (solid line) and the voltage
(dashed line) are plotted as a function of time for representative cells with unstructured and
structured electrodes (dV/dt plots of all investigated cells can be found in Figure S1). The
reference cells showed lithium plating at C-rates between 1C and 3C as indicated by a peak
in the dV/dt, which is also the C-rate range of excessive capacity fading observed in the
rate capability test (Figure 3b). Noteworthy is the missing peak in the dV/dt at 5C for the
reference cells as one would expect plating at the highest studied C-rate. The missing peak
in the dV/dt matches the result of the rate capability analysis, in which the reached CCCV
capacity also appears to stabilize at 5C for the reference cells and can be explained with
a decreasing lithium inventory with ongoing plating. The decreasing lithium inventory
changes the capacity balance of the anode and the cathode in a way that the electrode
potential on the anode remains above 0 V vs. Li/Li+ and plating is not thermodynamic
favorable [13]. In contrast to the unstructured reference cells, the onset of lithium plating,
as indicated by a peak in the dV/dt analysis, is shifted to higher C-rates for cells with
structured electrodes. Cells with electrodes of all studied structure types showed a peak in
the dV/dt after charging at 3C and 5C. For the grid and hole structures, a less pronounced
saddle point is noticeable in the dV/dt after charging at 2C, which is consistent to the lower
capacity retention observed for cells with electrodes of these two pattern types compared
to the cells with line structured electrodes.

A quantitative analysis of the voltage as a function of time (dashed line in Figure 5) is
challenging due to the undefined current during the CV phase, as this results in a different
ohmic voltage drop that does not correlate with the C-rate in the CC phase. The pseudo
equilibrium voltage, which occurs after a sufficiently long relaxation time, depends on
the lithiation state of the anode and the cathode, which in turn depends on the capacities
reached during the CCCV charging as well as cell ageing and the resulting loss of lithium
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inventory. Noteworthy are the differences in pseudo equilibrium voltage after 5C and 3C
charging for the cell with an unstructured electrode, in which the measured voltage after
30 min of relaxation is higher after 5C charging (3.94 V) compared to 3C charging (3.92 V).
The reason for this may be the similar capacity reached in the CCCV phase, whereby
for charging at 3C, a higher amount of lithium plating leads to an overestimated SOC
compared to charging at 5C where less additional plating is indicated by less pronounced
peaks in the dV/dt for this cell.
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3.4. Post-Mortem Analyses

To confirm the results from the dV/dt analyses, the set of cells shown in Figure 5
were disassembled in a fully discharged state after the rate capability test. In Figure 6a–d,
optical microscope images of anodes from the unstructured (Figure 6a) and structured cells
(Figure 6b–d) are shown. The white round dashed outline in Figure 6a–d indicates the
part of the anode surface which was covered by the cathode. As expected from the dV/dt
analysis, all cells showed lithium plating on the anode/separator interphase, indicated
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by the white-grey colored layer formation [12,30]. The unstructured electrode showed
a continuous and dense surface layer formation, while the structured electrodes were
only partially covered. As it was not possible to completely avoid a partial stripping
of the surface layer during the disassembly process, large parts of the formed surface
layer were found on the separator of the unstructured electrode (Figure S2). Whether
the visible crack in the center of the electrode with hole structure (Figure 6b,f) is caused
by cell disassembly or by cell ageing is not certain. While for the electrode with line
and grid structures, large areas of the electrode are recognizable without any surface
layer formed, the surface of the electrode with hole structure is covered except for the
outermost edge area. All structure types have in common a change in morphology in the
form of overgrown structures due to the surface layer that is formed during cell ageing.
While overgrown structures are found centered in the electrode with grid structure and
in the electrode with line structure, large areas of overgrown structures are found in the
edge area (Figure S3) of the electrode with hole structure and only occasionally centered
on the electrode (Figure 6f). Similar observations of locally degraded and overgrown
electrodes, structured and unstructured, have been found in full-cells in coin and pouch
cell format [30,33]. We assume that an overgrowth of the structures and the associated loss
of advantage in the diffusion kinetics lead to a decreasing fast-charging performance of
the cell. The geometry of the formed surface layer is also noteworthy. All the electrodes
analyzed, except for the line-structured electrode, show a spherical geometry of the surface
layer formed. The line structured electrode, on the other hand, shows a pattern that is
shaped like an ellipse. The distance between the edge of the formed surface layer and
the edge of the electrode is therefore almost equidistant. An influence of the wetting
and rewetting of the electrode with electrolyte during cycling on the plating behavior is
therefore most probable and also explains the higher capacity retention at high C-rates for
cells with capillary structures (Figure 3; grid and line).
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Figure 6. Post-mortem digital microscope images (a–d) and SEM images (e–f) of the unstructured
(a,e), hole structured (b,f), line structured (c,g), and grid structured (d,h) electrodes (same set of cells
as in Figure 5). White dashed outline marks the anode area which was covered by the cathode and
the red dashed outline marks the cut-out of the respective SEM image.

3.5. Extrapolation to Commercial Cell Formats

Coin cells were used in this study because they are easy to manufacture, reproducible,
and safe to handle due to their low capacities. However, if one wants to identify the
advantages and disadvantages of cells with structured electrodes in terms of the achievable
energy and power densities, one must consider commercial cell designs, as the cell design
strongly influences the achievable energy density. For this purpose, the energy and power
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density were calculated using the geometric data from a commercial pouch cell and the ma-
terial and electrode characteristics in the work presented [53]. The weight of the packaging
material of the cell, i.e., pouch bag and the tapes, is neglected in the calculation. The un-
derlying data for the calculation and the formulae can be found in Equations (S1)–(S18). It
should be noted that the stack height is not considered as a limiting factor in this calculation
and that the energy density of 674 Wh L−1 of the commercial pouch cell in reference [53]
(anode areal capacity of 5.23 mAh cm−2) is higher than the data calculated in this work due
to the use of optimized electrodes in terms of porosity, active material share, and N/P-ratio.
In Figure 7, the calculated specific energy and energy density as a function of the anode
areal capacity is shown. The benefits of the implementation of thick-film electrodes can
be seen in the increasing energy density and specific energy on cell level with increasing
areal capacity. In our calculation, increasing the anode areal capacity from 2 mAh·cm−2

to 4 mAh·cm−2 would result in an increase in energy density of 16%. Figure 7 also shows
that structuring the anode with a 11% mass loss reduces the achievable energy density at
cell level by around 6%. This makes it clear that the comparison of structured electrodes
with unstructured electrodes, even if these electrodes have similar areal capacities, puts
the unstructured electrodes at a disadvantage when considering large-format cells, as the
same energy density could also be achieved with unstructured electrodes with a lower
areal capacity. In our case, with an areal capacity of approximately 4.4 mAh·cm−2 of the
structured electrodes and an average mass loss of 11%, the cells with structured electrodes
would have to be compared with cells with unstructured electrodes with an areal capacity
of 3.15 mAh·cm−2 (as indicated by the dotted lines and arrows in Figure 7) in order to
compare large-format cells with the same energy density later on.
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Figure 7. Calculation of the energy density (orange) and specific energy (green) as a function of the 
anode areal capacity in an 80 Ah pouch cell (cell geometry data extracted from [53]; electrode pa-
rameter from this work with a N/P ratio of 1.16) with unstructured (solid symbols) and structured 
(hollow symbols; 11% mass loss) anodes. The dashed line serves as an aid to orientation for com-
paring the same energy density or specific energy between cells with structured and unstructured 
electrodes. 

Figure 7. Calculation of the energy density (orange) and specific energy (green) as a function of
the anode areal capacity in an 80 Ah pouch cell (cell geometry data extracted from [53]; electrode
parameter from this work with a N/P ratio of 1.16) with unstructured (solid symbols) and structured
(hollow symbols; 11% mass loss) anodes. The dashed line serves as an aid to orientation for comparing
the same energy density or specific energy between cells with structured and unstructured electrodes.

To take this into account, additional reference cells (following referred to as “New
Ref.”) were manufactured with an anode surface capacity of 3.2 mAh·cm−2. However, with
an N/P ratio of 1.25, the “New Ref.” full-cells have a higher N/P ratio compared to the
cells used in this work, which in turn has a negative effect on the calculated energy density.
The production and cell data of the “New Ref.” cells can be found in Figures S4 and S5,
and [51]. With the previous investigations on the fast-charging capability and the onset of
lithium plating, the minimum charging time to an SOC 80% can now be determined for
the analyzed cells. The lowest C-rate, according to which lithium plating was recognized
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in the dV/dt, as well as the fastest possible charging times without lithium plating are
listed in Table 4. The cells with line structured electrodes showed the highest C-rate for the
onset of lithium plating (3C) and thus, the fastest possible charging time without lithium
plating at a C-rate of 2C of 24.07 min. This results in a cell with line-structured electrodes
being charged 3.6 times faster compared to cells with unstructured electrodes of the same
areal capacity.

Table 4. Onset of lithium plating, as determined in dV/dt analysis and minimum charging time up
to a SOC of 80% without lithium plating.

Unstructured Hole Line Grid New Ref.

dV/dt onset of lithium plating 1C 2C 3C 2C 2C
Charging time to SOC 80%/min 85.57 (C/2) 43.43 (1C) 24.07 (2C) 42.99 (1C) 43.5 (1C)

With the minimum charging times now known, the power density (Pv; Equation (1))
and specific power (Pm; Equation (2)) can be calculated in addition to the energy density
(Ev) and specific energy (Em). The equations are as follows:

Pv = 0.8· Ev

tSOC80

(1)

Pm = 0.8· Em

tSOC80

(2)

The resulting power and energy densities as well as the specific power and energy
are plotted in Figure 8. Since the information and the tendency of the data regarding
specific energy and energy density are highly similar, the further discussion is limited
to the energy density. The relatively high N/P ratio of 1.25 of the “New Ref.” cells is
the reason for their lower energy density compared to the other cells with an average
N/P ratio of 1.16. Comparing the cells with unstructured electrodes, a decrease in areal
capacity from 4.3 mAh cm−2 to 3.2 mAh cm−2 increases the power density by 76% from
299 W L−1 to 526 W L−1. All investigated cell types with structured electrodes reached
higher calculated power densities than the unstructured reference cells with 3.2 mAh cm−2

and 4.3 mAh cm−2. With 987 W L−1, the cell with line structured electrodes has the
highest calculated power density of all investigated cell types. Compared to the cell with
unstructured electrodes of similar areal capacity (4.3 mAh cm−2), this means an increase
in power density of 230% with an energy density that is 6% lower and compared to the
“New. Ref.” cells (3.2 mAh cm−2), an increase in power density of 87% with a 4% higher
energy density. The high N/P ratio of the “New Ref.” cells (N/P ratio of 1.25) lead to cells
with a lower areal capacity of the cathode and thus, to lower current densities at the same
C-rate compared to cells with the same anode and lower N/P ratio. This suggests that
cells with a areal capacity of 3.2 mAh cm−2 and an N/P ratio of 1.16, which would lead
to a comparable energy density to the cells with structured electrodes in this work, will
have an even lower rate capability and thus, the positive influence on the power density of
structured cells with the same N/P ratio and energy density will be even more pronounced.
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4. Conclusions

The fast-charging capability and lithium plating of cells with laser structured anodes
of high areal capacity (>4.3 mAh cm−2) and several structure patterns were investigated
in coin cells in full-cell format by dV/dt and post-mortem analysis. Furthermore, EIS
measurements in symmetrical cells showed the differences in ionic resistance between
structured and unstructured electrodes of similar areal capacity. The resulting energy and
power densities of prospective commercial pouch cells with the electrodes used in this
work were calculated and potential pitfalls in the comparison to cells with unstructured
electrodes were identified. All investigated structure patterns, namely the line, grid, and
hole pattern, showed a higher rate capability, lower ionic resistivity, and a lithium plating
onset shifting towards higher C-rates, if compared to cells with unstructured anodes of
similar areal capacity. The highest fast-charging capability was reached by implementing
line structured anodes. The required charging time to a SOC of 80% was reduced by a
factor of 3.6 from 85.57 min in the case of cells with unstructured electrodes of similar areal
capacity to 24.07 min in the case of cells with line structured anodes and the onset for lithium
plating is shifted from charging at 1C to 3C, respectively. In the post-mortem analyses,
subsequently to the rate capability test, all cell types, structured and unstructured, showed
lithium plating, as expected from the dV/dt analysis, and all structured cells showed parts
where the structures were overgrown by the forming surface layer. Noteworthy is the
geometry of the formed surface layer formation on the anodes, especially in the case of the
cells with line structured electrodes. The distance between the edge of the formed surface
layer and the edge of the electrode is therefore almost equidistant along the direction of the
line structures. An influence of the wetting and rewetting of the electrode with electrolyte
during cycling on the plating behavior is therefore most probable and also explains the
lower performance of the cells with hole structures in the rate capability analysis due to the
lack of capillary structures. By extrapolating the results from coin cells to commercial pouch
cell designs, it was possible to show that attention is required in selecting the reference cell.
Due to the laser structuring and the resulting average mass loss of 11% of the anode, the
energy density of a commercial pouch cell with these electrodes would decrease about 6%
in comparison to cells with unstructured anodes of similar areal capacity. With an areal
capacity of approximately 4.4 mAh cm−2 of the structured anodes and an average mass
loss of 11%, the cells with structured anodes would have to be compared to cells with
unstructured electrodes with an areal capacity of 3.15 mAh·cm−2 in order to compare large-
format cells with the same energy density later on. For this reason, new reference cells with
anodes with an areal capacity of 3.2 mAh cm−2 were manufactured and tested. Comparing
the cells with unstructured electrodes, a decrease in areal capacity from 4.3 mAh cm−2 to
3.2 mAh cm−2 increases the power density by 76% from 399 W L−1 to 526 W L−1. All
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investigated cell types with structured electrodes reached higher calculated power densities
than the unstructured reference cells with 3.2 mAh cm−2 and 4.3 mAh cm−2. Cells with line
structured electrodes have the highest calculated power density of all investigated cell types.
With 987 W L−1, the cells with line structured electrodes have a 230% higher power density
and an energy density that is 6% lower compared to cells with unstructured electrodes
of similar areal capacity (4.3 mAh cm−2) and compared to the cells with unstructured
electrodes of lower areal capacity (3.2 mAh cm−2), an 87% higher power density and a 4%
higher energy density due to the differences in the N/P ratio.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/batteries10050160/s1, Figure S1: Differential voltage analysis of
the voltage relaxation (solid line) and voltage as a function of time (dashed line) in the 4 h rest
period after charging in the 5th cycle at each C-rate for all cells with unstructured and structured
electrodes; Figure S2: Separator of the cell with unstructured electrodes with plated lithium sticking
on it (cathode visible on the backside); Figure S3: Post-mortem digital microscope image of the
hole structured electrode with overgrown structures visible in the edge of the plated area, Figure S4:
Differential voltage analysis of the voltage relaxation (solid line) and voltage as a function of time
(dashed line) in the 4 h rest period after charging in the 5th cycle at each C-rate for the “New Ref.”
cells; Figure S5: Specific charge capacity of the “New. Ref.” cells after the CC and CCCV phase
(without the 5th cycle at each C-rate). The shading represents the standard deviation, Table S1:
Abbreviations and data for calculating the energy density and specific energy, Equations to calculate
the energy density and specific energy: Equations (S1)–(S18), Generalized finite Warburg element:
Equations (S19)–(S22).
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