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Abstract

Over the past few years, laser structuring of electrodes has been shown as a powerful
tool to significantly improve the rate capability and cycling ability of lithium-ion batteries.
However, the impact of anode/cathode pattern combinations on electrochemical perfor-
mance in full-cell configurations remains poorly understood. This work investigated for
the first time the influence of laser structuring strategies and pattern combinations on the
laser processing rate as well as the electrochemical performance of full cells containing
NMC 811 cathodes and graphite anodes. Meanwhile, the mass losses due to laser ablation
with different strategies were kept similar for cathodes and anodes. The line-patterning
process exhibited a processing rate that was an order of magnitude higher than that for
blind hole drilling. Moreover, line patterning of graphite anodes with an average laser
power of 5.0 W showed a two to five times higher laser processing rate than with 2.5 W.
Subsequently, the structured electrodes were cross-combined and assembled into full cells.
All cells with laser-structured electrodes exhibited improved rate performance, reduced
ionic resistance, and a shift in the onset of lithium plating to higher C-rates in comparison to
the reference cells with unstructured electrodes. In particular, the cells with “Line 5 W” elec-
trodes demonstrated excellent rate performance, delivering an increase of 72 mAh g~! in
discharge capacity compared to the reference cells at 5C and achieving 80% state of charge
in 18 min. The results indicated that line patterns enhance rate performance more effectively
than hole patterns. Furthermore, wider grooves in the electrodes were produced using
higher average laser power, which may provide larger electrolyte reservoirs. This could
support the rewetting processes of the electrolyte in the electrodes during electrochemical
cycling and thus significantly improve rate performance and cell lifetime.

Keywords: lithium-ion battery; laser ablation; 3D battery; lithium plating; NMC 811;
upscaling; ultrafast laser ablation

1. Introduction

The escalating demand for high-energy-density storage systems, driven by the rapid
growth of electric vehicles (EVs) and grid storage, has positioned lithium-ion batteries
(LIBs) at the forefront of energy research [1]. Modern EVs aim to achieve ranges exceeding
500 km after full charging, requiring batteries with energy densities of at least 235 Wh kg !
and 500 Wh L~! at battery-pack level [2].

One effective strategy to further increase the energy density of LIBs is to employ elec-
trode active materials with high specific energy density. For example, using layered nickel-
rich layered oxides such as Li(Nig gMng 1Cog.1)Op (NMC 811) as the cathode active material
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has proven particularly promising due to their high specific capacity (>200 mAh g~!) and
reduced cobalt content, which increase energy density, lower material costs, and alleviate
supply chain concerns [3,4]. On the anode side, graphite is the most used state-of-the-art
anode material in commercial LIBs [5]. Another strategy to achieve high energy density
at the cell level is to apply thick-film electrodes. Thick-film electrode design (with areal
capacities > 4 mAh cm™2) is a practical strategy since it can benefit both reduced cell
manufacturing cost and higher energy density [6,7]. However, thick-film electrodes face
two major challenges: charge-transport limitations and mechanical deterioration [8,9].
First, increased electrodes thickness significantly lengthens the charge (electrons and ions)
transfer pathway and hinders electrolyte penetration, resulting in slow lithium-ion diffu-
sion kinetics, increased cell resistance, deteriorated rate performance, and elevated risk
of lithium plating [9,10]. Furthermore, during conventional wet coating, thick electrodes
require extended drying time, which might result in the migration of binders and addi-
tives towards the electrode surface, causing consequent deterioration of both mechanical
and electrochemical performance [11]. Therefore, adapted to functional properties and
reliable production, suitable 3D electrode architecture designs are essential for enabling
and optimizing the application of thick-film electrodes in LIBs.

To achieve thick-film electrodes with low tortuosity, various methods have been ex-
plored, for example, the freeze-casting method [12], magnetic alignment method [13], and
laser ablation [14,15]. Among these methods, laser structuring is a very promising approach
to be established in battery manufacturing because it can be integrated into existing pro-
duction lines and possesses the capability for process upscaling [16]. This method is based
on laser ablation of active material/binder to generate defined microstructures based on
pattern types such as lines, holes, or grids [17]. Hereby, laser-generated lines or grids can act
as capillary microstructures which, in comparison to unstructured electrodes, significantly
accelerate and homogenize the electrode wetting with liquid electrolyte. This in turn offers
the great potential to reduce tremendously the processing time and production cost of
LIBs [18-20]. Moreover, continuous electrolyte rewetting of the laser-structured electrodes
during cell operation can be achieved owing to their three-dimensional (3D) architectures,
which counteracts lithium plating and results in an increased cell lifetime [14]. In addition,
laser structuring can also improve the lithium-ion transport kinetics [21], provide void
space to accommodate volumetric changes and thereby enhance fast-charging capability
and cycling stability, while suppressing lithium plating on the anodes [14,22,23].

Sterzl et al. [14] demonstrated that laser-structured graphite anodes (line, grid, and
hole pattern) exhibit lower ionic resistance compared to unstructured ones. Line-structured
electrodes showed the best electrochemical performance regarding fast-charging capability
and the avoidance of lithium plating at high C-rates. Thus, in comparison to unstructured
anodes, a boost in fast charging was enabled by a factor of two to three for thick-film
electrodes (4 mAh/cm?).

Berhe et al. [24] structured commercial lithium iron phosphate (LFP) electrodes with
four distinct geometries: line, grid, triangular, and rectangular end. They found that the
line pattern significantly enhanced wettability and wetting rate relative to unstructured
electrodes. Hille et al. [25] ablated both NMC 622 cathodes and graphite anodes in a hole
pattern and investigated four different full-cell configurations: unstructured/structured
anodes assembled with unstructured/structured cathodes. The results showed that ablating
only one electrode can still improve the capacity at high C-rates ranging from 2C to 5C,
while ablating both electrodes obtained the optimal rate capability.

In a previous study we investigated the impact of different laser-structuring strategies
on electrochemical performance of aqueous processed NMC 622 cathodes in half cells [26].
The results indicated that the cells with NMC 622 electrodes structured at 5.0 W exhibited a
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10 Q2 cm? lower ionic resistance compared to those using a laser power of 2.5 W. Further-
more, rate capability analyses demonstrated that the cells with 5.0 W structured electrodes
had a higher specific discharge capacity relative to those with 2.5 W structured electrodes
at 1C and 2C.

So far, no study has directly compared the electrochemical performance of full cells
with line-patterned electrodes to those with hole-patterned electrodes. Furthermore, the
effects of using different pattern types on the anode and cathode have not yet been explored.
In this study, NMC 811 was employed as the cathode active material (CAM) and graphite as
the anode active material (AAM). Firstly, to investigate the upscaling of the laser-structuring
process, line-patterned electrodes were fabricated using average laser powers of 2.5 W
and 5.0 W. The impact of these parameters on electrode morphology and electrochemical
performance was analyzed. Coin cells with a full-cell configuration were assembled using
a line pattern (either 2.5 W or 5.0 W) or a hole pattern on both anodes and cathodes.
Moreover, to elucidate the impact of electrode pattern combinations on electrochemical
performance, cathodes and anodes with line or hole patterns were paired alternately in
full cells. Four different configurations were investigated: hole (anode)-hole (cathode),
line (anode)-line (cathode), hole (anode)-line (cathode) and line (anode)-hole (cathode).
Most importantly for this methodology, the areal capacities of laser-structured electrodes
with different pattern types were kept similar. The full cells were characterized using rate
capability analyses and long-term analyses. In addition, EIS analyses using symmetric cells
were applied to investigate the ionic resistance of structured and unstructured NMC 811
cathodes and graphite anodes. Through the presented study, it is possible for the first time
to determine the most suitable combination of anodes and cathodes with respect to their
individual 3D pattern types to maximize the high rate capability and cycling ability of LIBs.

2. Materials and Methods
2.1. Electrode Preparation

The cathode slurry was prepared using polycrystalline NMC 811 (Gelon, Dongguan,
China) with a median diameter (D50) of 9.3 pm as the active material, C-NERGY Super
C65 (Imerys G and C, Willebroek, Belgium) and KS6L graphite (Imerys G and C, Bodio,
Switzerland) as conductive agents, and polyvinylidene fluoride (PVDF, Solef® 5130, Solvay
Specialty Polymers, Brussel, Belgium) as a binder, which was dissolved in N-methyl-2-
pyrrolidone (NMP, Merck KGaA, Darmstadt, Germany) solvent with a weight ratio of 1:10
prior to the mixing process. NMC 811, Super C65, and KS6L powders were pre-mixed
manually and then added into PVDF solution with a mass ratio of 92:3:2:3 (NMC 811:Super
C65:KS6L:PVDF). The slurry was homogenized using a centrifugal mixer (SpeedMixer
DAC 150 SP, Hauschild and Co., Hamm, Germany) with rotating speed ranging from 1000
to 3500 rpm for 78 min. The solid content of the cathode slurry was adjusted to 67 wt%.

As for the anode slurry preparation, flake-like graphite (Gelon, Dongguan, China)
with a D50 of 17.6 um was used as the active material, and Super C65 (MTI Corporation,
Richmond, CA, USA) was used as the conductive agent. The graphite and conductive
agent were mixed with a water-based 1.3 wt% sodium carboxymethyl cellulose (CMC, MTI
Corporation, Richmond, CA, USA) solution with the same centrifugal mixer used for the
cathode slurry. After 29 min mixing from 1000 to 3500 rpm, styrene butadiene rubber (SBR,
50 wt% solid content, MTI Corporation, Richmond, CA, USA) solution was added and
further mixed at low rotational speed (60 s at 1000 rpm) due to the shear-sensitivity of
SBR [27]. The mass ratio of each component of the anode slurry was set to graphite:Super
C65:Na-CMC:SBR = 94:1.4:1.6:3, and the solid content was set to 45 wt%.

Both cathode and anode slurries were coated onto current collectors using a doctor
blade ZUA 2000.100 (Proceq, Schwerzenbach, Switzerland). Cathode slurries were cast
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onto 20 um thick aluminum foil, and anode onto copper foil with 9 um thickness. The
current collectors were fixed on a laboratory coater MSK-AFA-L800-LD (MTI Corporation,

Richmond, CA, USA) equipped with a vacuum pump. A coating speed of 5 mm s~

was
applied, while the film thickness was adjusted by varying the gap of the doctor blade.
The cathode slurries were dried at 90 °C for 2.5 h, while the anode slurries were dried at
25 °C for 2.5 h. Subsequently, the electrodes were calendered using an electric calendering
machine MSK-2150 (MTI Corporation, Richmond, CA, USA) at 25 °C with a constant
feeding speed of 35 mm s~ . The porosity of cathodes and anodes were adjusted to 35%
and 40%, respectively. The porosity values of the anode and cathode were determined by
weighing the samples and then calculated using the weight percentage and density of each

component as described in detail elsewhere [28].

2.2. Laser Structuring of Electrodes

A pulsed fiber laser (Tangerine, Amplitude Systemes, Pessac, France) operating at a
wavelength of 515 nm with a maximum average power of 12 W and a pulse duration of
380 fs was employed for the structuring and cutting of NMC 811 cathodes and graphite
anodes. A beam expanding telescope (Sill Optics GmbH, Wendelstein, Germany) with 4 times
magnification was used to expand the laser beam, while a galvo-scanner (rhothor™, Newson
NV., Dendermonde, Belgium) and an f-theta lens (Sill Optics GmbH, Wendelstein, Germany)
with a scan area of 90 x 90 mm? were applied to deflect and focus the laser beam, respectively.
The laser and optical components were integrated in a micromachining system (PS450-TO,
OPTEC S.A., Frameries, Belgium). The laser beam diameter at the focus plane was 29 pm.

This study investigated the impact of average laser power and different patterns on
the electrochemical performance of the batteries. The mass loss of the laser-structured
electrodes was maintained at comparable levels at different laser powers or pattern types
by adjusting the pitch accordingly. Scanning electron microscopy (Phenom XL G2 Desk-
top, Thermo Fisher Scientific Inc., Schwerte, Germany) and cross-sectional analyses were
performed to identify the suitable laser parameters. The applied laser parameters for
electrodes with different pattern types are shown in Table 1. The laser burst times were
adjusted to achieve percussion drilling of holes in cathodes and anodes without affecting
the current collector. The holes were arranged in equilateral triangles with side lengths
shown in Table 1. The laser scan speed for line structuring was kept constant at 500 mm s~ !,
while the laser repetition rate was 500 kHz and the average laser power was set to 2.5 W
or 5.0 W. Graphite anodes and NMC 811 cathodes were cut into circular samples with
diameters of 15 mm and 12 mm, respectively. All laser structuring and cutting processes
were performed in ambient air.

Table 1. Laser-structuring parameters for NMC 811 cathodes and graphite anodes used in cells.

Electrodes Pattern Type Laser Power Repetition Rate ~ Burst Time Scan Speed Scan Pass(es)

and Pitch [W] [kHz] [us] [mm/s] [-]

NMC 811 cathodes Hole, 120 um 5.0 5 5000 200 1
NMC 811 cathodes Line, 430 um 2.5 500 1000 500 8
NMC 811 cathodes Line, 430 um 5.0 500 1000 500 4
Graphite anodes Hole, 75 pm 5.0 10 11,000 200 1
Graphite anodes Line, 300 pm 2.5 500 1000 500 18
Graphite anodes Line, 550 um 5.0 500 1000 500 5

2.3. Cell Assembly and Electrochemical Analyses

After laser cutting, graphite anodes and NMC 811 cathodes were dried at 100 °C
and 120 °C in a vacuum oven (VT6025, Thermo Scientific, Germany) for 24 h, respectively.
All 2032-type coin cell assemblies were carried out inside an argon-filled glove box LAB
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master pro sp (M. Braun, Garching, Germany) with H,O < 0.1 ppm and O; < 0.1 ppm.
Cells with unstructured electrodes served as the reference, while laser-structured electrodes
produced using different laser parameters and pattern types were cross-combined and
the details are summarized in Table 2. In cells Al, A2, and A3, the same type of laser-
generated pattern was created on both cathodes and anodes, while in cells B1 and B2, hole
and line patterns were generated on different electrode sides to investigate the impact of
distinct electrode laser pattern types on the electrochemical performance at full-cell level.
In addition, symmetric cells consisting of two identical electrodes with a diameter of 15 mm
were prepared. A 25 um thick polypropylene (PP) Celgard 2500 separator sheet (MTI
Corporation, Richmond, CA, USA) was placed between electrodes. Each cell was filled
with 120 pL electrolyte (Solvionic, Toulouse, France), which consisted of 1.3 M LiPF4 in
ethylene carbonate (EC) and ethyl methyl carbonate (EMC) with EC:EMC = 3:7 (mass ratio)
plus 5 wt% fluoroethylene carbonate (FEC) as an additive. An electric crimper MSK-160E
(MTI Corporation, Richmond, CA, USA) was applied to press all of the cell components
together and to seal the cells. Afterwards, full cells as well as symmetric cells were stored
at 20 °C for 20 h to ensure a homogeneous wetting of separator and electrodes with the
liquid electrolyte.

Table 2. Six configurations of full cells with NMC 811 cathodes and graphite anodes. The pitches
used for different electrode types are given in Table 1.

Cell Type Cathode Type Anode Type

Reference Unstructured Unstructured
Al Line pattern, 2.5 W Line pattern, 2.5 W
A2 Line pattern, 5.0 W Line pattern, 5.0 W
A3 Hole pattern, 5.0 W Hole pattern, 5.0 W
Bl Line pattern, 5.0 W Hole pattern, 5.0 W
B2 Hole pattern, 5.0 W Line pattern, 5.0 W

Rate capability analyses were performed using a battery cycler BT2000 (Arbin Instru-
ments, College Station, TX, USA). C-rate describes the discharge or charge current relative
to the battery’s nominal capacity [29]. A C-rate of 2C means the battery will be fully charged
or discharged in half an hour. Full cells were charged using a constant current—constant
voltage (CCCV) protocol and discharged using a constant current (CC) protocol at various
C-rates within a voltage window of 2.8-4.2 V. Initially, three cycles were carried out at C/20
with a C/40 cutoff current during the CV phase as a formation step to electrochemically
activate the cell and to form a protective solid electrolyte interphase (SEI), thereby ensuring
the stable long-term performance and safety of the batteries [30].

To evaluate charge or discharge rate performance separately and to identify the onset
of lithium plating on anodes, the CCCV protocol was implemented combining symmetric
and asymmetric charge/discharge processes, as summarized in Table 3. In the symmetric
charge/discharge process (termed as “S”), cells were charged and discharged at identical
C-rates. In the asymmetric charge/discharge process (termed as “AS”), the cells were
charged at varying C-rates (1C-7C) but discharged at a constant C-rate of C/5. For both
processes, a 15 min rest period was applied between each charge and discharge step, as well
as between each two cycles. Rate capability analyses were conducted as follows. From C/10
to C/2, cells were cycled for five cycles at each rate using the symmetric charge/discharge
process. At 1C to 7C, cells were cycled at first for five cycles using the asymmetric process,
followed by five cycles using the symmetric process at each rate. To specifically evaluate
fast-charging performance and detect the onset of lithium plating, during the fifth cycle
at C/10, 1C, 2C, 3C, 5C, and 7C, the CV phase was limited to 15 min instead of a cutoff
current, followed by a 4 h rest for voltage relaxation analyses. Finally, five cycles at C/5
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were carried out to determine a possible capacity loss after cycling at high current densities.
After rate capability analyses, full cells were then cycled at C/2 to study their long-term
cycling stability.

Table 3. CCCV protocol of the rate capability analyses applied for all full cells. (“S” represents a
symmetric charge/discharge process, while “AS” indicates an asymmetric charge/discharge process).

S S S AS S AS S AS S AS S AS S S
Charge CC c/10 C/5 C/2 1C 1C 2C 2C 3C 3C 5C 5C 7C 7C C/5
Cut-off CV c/20 C/10 C/10 C/10 C/10 C/10 C/10 C/10 C/10 C/10 C/10 C/10 C/10 C/10
DischargeCC C/10 C/5 C/2 C/5 1C C/5 2C C/5 3C C/5 5C C/5 7C C/5
Repetitions 5 5 5 5 5 5 5 5 5 5 5 5 5 5

Furthermore, EIS analyses were carried out on symmetric cells using a battery cy-
cling system BCS-810 (Biologic, Seyssinet, France) to determine the ionic resistance. The
frequency range was set from 10 mHz to 10 kHz with a voltage amplitude of 10 mV. The
EIS data were fitted using the software ZView 4 (Version 4.0i, Scribner Associates, Inc.,
Southern Pines, NC, USA).

3. Results and Discussion
3.1. Electrode and Laser-Structuring Parameters

The top-view SEM images of laser-structured electrodes using different laser process-
ing strategies are shown in Figure 1. No cracks or residual debris were observed on the laser-
structured electrode surfaces or groove sidewalls after laser structuring. Figure 1a,b show
line-patterned anodes fabricated using average laser powers of 2.5 W and 5.0 W, respec-
tively. The maximum groove width of lines generated on anodes using 5 W (“Line 5.0 W”)
was 64% wider than the groove width of lines generated using 2.5 W (“Line 2.5 W”), as
shown in Table S1 and Figure Sla,b, indicating that the ablation volume increases with
increasing average laser power. Figure 1d,e show the “Line 2.5 W” and “Line 5.0 W”
cathodes, respectively. The maximum groove width in “Line 5.0 W” cathodes was 38%
wider than that in “Line 2.5 W” cathodes, which are shown in Table S1 and Figure Slc,d. It
is noteworthy that as the average laser power increased, the ablation volume (depth and
width) in graphite anodes increased significantly faster than that in NMC 811 cathodes.
Only less than 1/3 of the laser scan passes were needed to achieve the same ablation depth
in graphite anodes when the average laser power was increased from 2.5 W to 5.0 W, while
exactly half of the laser scan passes were required for the ablation of NMC 811 cathodes
when the average laser power was doubled.

In Figure 1a,b, the active material near to the channel retained its flake-like structure,
resulting in a clearly defined channel. In Figure 1d,e, several spherical active material
particles near to the channel appeared to have been partially cut through by laser ablation.
In addition, the local removal of the binder exposed the surface of the active material,
leading to well-defined channels and porous sidewalls. Furthermore, no obvious melt
formations were observed in either graphite anodes or NMC 811 cathodes.
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Figure 1. Top-view SEM images of laser-structured graphite anodes (a) Line 2.5 W, (b) Line 5.0 W,
and (c) Hole 5.0 W; and laser-structured NMC 811 cathodes (d) Line 2.5 W, (e) Line 5.0 W, and
(f) Hole 5.0 W.

Table 4 summarizes the active mass loading, areal capacity, mass loss, and areal pro-
cessing rate of laser-structured electrodes with different pattern types. The unstructured
graphite anodes exhibited an areal capacity of about 4.37 mAh cm 2, while the unstruc-
tured NMC 811 cathodes had an areal capacity of about 3.97 mAh cm 2. Mass loss was
determined by the pattern type, pitch (line patterns), and structural dimensions (hole
patterns), with laser parameters optimized accordingly [14]. For economic feasibility, the
mass loss is targeted to be kept below 10%—particularly for cathodes, which dominate
the overall cell cost [31]. In addition, to maintain a similar cell balancing factor of around
1.1, comparable mass losses in anodes and cathodes were required. Cathodes exhibited
mass losses of 4.6-5.3%, while anodes showed mass losses of 4.8-5.5%. In addition, the
areal loadings of structured electrodes with different laser strategies (various laser powers
and generated patterns) were kept comparable to ensure electrochemical performance
evaluation under similar current densities. Table 4 also presents the processing rates of
electrodes using various laser strategies. Processing rate here refers to the effective elec-
trode area modified per unit time, reflecting the efficiency of the material removal process
under given conditions. They were obtained by taking the reciprocal of the actual time
required to process a 1 cm? sample using different laser parameters. The realistic processing
times were recorded by the laser processing software (ProcessPower, version 3.9.1, OPTEC
S.A., Frameries, Belgium). Compared to the hole pattern, the line pattern exhibited an
order-of-magnitude higher processing efficiency using the same average laser power. In
addition, the processing rate increased with increasing laser power.

Table 4. Active mass loading, areal capacity, mass loss and areal processing rate for different types of
laser-structured electrodes.

Active Mass Loading Areal Capacity Mass Loss Processing Rate
Electrode Type [mg cm—2] [mAh cm—2] [%] [em?s-1]
Unstructured, Cathodes 19.74 + 0.19 3.97 + 0.04 - -
Line 2.5 W, Cathodes 18.70 4+ 0.18 3.76 £+ 0.04 534+ 1.8 0.147
Line 5.0 W, Cathodes 18.72 +0.15 3.76 +0.03 524+1.7 0.269
Hole 5.0 W, Cathodes 18.84 +0.12 3.79 +0.02 46+15 0.011
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Table 4. Cont.
Active Mass Loading Areal Capacity Mass Loss Processing Rate
Electrode Type [mg cm—2] [mAh cm—2] [%] [em? s—1]
Unstructured, Anodes 13.38 &= 0.05 437 +0.02 - -

Line 2.5 W, Anodes 12.64 + 0.15 413 £0.05 55+£15 0.051

Line 5.0 W, Anodes 12.62 +0.26 413 £0.02 57+£08 0.275

Hole 5.0 W, Anodes 12.74 + 0.05 417 £0.02 48 £0.7 0.005

3.2. Symmetric Cells and EIS Analyses

Unstructured, “Line 2.5 W”, “Line 5 W”, and “Hole” electrodes were assembled in
symmetric cells, respectively. The symmetric cells are under a blocking condition, where
faradaic processes are suppressed, enabling evaluation of the ionic resistivity of porous
electrodes [32]. Blocking conditions can be achieved using non-intercalating electrolyte
salts or, in the case of lithium salt electrolytes, by setting the electrodes to a state of charge
(SOC) of 0% or 100%, where lithium intercalation/deintercalation is suppressed [32,33]. The
equivalent circuit used for fitting impedance data consists of a resistor and a generalized
finite Warburg element. The generalized finite Warburg element is used to fit the lithium
diffusion in porous electrodes, while the resistor presents the ionic resistances in the pores
in electrodes [34]. The W describes the impedance caused by mass transfer, as shown in
Equation (1) [35]:
tanh ()]

Z((U) = Rw (]w'[ )”w
w

1)
where Ry, [Q)] represents the polarization resistance of mass transport, 1, is a constant
usually between 0 and 0.5, and 7, [s] is defined as 12/ Dess (I [em] the effective diffusion
thickness and D,¢s [cm? s~ 1] the effective diffusion coefficient of lithium) [36]. The areal
normalized ionic pore resistance R;,, [(2 cm?] (termed further as “ionic resistance” in the
work) is given in Equation (2) [37].

Td

Rion = Rion,ori'A = ek

2)
where Rj,,0ri [(Y] is the resistance obtained originally from EIS analyses, A [cm?] the
total electrode area (a circle area with a diameter of 15 mm), T [-] the electrode tortuosity,
d [cm] the electrode thickness, € [-] the electrode porosity, and « [S emlor Q7! em 1] the
conductivity of the electrolyte.

The EIS data obtained from the symmetric cells were fitted to the equivalent circuit
shown in Figure 2a,c. The ionic resistance is calculated by dividing the R;,, resistance
obtained from fitting in EIS analyses by the total electrode area (a circle with a diameter of
15 mm). The unstructured electrodes exhibited the highest ionic resistance, with values
of 24.6 + 0.9 O cm? for anodes and 18.2 + 0.1 Q) cm? for cathodes (Figure 2b,c). “Line
2.5 W” anodes exhibited 20% lower ionic resistance (19.7 & 0.5 Q) cm?) than “Line 5.0 W”
anodes (24.2 4 0.6 Q cm?), while anodes with a hole pattern showed a slightly lower ionic
resistance of 17.9 + 0.3 Q cm?. A similar trend is observed for cathodes, where “Hole”
cathodes exhibited the lowest ionic resistance of 12.9 & 0.3 Q cm? compared to other
structured cathodes. “Line 2.5 W” cathodes showed 0.9 Q) cm? lower ionic resistance than
“Line 5.0 W” cathodes (14.9 + 0.1 Q cm?). Our results show that all investigated structured
electrodes, either anodes or cathodes, exhibited lower ionic resistance compared to the
unstructured electrodes.
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Figure 2. Nyquist plot of (a,c) EIS spectra (points) and corresponding fitted curves (lines) of the
symmetric cells and (b,d) the ionic resistance of different types of electrodes.

Hille et al. [25] reported that, after laser structuring with hole patterns, the ionic resis-
tance of graphite anodes (~3.5 mAh cm~2) decreased by approximately 44.9%. Furthermore,
similar to our results, Sterzl et al. [14] also observed that graphite anodes (~4.3 mAh cm~2)
with a hole pattern exhibited the lowest ionic resistance in contrast to electrodes with a grid
or line structure.

3.3. Full Cells
3.3.1. Fast-Discharging Capability

Figure 3 shows the specific discharge capacity of cells with unstructured electrodes and
structured electrodes. The data was obtained from a symmetric charge/discharge process.
Figure 3a shows the C-rate analyses of full cells with identical patterns on anodes and
cathodes, namely A0-A3 cells. During the formation step (C-rate at C/20), all cells exhibited
similar specific discharge capacities of 185-190 mAh g~!. As the C-rate increased from
C/10 to C/2, A2 cells consistently showed the highest specific capacities, while the other
cells displayed nearly identical values. From 1C to 2C, the reference A0 cells experienced a
significant decrease in capacity, dropping from 156 mAh g~ ! to 69 mAh g~!. In contrast,
A1l and A2 cells maintained higher capacities than A3 cells. At 2C, the specific capacities of
A2 and A3 cells were 153 mAh g_l and 111 mAh g_l, respectively. At high C-rates from
3C to 7C, the reference AO cells consistently exhibited the lowest specific capacity, whereas
the cells with line-patterned electrodes outperformed those with hole-patterned electrodes.
Moreover, the cells with “Line 5.0 W” electrodes achieved the highest rate performance.
Even at 7C, where A0 and A3 cells had nearly lost all their capacities, Al and A2 cells still
retained 47 mAh g~! and 57 mAh g~!, respectively.

Figure 3b shows the rate capability of the cells with different pattern combinations on
anodes and cathodes, namely B1 and B2 cells. B1 and A2 cells both had the “Line 5 W”-
structured cathodes but differed in anodes. They showed almost the same discharge
capacity during the rate analyses, only A2 cells exhibited 8 mAh g~! higher capacity than
B1 cells at 7C. Meanwhile, B2 and A3 cells had the “Hole 5.0 W” NMC 811 cathodes but dif-
ferent anodes. B2 cells demonstrated significantly higher discharge capacities than A3 cells
at high current densities (2C-7C). Moreover, B1 cells delivered higher discharge capacities
than B2 cells from 1C to 7C. This difference reflects their respective anode/cathode design:
B1 cells have line-patterned cathodes, whereas B2 cells contain hole-patterned cathodes.
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These results indicate that the configuration using a line-patterned cathode is more suitable

for high power applications that require fast discharging.
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Figure 3. Rate capability analyses of full cells with unstructured and laser-structured electrodes
using a symmetric charge/discharge process. The shading regions represent the range of standard
deviation, calculated from three cells of the same cell configuration. In (a) only cells containing
electrodes with the same type of pattern are displayed, whereas in (b), Bl and B2 cells containing
electrodes with different types of pattern types are shown in comparison to other cells.

Although hole-patterned electrodes exhibited a lower ionic resistance obtained from
symmetric cells under EIS measurement than line-patterned electrodes, the full cells with
line-patterned electrodes generally exhibited a better rate capability than cells with hole-
patterned electrodes. In full cells, electrochemical performance is governed by multiple
factors beyond ionic resistance, including charge-transfer resistance, electrolyte wettability
and retention, interfacial stability, and local current distribution [38-42]. Line-patterned
electrodes likely benefit from more continuous electrolyte pathways, which likely enhance
electrolyte uptake and retention within the electrode. This may promote a more uniform
local current distribution across the electrodes compared to the isolated regions in the
hole-patterned electrodes, which may therefore mitigate localized polarization and prevent
local volume expansion. The difference in charge-transfer resistance among full cells with
different pattern combinations remains unclear in this research, but it may also play an
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important role and warrants further investigation. Even though the “Line 5.0 W” electrodes
did not exhibit the lowest ionic resistance among the laser-structured electrodes, their
structural characteristics may promote improved electrolyte transport and more stable
solid-electrolyte interfaces.

3.3.2. Voltage Profile During Charge and Discharge at Different C-Rates

By analyzing the voltage curves at different C-rates as shown in Figure 4, the causes
of the capacity loss at different C-rates can be elucidated. All cells reached a discharge
capacity of about 180 mAh g~ ! at a low C-rate (C/10) as shown in Figure 4a. However,
the capacity decreased strongly as the C-rate increased. Starting from 1C, A0 and A3 cells
began to exhibit higher cell polarization with lower curves compared to those with line-
patterned electrodes (Figure 4b). At 2C, an increased overpotential and larger polarization
can be observed for A0 and A3 cells in Figure 4c. The IR drop increased with increasing
current density. For A0 cells, the IR drop rose from 0.06 V at C/10 to 0.6 V at 2C, and
A3 cells showed a similar trend and comparable IR drop values. In contrast, Al and
A2 cells exhibited a smaller increase, from 0.04 V at C/10 to 0.3 Vat 2C. The impedance
quantity R; can be calculated by dividing the IR drop value by the applied current [43].
The R; of A0 and A3 cells is 75 (), while A1 and A2 cells have an R; of 41 () and 40 (),
respectively. Cells with line-patterned electrodes showed smaller cell resistance than those
with hole-patterned electrodes. Interestingly, B2 cells with hole-patterned cathode and
line-patterned anode exhibited a lower discharge capacity at C/10 (Figure 4d) than other
cells and a similar discharge capacity as the reference A0 cell at 1C as shown in Figure 4e.
This indicates that at low C-rates < 1C, using a line pattern on the anode and a hole
pattern on the cathode results in an anti-synergistic effect. Especially when B2 cells were
discharged below 3.4 V, a sudden increase in overpotential was observed at both C/10 and
1C. Conversely, using a line pattern on the cathode and a hole pattern on the anode leads
to minimal cell polarization. Cells with this configuration (B1) reached similar maximum
discharge capacity as those A2 cells with a line pattern on both electrodes, as shown in
Figure 4d-f, while B1 cells had a higher overpotential than B2 at 2C. B1 and B2 cells showed
a voltage drop of 0.35 V and 0.33 V, respectively, corresponding to R; values of 43 () and
42 () at 2C. These values were between those of A0/A3 cells and A1/A2 cells.

In summary, when the anode and cathode have the same pattern, cells with line-
patterned electrodes have a lower overpotential than those with hole-patterned electrodes,
especially when discharged at high currents. For cells with different pattern combinations
on the anode and cathode, the implementation of a line pattern on the cathode can greatly
reduce the cell polarization and enhance the discharge capacity compared to cells with a
hole pattern on the cathode.

3.3.3. Fast-Charging Capability

In the following, it will be evaluated how different cell configurations may affect the
charging process. SOC is the maximum achievable capacity at currently applied C-rates
divided by the initial maximum achievable capacity. In this work, the maximum capacity
is calculated as the mean value derived from the five cycles at C/5. Figure 5a shows the
SOC of cells during the CC phase and CV phase, and Figure 5b shows the corresponding
charging time. The data was obtained from the fifth cycle at various C-rates, with each cell
configuration comprising at least two cells. To detect the onset of lithium plating, the CV
phase was limited to 15 min instead of a current limit. Furthermore, the U.S. Advanced
Battery Consortium (US-ABC) targeted charging to 80% SOC in 15 min (equivalent to a 4C
rate) [44]. Therefore, a dashed line of 80% SOC was used as a reference.
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Figure 4. Voltage profiles (a—c) during charge and discharge of A0, A1, A2, and A3 cells at C/2,
1C, and 2C. Voltage profiles (d—f) of A0, A1, A2, B1, and B2 cells at C/2, 1C, and 2C. All data was
obtained from the second cycle at each C-rate in Figure 3.

At a low C-rate (C/5), all cells achieved an SOC of 80% during the CC phase. With
increasing C-rate, the total SOC gradually decreased. Moreover, higher C-rates resulted in a
larger proportion of capacity contributed by the CV phase. For example, at 1C, the reference
AQ and A3 cells reached an SOC of 80% due to the CV phase. At 2C, the reference A0
cells could no longer reach an SOC of 80%, while the cells with laser-structured electrodes
reached this, but only A3 cells obtained a larger portion of the total capacity from the CV
phase. It is worth noting that the cells with line-structured electrodes, whether on the anode
side or cathode side, exhibited a higher SOC than those with only hole-patterned electrodes.
At 3C, A3 cells could no longer reach an SOC of 80%. At 5C, only A2 and B2 cells can
reach an SOC of 80%, both of which had a “Line 5.0 W” anode. The time required to reach
80% SOC was 18 min for A2 cells and 19 min for B2 cells. Laser structuring enhanced
the CC/CV ratio, significantly shortening the required time to reach the same SOC. For
example, AQ cells required 55 min to reach 90% SOC, whereas A3 cells achieved the same
SOC in 26 min. For cells with an identical pattern on the anode and cathode, cells with
line-patterned electrodes were charged faster than cells with hole-patterned electrodes;
moreover, cells with “Line 5.0 W” anodes exhibited better fast-charging capability than
those with “Line 2.5 W” anodes. For cells with different patterns on the anode and cathode,
whether line patterned on the anode or cathode, they exhibited reduced charging time
compared to those with a “Hole 5.0 W” anode/ cathode.
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Figure 5. Analyses of (a) the SOC after CCCV charging and (b) the corresponding charging time
as a function of C-rate from the asymmetric charge/discharge processes. The standard deviation
was calculated from at least two cells with the same cell configuration. The bars with deep colors
represent the capacity (charging time) of cells from the CC-charge phase, while the bars with light
colors belong to the contribution from the CV-charge phase.

3.3.4. Voltage Relaxation and Lithium Plating

Fast charging can induce the deposition of metallic lithium on the graphite surface,
a phenomenon usually referred to as “lithium plating” [45]. The deposited lithium may
partially react with the electrolyte to form a passivation layer, thereby causing capacity
loss of cells [46,47]. In severe cases, dendritic growth may eventually pierce the separator,
resulting in short circuits and thermal runaway [48]. Lithium plating is a partially reversible
process, wherein plated lithium can dissolve and re-intercalate into the anode [49]. Dif-
ferential voltage analysis (DVA) is utilized as an easy-to-apply method to detect the onset
of lithium plating and is used in this work to investigate the effects of laser structuring
on fast-charging capability [50]. The time required to reach a peak in dV/dt serves as an
indicator of the extent of lithium plating [51]. A longer re-intercalation period indicates
that a greater amount of lithium was plated during charging.

In Figure 6a, for the reference A0 cell, the onset of lithium plating occurred at 2C-7C,
as indicated by the peaks in the dV/dt curve (dash lines) and voltage plateau in voltage
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relaxation (solid lines). This behavior aligns with the significantly capacity fading at 2C
shown in Figure 3, where A0 cells also failed to reach 80% SOC at 2C. For the cells with
the same line patterns on the anode and cathode (Al and A2), there was no distinct local
minimum observed in the differential curves at any C-rate, but a noticeable mitigation of
voltage drop was observed. Furthermore, A2 cells having electrodes with wider groove
structures showed the lowest voltage drop in comparison to A0 and A1 cells at C-rates
above 1C. In contrast, A3 cells exhibited an inflection point in the differential curves at 5C
and 7C, which could be attributed to lithium plating. As for B1 and B2 cells, lithium plating
could appear at 5C and 7C. B1 cells exhibited a larger voltage drop than B2 cells, which
can be attributed to the use of a hole-patterned anode in Bl compared to the line-patterned
anode in B2.
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Figure 6. Voltage relaxation (solid line) and corresponding differential voltage relaxation (dashed
line) of cells in six configurations (a—f) adapted from the asymmetric charge/discharge processes
during the first 20 min of the 4 h rest period in the fifth cycle at each C-rate.

Other studies have also shown that the application of laser structuring can shift the
onset of lithium plating to higher C-rates, for example, from 1C to 3C as reported by Sterzl
et al. [14], and from 1C to 2C as reported by Sandherr et al. [52]. In our studies, lithium
plating was observed on unstructured electrodes at 2C, while the laser-structured electrodes
had not yet reached the critical point. Moreover, no lithium plating was observed for cells
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with line-patterned electrodes even at 7C. The difference between our studies and other
studies is that we applied laser structuring not only on the anodes but also on the cathodes.
When the anodes and cathodes are both designed with line patterns, lithium plating can
be most effectively suppressed at high charging currents. Therefore, laser structuring
can significantly mitigate safety risks at high charging current conditions and extend the
lifetime of cells by suppressing lithium plating; moreover, line pattern design is promising
for fast-charging applications.

3.3.5. Power Density and Energy Density

Ragone plots are widely used as a comparative framework for quantitatively analyz-
ing the energy—power relationship of energy storage materials, devices, or systems [53].
Thus, it is applied to reveal the potential of laser structuring to overcome the limitation
of current advanced electrode materials. Calculation of the energy density and power
density of cells is demonstrated in Appendix A. Furthermore, to achieve Ragone plots
that reflect more practical pilot-scale or industrial conditions, the amount of electrolyte
for the calculation was determined as 10 mL Ah~! instead of the redundant electrolyte
amount 28 mL Ah~! (120 uL per coin cell) used in this work [54]. The density of the used
electrolyte is 1.06 g cm .

Figure 7a,b show the volumetric and gravimetric Ragone plots of cells in all configura-
tions. At about 30-300 W L1, the unstructured electrodes retained more active material,
resulting in a slightly higher volumetric energy density compared to the structured elec-
trodes (Figure 7a). Although the 3D structures generated by laser processing shorten Li-ion
diffusion pathways, they are insufficient to fully compensate for the capacity loss at the cell
level. However, in this study mass loss was kept below 6% to reduce the impact on capac-
ity. At about 1200-4400 W L1 (330-1160 W kg 1), cells with laser-structured electrodes
showed a much higher volumetric/gravimetric energy density than the reference cells.
For example, at the power density of around 1160 W kg !, A2 cells exhibited the highest
gravimetric energy density, 534% higher than that of the reference cells. The gravimetric
energy density of Al and B1 cells was 489% and 505%, respectively, higher than that of the
reference cells. In comparison, the gravimetric energy density of A3 and B2 cells was only
18% and 183%, respectively, higher than that of the reference cells.
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Figure 7. Ragone plots showing (a) the volumetric and (b) gravimetric energy density as a function
of the power density of full cells with six types of configuration.
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3.3.6. Cycling Stability and Post-Mortem Analysis

The long-term analyses were terminated after 250 cycles at C/2 because differences
between the various cell configurations became apparent. After the first and second
100 cycles at C/2, the cells were cycled at C/5 for cycles to examine the capacity retention.
In Figure 8, the reference AQ cells exhibited a decrease in specific discharge capacity from
154 to 129 mAh g~!, corresponding to a capacity retention of 85% after cycling. In contrast,
A2 had the highest capacity of 148 mAh g~ after cycling, with 92% capacity retention,
while A1 and A3 cells demonstrated a retained capacity of 142 mAh g~! and 142 mAh g1,
maintaining a capacity retention of 91% and 90%, respectively. Bl cells exhibited a similar
capacity retention of 91%. It should be noted that although B2 cells exhibited the lowest
capacity of 151 mAh g~! among all cells at the beginning of the cycling, they maintained
91% capacity retention. These results indicate that regardless of which patterns were
applied on which electrodes, laser structuring could effectively extend the cycling lifetime
of cells by around 10%. However, compared to other cells with laser-structured electrodes,
B2 cells with a hole pattern on the cathode and a line pattern on the anode exhibited the
lowest capacities, even lower than those of A3 cells with hole patterns on both electrodes.
Thus, the anti-synergistic effect generated using the B2 configuration must be taken into
consideration and avoided when designing the electrode architectures of 3D batteries.
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Figure 8. Specific discharge capacities of full cells cycled at C/2. After the first and second 100 cycles
at C/2, 3 cycles at C/5 were conducted to determine the capacity retention. The shading regions
represent the range of standard deviation between cells with the same configuration.

After long-term analyses, all cells were disassembled and the graphite anodes were
collected and rinsed with dimethyl carbonate (DMC) for 40 min and then dried in an
argon-filled glovebox, as shown in Figure 9. The yellow dashed circles indicate the regions
of the anode surface that were covered by the cathode, confirming that all cells were well-
aligned. For AQ cells, a large portion of the anode surface was coated with a continuous and
dense layer. A dendritic structure was observed (highlighted by the red circle in Figure S2,
which may indicate lithium plating. Furthermore, the graphite particle morphology on
the lower right side of the SEM image of the A0 cell could no longer be distinguished. A
narrow, line-shaped white region was observed on the anode surface obtained from the Al
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cell. The SEM image of this area revealed that the graphite particles were covered with a
deposit layer; however, no particles or deposits were blocking the grooves. Small dendritic
structures were also identified in this region as shown in Figure 52. The anode from the A2
cell showed a clean anode surface with almost no deposit. For the A3 and B1 cells, part of
the holes was covered with deposits, leading to a decreased hole diameter compared to the
pristine hole-patterned electrodes shown in Figure 1c, and the dendritic structures were
also observed as shown in Figure 52. In the B2 cell, small gray spots were observed near
the edge of the anode surface and, as revealed by SEM images, the graphite surface was

partially covered by deposits and a dendritic structure was also found.

Figure 9. Images and SEM of the graphite anodes collected from disassembled coin cells with different
configurations (A0 to B2). The yellow dashed circles indicate the regions of the anode surface that
were covered by the cathode.
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In summary, dendritic structures were observed on the anode surface of A0, A3, Bl and
B2 cells (Figure S2), which may be attributed to lithium plating [47], and this is consistent
with the results of DVA. However, it cannot be entirely ruled out that these dendrites might
be some components of the dried electrolyte. In addition, the small amount of line-shaped
deposition region presented on the graphite anode from A1 cell despite the absence of
a lithium plating peak in the DVA might be attributed to two factors: On the one hand,
the cells were disassembled after long-term analyses at C/2, during which degradation
and additional lithium plating may have occurred. On the other hand, DVA has limited
sensitivity for small amounts of lithium [55].

4. Conclusions

The NMC 811 cathodes and graphite anodes with areal capacities of 4 mAh cm 2 and
4.4 mAh cm~2, respectively, were laser structured using hole and line patterns. For line
patterning, average laser powers of 2.5 W and 5.0 W were employed for laser processing.
The mass loss resulting from the different laser-structuring strategies remained consistent
below 6% to minimize capacity reduction. On the one hand, the groove width increased
with increasing average laser power, especially in graphite anodes. Consequently, to
maintain an equivalent areal loading across all laser-structured electrodes, the pitch was
adjusted accordingly. On the other hand, the processing rate with line patterns increased
by 436% and 82% for anodes and cathodes, respectively, when the laser power increased
from 2.5 W to 5.0 W. Moreover, line patterning exhibited an order-of-magnitude higher
processing rate than hole patterning with the percussion method. SEM analyses confirmed
that no cracks or residual debris existed on the laser-structured electrode surfaces.

EIS analyses were performed on symmetric cells to study the impact of structure
patterns on the ionic resistance of cells. After laser structuring, the anodes exhibited an
ionic resistance reduction of 2-27%, whereas the cathodes showed an ionic resistance
reduction of 18-29%, depending on the applied pattern and laser power. The unstructured
and laser-structured electrodes were further assembled in six full-cell configurations.

This study is the first to investigate the pairing of different laser-generated patterns on
different electrodes and their impact on the electrochemical performance at full-cell level.
Cells with laser-structured electrodes showed a higher capacity at elevated C-rates (>2C),
faster charging and a shift in the onset of lithium plating from 2C to higher C-rates. The
extent of these improvements depends on the laser strategy and cell configuration. The
most significant enhancement was reached by A2 cells with “Line 5.0 W”-structured anodes
and cathodes. At 5C, A2 cells delivered an increase in discharge capacity of 72 mAh g1,
5 times higher than that of the reference cells. Moreover, these cells reached over 80%
SOC within 18 min, while the reference cells required 55 min. Voltage relaxation analyses
displayed that lithium plating in the reference cells initiated at 2C, while no evidence of
lithium plating was observed even up to 7C for A2 cells with “Line 5.0 W”-structured
anodes and cathodes.

Although the “Hole” electrodes exhibited slightly lower ionic resistance than the
“Line 5 W” electrodes for both anodes and cathodes, cells with line-patterned electrodes
demonstrated enhanced fast charge/discharge performance compared to cells with hole-
patterned electrodes. This discrepancy may attributed to the capillary structure of the
line pattern, which may facilitate enhanced wetting and rewetting of electrodes during
electrochemical cycling [14]. When the anodes and cathodes have the same pattern, cells
with line-patterned electrodes exhibit lower overpotentials than those with hole-patterned
electrodes, particularly during high current discharge. As for cells that have different
pattern combinations in their anodes and cathodes (B1 and B2), using a line pattern on
the anode and a hole pattern on the cathode as in B1 cells results in an anti-synergistic
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effect at C-rates below 1C, since a sudden increase in overpotential was observed when
cells were discharged below 3.4 V. Conversely, using a line pattern on the cathode and a
hole pattern on the anode as in B2 cells leads to minimal cell polarization and increased
discharge capacities, especially at high currents. Therefore, when designing the electrode
structure of 3D batteries, it is essential to consider and avoid the anti-synergistic effects
arising from the B2 configuration. Among all cell configurations, the best electrochemical
performance was achieved when both electrodes were structured with high average laser
power and a line pattern.

Ragone plots confirmed that laser structuring is beneficial to enhance energy density
in the power density range of 1200-4400 Wh L~! (330-1160 Wh kg ). For example, when
the power density is about 4400 W L1 (1160 W kg~ !), the gravimetric energy density of
line-patterned electrodes (A2 cells) was 534% higher than the reference cells, while that of
the hole-patterned electrode (A3 cells) was 18% higher than the reference cells. Moreover,
the application of a line pattern on the cathode effectively improved the energy density; for
example, at a power density of about 4400 W L~! (1160 W kg 1), the gravimetric energy
density of B1 cells was 505% higher than that of the reference cells.

Long-term cycling analyses showed that after 250 cycles at C/2, the SOH of reference
cells was 85%, while the SOH of cells with laser-structured electrodes was 90-92%. In
addition, post-mortem analyses found severe lithium plating on the anode surface in the
reference AQ cell. For all hole-patterned anodes in different cell configurations, lithium
plating took place and covered the anode surface, and the deposit partially blocked the
hole structures. As for the “5.0 W” anodes paired with “Hole 5.0 W” cathodes, gray deposit
spots were observed in localized areas on the anode surface, while the “5.0 W” anodes
paired with “Line 5.0 W” cathodes showed almost no lithium plating on the anode surface.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /batteries12060194 /s1. Figure S1. Cross-sectional view of (a,b) line-
patterned graphite anode using laser power of 2.5 W and 5.0 W, respectively, and (c,d) line-patterned
NMCB811 cathode using laser power of 2.5 W and 5.0 W, respectively; Figure S2. SEM of the graphite
anodes collected from disassembled coin cells with different configurations at high magnifications
(A0 to B2); Table S1. The maximum width and full width at half maximum (FWHM) of grooves
in different types of laser-structured electrodes; Table S2. The weight of anodes, cathodes, and
electrolyte for all studied full cells.
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Appendix A

The calculation of the energy density and power density of full cells to obtain the
Ragone plot are presented in this chapter (Figure 7). The gravimetric energy density E,,
[Wh kg~!] and volumetric energy density E, [Wh 17!] are determined as follows:

E, — Qcer1-Uoc (A1)
Mel]

E, = Qcer1-Uoc (A2)
Vcell

where Q,;; [Ah] is the total cell capacity, Upc [V] the open-circuit voltage of the cell (3.6 V),
meepr [kg] the total mass, and V. [1] the volume of a unit cell. Q,; is obtained from the
rate capability analyses at different C-rates as shown in Figure 3.

The gravimetric power density P,, [W kg '] and volumetric power density P, [W L]

are described as follows:
I N UOC

Py = (A3)
" Mee

p, = Lo (Ad)
Vcell

where I [A] is the applied current.
In this study, a single basic unit cell is considered. The total mass of a unit cell 1.,
[kg] is given as:

Meej) = MCat + M Ape + Msep + MEe + %(mAl +mcy) (A5)
where mc,; [kg] is the mass of the cathode without Al foil, m 4,, [kg] the mass of the
anode without Cu foil, mg,, [kg] the mass of the used separator, m, [kg] the mass of the
total electrolyte, and m 4; [kg] and m¢, [kg] the mass of the Al and Cu current collector,
respectively. The areal masses of the Al, Cu and separator are 0.0054 g cm 2, 0.0088 g cm 2,
and 0.0011 g cm~2, respectively.

The measured weight of anodes, cathodes and electrolyte for each cell configuration is
summarized in Table S2.
The total volume of a unit cell V,,;; is calculated as:

hcat + Bano + hsep + 3 (har + heu)
Ve = Afoot' : - 1580 = : (A6)

where Aty [cm?] is the footprint of the single basic unit cell with a diameter of 12 mm;
hear [em] and h 4, [cm] the film thickness of the cathode and anode without a current
collector, respectively; hs,, [cm] the thickness of the separator, and /i 4; [em] and h¢,, [cm]
the thickness of the Al and Cu foil. hicyt is 0.0080 cm, 450 is 0.0107 cm, kg, is 0.0025 cm,
h 41 1s 0.0020 cm and k¢, is 0.0009 cm.
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