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Lithium-ion batteries (LIBs) are one of the main energy storage technologies currently in use and recycling them
offers significant economic, environmental, and material recovery benefits. Despite various recycling processes,
separating the metallic current collector from the electrode composite film remains a crucial challenge. In this
framework, the present study focuses on laser texturing of aluminum current collectors (CCs) to introduce a
microscale surface architecture. The asymmetric surface pattern facilitated a controlled and directional adhesion,
enhancing attachment to manage the significant volume variation of the active material (NMC811) during
charging and discharging cycles. Additionally, it enabled an easy separation of the electrode composite layer
from the current collector, during recycling, by applying a force in a specific direction. As a result, the laser-
treated cathodes displayed low electrode polarization and increased cycling performances, with a capacity
retention of 67.6% after 300 cycles at 1C, thanks to the increased interfacial adhesion that reduced the active
material delamination from the current collector upon cycling.

1. Introduction

Lithium-ion batteries are extensively used in portable electronics
such as mobile phones, laptops and many other common devices due to
their high energy density, high power density and long lifespan [1].
Nowadays, a growing demand for LIBs is generated by the automotive
industry due to the fundamental role of battery technology in the
decarbonization [2] and electrification of the transportation sector [3].
Researchers and analysts forecast that the rapid penetration of LIBs in
electric mobility will lead to an estimated demand of >500 GWh energy
production in 2025 and >2000 GWh by 2030 [4]. Within this context,
the quantity of spent LIBs will present a similar tendency [5], and how to
dispose of this large amount will constitute a crucial challenge [6]. At
the same time, the development of cell designs that can achieve high
electrochemical performances during the battery lifetime and can
render the recovery of valuable materials during battery recycling is
therefore crucial [7]. A common critical issue during the recycling
process is the separation of the active material coating from the current
collector [8,9].

At present, copper (Cu) and aluminum (Al) current collectors are
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generally used at the anode and the cathode side of the battery,
respectively [10,11]. The main role of the current collector is structural
as well as electrochemical, as fast and easy migration of electrons to and
from the active material particles must be ensured to allow the electrode
to withstand high current densities. Good adhesion between the current
collector and the composite active material film is therefore crucial in to
guarantee good electrochemical performances of the electrode. More-
over, delamination of the active material particles is regarded as one of
the common causes of capacity fading of the battery, making the contact
between CC and active material an even more fundamental parameter.
On the other hand, at the end of the battery life, easy delamination of the
composite film from the metallic foil is required to recover critical raw
materials [12].

Current trends on the surface modification of the current collectors
are mainly focused on increasing the adhesion between the CCs and the
active material coating as well as on increasing the corrosion resistance
of the metal. Various methods have been proposed, including etching
[13] the CC surface with strong acids or bases to increase the surface
roughness and therefore improve the electrochemical performances of
the electrodes . Another common approach is to coat the current
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Fig. 1. SEM micrographs of the Laser Textured Al CC at magnifications of a) 5kX and b) 30 kX. Optical profilometry 3D images of the surface of the c) pristine Al CC
and d) Laser Textured Al CC. e) Contact profilometry line scan of the asymmetric grooves obtained on the Laser Textured Al CC. The direction 1 and 2 (arrows) are

related to the adhesion measurements described in Section 3.2.

collector [14], also improving the corrosion resistance properties of the
metal [15]. These different chemical techniques are effective [16,17]
but require the use of expensive and toxic chemicals, thus reducing the
overall sustainability of the production process. The use of more envi-
ronmentally friendly methods is therefore crucial in the development of
more efficient current collectors.

The use of laser technology in battery production has gained atten-
tion over the years regarding the cutting of the electrodes and separators
[18,19] as well as for the welding of the cell tabs [20]. More recently,
this technology has been introduced also within the electrode

manufacturing process [21]. Some studies have been published on the
laser ablation of part of the active material coating to improve the
wettability [22,23] of the electrode during the liquid electrolyte injec-
tion, therefore reducing production costs [24].

Pulsed laser ablation has been regarded as a promising technique for
the Laser Surface Texturing (LST) of thin metallic foils to increase the
active surface area without causing excessive mechanical damage. By
optimizing the process parameters, precise control of the three-
dimensional structure of the surface is achievable.

Various studies have been published on this topic, with the main goal
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of using LST techniques to improve the mechanical adhesion of the
active material layer to the current collector surface [25] to enhance the
electrochemical performances of the electrode, achieving promising
results both for the cathodic [26,27] and the anodic sides [28,29]. On
the other hand, the environmental and economic issues related to the
battery End of Life were not faced.

To the authors’ knowledge, a single study has focused on the creation
of a suitable asymmetric geometry on the CC surface to achieve direc-
tional adhesive properties, but using mechanical methods and without
assessing the electrochemical performances of the textured electrodes
[30].

In this work, we propose a picosecond laser-based surface texturing
method able on one hand to generate triangular asymmetric features on
the current collector surface in a fast and efficient way.

2. Material and methods
2.1. Laser texturing of the aluminum current collector

Laser texturing was performed using a Nd:YAG 1064 nm laser
(HyperRapid NX model, Coherent, Germany) with a pulse duration < 15
ps. Beam movement and focusing were achieved with a galvanometric
scanning head equipped with a 160 mm focal length f-theta lens. A
parallel line scanning strategy and different scanning speeds was utilized
to achieve the desired surface geometry at a selected power of 25% of
the maximum power at a repetition rate of 200 kHz. All the experiments
were performed in air.

2.2. Morphology characterization of laser textured current collectors

The surface morphology was observed by means of Scanning Elec-
tron Microscopy (SUPRA ZEISS FE-SEM) coupled with Energy-dispersive
X-ray spectroscopy (EDS). Sectioned electrodes were also prepared and
mounted in resin while being held vertically with a clip. The samples
were then lapped to expose the cross-section of the electrodes. The
surface topography was measured through Confocal Microscopy (LSM
900, ZEISS, Oberkochen, Germany) and Contact Profilometry (Taylor
Hobson Intra Touch 3D. The surface roughness parameters were ob-
tained following the ISO 25,178 standard procedure.

2.3. Cathode preparation and electrochemical characterization

Working electrodes were prepared by the solvent tape casting
method. An N-Methyl-2-pyrrolidone (NMP, Sigma-Aldrich) based
cathodic slurry was prepared by mixing Lithium Nickel Manganese
Cobalt Oxide (NMC811, MTI Corporation), Carbon Black C—NERGY
C65 (Imerys Graphite & Carbon Corporation) and polyvinylidene
difluoride (PVDF, Arkema) at a weight ratio of 90:5:5 wt.%, respec-
tively. For preparation of the slurry, PVDF was dissolved in NMP to
obtain 8 wt.% solutions. After complete binder dissolution, the solid
fraction (active material + carbon black) was added to the solution and
the slurries were mixed using a ball mill for 20 min at 15 Hz. Subse-
quently, the obtained slurries were cast onto pristine and laser-textured
aluminum current collectors (battery grade, MTI Corporation) by the
Doctor Blade technique using an automatic film applicator (Sheen 1133
N, speed of 10 mm s 1y to obtain pristine (P-NMC) and laser textured (L-
NMC) electrodes. After solvent evaporation in air at 50 °C for 1 h, 1.766
cm? disks were punched out with a Compact Precision Disc Cutter MSK-
T-07 and vacuum dried at 120 °C (Biichi Glass Oven B-585) for 4 h,
before cell assembly. The active material mass loadings explored in this
work were in the range of 8-8.6 mg cm 2. Cell assembly was carried out
in an Ar-filled glove box (MBraun Labstar, HoO and Oy content <1 ppm)
using a two-electrode 2032 coin cell configuration. Glass fibre (What-
man GF/D) was used as a separator and soaked with an electrolyte so-
lution of LiPFg 1 M 1:1 v/v mixed with ethylene carbonate (EC) and
diethyl carbonate (DEC) (Solvionic). NMC811 cathodes were

Surfaces and Interfaces 51 (2024) 104659

Table 1
Results of EDS analyses performed on pristine and laser-textured aluminum
current collectors.

Element P-Al% L-Al%
Aluminum 98.71 97.26
Oxygen 1.29 2.74

electrochemically tested at RT using Li disk counter electrodes (@ 16
mm, thickness 0.6 mm, Tobmachine). The cycling performance of cells
was assessed through galvanostatic discharge—charge cycling (GC) on an
Arbin LBT-21,084 at different current regimes in the voltage range 2.8 —
4.3 V. Electrochemical impedance spectroscopy (EIS) characterisation
and Cyclic Voltammetry (CV) were conducted on a versatile multi-
channel potentiostat (VMP-3 Biologic). Impedance measurements were
performed after different cycles of charge-discharge at 0.1C with a 10
mV amplitude in the 100 kHz - 1 MHz frequency range. CV measure-
ments were performed with a scanning speed of 0.1 mV s~ . Intermitted
Current Interruption (ICI) measurements were employed to assess the
Internal Resistance of the cells with P-NMC and 1-NMC electrodes at
different lithiation states by an Arbin LBT-21,084. Specifically, the ICI
test was performed by charging/discharging the battery at a galvano-
static current of 0.1C for an interval of 5 min, relaxing for 5 s and
repeating this process again until the cut-off voltage was reached.

2.4. Adhesion tests

Scratch tests were performed using an MCT3 tester (Antoon Paar)
equipped with a wedge blade indenter in the load range 0.03-3 N with a
loading rate of 1-3 Nmin~'. Five scratches were performed for each
sample, with a spacing of 3 mm. 1-NMC electrodes were subjected to
scratches in opposite directions, perpendicularly to the scanning lines of
the laser texturing process to evaluate the directional adhesion proper-
ties of the textured CC.

3. Results and discussion
3.1. Laser textured CCs morphological characterization

The surface morphology of the laser-textured (L-Al) and pristine (P-
Al) current collector was observed by means of SEM. As can be observed
in Fig. 1, the textured electrode displays micro and nanostructured
features induced by the laser treatment. An untreated area is observable
in Fig. 1a to appreciate the difference. Notably, Laser Induced Periodic
Surface Structures (LIPSS) are visible on the surface. At higher magni-
fication, micrometric features and particles are observed, related to
limited surface oxidation induced by the laser texturing performed in the
air. This was also confirmed by EDS analysis (Table 1), which showed a
slight increase in the oxygen amount when compared to the pristine
aluminum CC. This surface oxidation was not detrimental to the elec-
trochemical performances of the textured electrodes, as shown below. It
is worth mentioning that a small and controlled quantity of AlpO3 can
potentially be beneficial for the corrosion resistance properties of the
aluminum surface, considering the increased surface area due to the
texturing and especially in the presence of electrolytes with fluorinated
salts such as LiPFg A small increase in the Al;O3 quantity on the CC
surface can therefore limit the electrode degradation and extend the LIB
cycle life [31,32].

Confocal Microscopy was used to obtain three-dimensional views of
the sample surface and Contact Profilometry was used to scan the
sample perpendicularly to the generated asymmetric grooves in order to
obtain a line profile. As can be observed in Figs. 1c-e, asymmetric
triangular structures were obtained through laser texturing. These
micrometric structures were intentionally generated to achieve the
directional adhesion of the active material coating on the textured Al CC.
The roughness parameters were also obtained both for the pristine and
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Table 2
Values of the Surface Roughness parameters obtained through optical confocal
microscopy according to the ISO 25,178 standard procedure.

Parameter P-Al pm L-Al ym
Sq 0.192 1.70
Ssk -0.172 —0.132
Sku 3.11 1.73
Sp 0.661 3.54
Sv 1.05 3.61
Sz 1.71 7.15
Sa 0.153 1.50
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Fig. 2. Micro-scratch analysis results of the critical loads measured on the P-
NMC and the I-NMC samples.

the textured electrodes. The results are summarized in Table 2. The Sa
parameter, representing the difference in height of each point compared
to the mean plane of the surface within the defined area, is the most
commonly used parameter to evaluate the surface roughness. As ex-
pected, its value was increased by the LST of the surface. Sp is the
maximum peak height and Sv is the maximum valley depth. The
maximum height of surface Sz is the sum of the maximum peak height Sp
and maximum valley depth Sv. All these parameters are characteristics
of the surface amplitude and were all increased by laser texturing of the
CC surface. The Skewness (Ssk) and Kurtosis (Sku) characterize the
height distribution of the surface. Negative values of Ssk indicate a
height distribution skewed above the mean plane and vice versa. Ssk
values were negative both for P-Al and 1-Al, but the textured surface
showed a slight shift towards less negative values. The Sku represents
the sharpness of the surface profile: values higher than 3 indicate the
presence of pointed and sharp peaks, as for the P-Al surface, whereas
smaller values are related to shapes rounder than a Gaussian distribu-
tion, as the one generated by laser texturing. The surface area increase
was evaluated elaborating the 3D reconstructions through the Gwyd-
dion software. The scanned sample area was 639 x 639 um, giving rise
to a projected area of 0.4082 mm? for both the P-Al and the 1-Al. The
measured surface area was 0.4101 mm? for the P-Al and 0.4410 mm? for
the 1-Al. Compared to the projected area, the increase was low for the P-
Al (0.46%) and much higher (8.04%) for the 1-Al sample, proving the
increased surface area generated by the Laser Surface Treatment.

3.2. Adhesion measurements

Adhesion of the active material coating to the current collector was
evaluated for the P-NMC and the 1-NMC electrodes by means of micro-
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scratch analysis. This technique allows the critical load measurement
in different directions and was employed to evaluate adhesion differ-
ences in opposite directions, perpendicularly to the triangular asym-
metric surface features for the -NMC electrode. The P-NMC sample was
examined as a reference. The results are reported in Fig. 2, where the
increased adhesion between the textured electrode and the untextured
one is evident, due to the higher surface area of the I-NMC current
collector, as evidenced also in the previous section. More importantly,
the critical load for the 1-NMC electrode along direction 1 (average of
1.04 N, standard deviation of 0.48) was statistically lower than the one
measured along direction 2 (average of 1.66 N, standard deviation of
0.36). An analysis of variance (ANOVA) was conducted to evaluate the
statistical difference between the two means. The obtained F value is
5.34, the obtained p value is 0.0496, indicating a significant effect (p <
0.05) of the scratch direction on the measured critical load. In other
words, the increased adhesion was present regardless of the delamina-
tion direction, but it was less pronounced along direction 1. As previ-
ously reported by Jin et al. [30], an asymmetric surface geometry similar
to the one described in this work is able to generate a directional
adhesion between the current collector and the active material coating.
This phenomenon is related to the different paths followed by the crack
along the two directions during the delamination process. This peculiar
property can potentially make a significant contribution to the pro-
duction of easy to recycle high-performance lithium-ion batteries,
considering also the improved electrochemical performances of the
I-NMC electrodes highlighted in the next sections of this work.

3.3. Electrochemical characterization

The cathodes, after preparation, underwent different electro-
chemical assessments in a half-cell setup, employing a lithium metal disk
as a counter electrode. The cycling performance of the cells prepared
was initially evaluated concerning their rate capability. The cells un-
derwent galvanostatic charge and discharge cycles at different C-rates of
0.1C, 0.2C, 0.5C, 1C, 2C, 3C, 4C, and 5C.

The performance comparison between electrodes with textured and
untextured CC highlighted similar results at every C-rate (Fig. 3a). The
error bars are related to three repetitions of the experiment for each type
of cell, to ensure reliability and replicability of the experimental data.
Thus, the laser surface texturing of the current collector did not seem to
affect the rate capability of the cell. This effect is evident in Fig. 3b-c,
where charge-discharge curves at different C-rates are reported for each
type of CC. As can be observed, the charge/discharge profiles were
similar at every C-rate for the two samples. After the activation cycles at
0.1C, a slight increase in the discharge capacity was observed at 0.2C for
the I-NMC electrode, but not for the P-NMC. This variability in the first
cycles could be related to the permeation of the electrolyte within the
porosity of the electrode during the first formation cycles. This effect
was probably associated with the high mass loading of the electrodes.
The specific capacity remains comparable at every C-rate. For instance,
at 2C both samples exhibited a specific capacity of about 128 mAh g1,
whereas at 5C the specific capacity was 45 mAh g~! for the two elec-
trodes. Notably, an increased separation (polarization) between the
charging and discharging curves was evident at higher C-rates (Fig. 3d).
Interestingly, this separation was lower for the I-NMC electrode. From
the rate capability tests, it was evident that the laser surface texturing of
the Al CC and the related slight increase in the surface oxygen content
(see Section 3.1) did not have a detrimental effect on the electro-
chemical performances of the electrode, even at high current densities.

This effect was further evaluated by Cyclic Voltammetry (CV) mea-
surements on both types of cells in the voltage range 2.8-4.3 V. Five
cycles were performed at a scanning speed of 0.1 mV s~ .. As evidenced
in Fig. 4a, the CV profiles of the textured and untextured electrodes are
very similar. The redox peaks were associated with the phase trans-
formations of NMC811 upon Li™ intercalation/deintercalation. The peak
current density was comparable, whereas the textured electrode
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Fig. 3. a) Specific capacity vs cycle number plot of P-NMC and 1-NMC half cells. Voltage vs Specific charge/discharge capacity for b) P-NMC and c¢) 1-NMC half cells.
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Fig. 4. a) CV curves of the 3rd scan for -NMC and P-NMC electrodes. b) Nyquist plot of EIS data (dots) and related fits (lines) for -NMC and P-NMC half-cell recorded

after 5 cycles at C/10.

Table 3

Summary of the EIS fitting results of the two NMC electrodes.
Sample R; (@) Rz (Q) R3 (Q)
P-NMC 15.47 40.03 49.63
L-NMC 14.42 38.19 31.33

displayed a lower peak separation (AE; = 193 mV) between the
oxidation and reduction peaks compared to the untextured one (AE;
=325 mV), highlighting its lower polarization. In addition, the 1-NMC
electrode displayed better resolved anodic and cathodic peaks, further
highlighting the improved electrochemical reaction kinetics of the
textured electrode.

The electrochemical properties of the electrodes were further ana-
lysed through Electrochemical Impedance Spectroscopy (EIS). To ensure
the reliability of the measurements, uniform conditions were applied to
the cells and the spectra were recorded after a complete charge/
discharge cycle at C/10 for 5 cycles. The fifth cycle was selected for
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fitting using the ZView software. The fitting procedure was focused on
retrieving the resistance values, and the Warburg element was not pre-
sent in the selected equivalent circuit, as shown in Fig. 4b. The Nyquist
plots of the two electrodes exhibited distinct characteristics: a high-
frequency semi-circle and a low-frequency inclined profile. Herein, Ry
signifies the ohmic resistance, while Ry and R3 denote the Solid Elec-
trolyte interphase (SEI) layer resistance and the charge-transfer resis-
tance, respectively. Table 3 summarizes the fitting results. The R; and Ry
values were comparable, whereas the I-NMC electrode displayed the
lower charge transfer resistance, further confirming the superior elec-
trochemical properties of the textured electrode thanks to the increased
surface area of the CC that ensured better electric charge transfer be-
tween the CC and active material.

To further evaluate the change in the cell resistance and the role of
the laser surface texturing of the CC, the Intermitted Current Interrup-
tion (ICI) technique was employed. This method is an alternative to the
Galvanostatic Intermitted Titration Technique and can render the same
information about the Internal Resistance (IR) of the cell in a shorter
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Fig. 5. Intermitted current titration techniques obtained values of the Internal Resistance of the cell for P-NMC and 1-NMC electrodes both during charge and

discharge half cycles.
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Table 4
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Values of specific capacity, coulombic efficiency and capacity retention for P-NMC and 1-NMC electrodes.

Cycle number P-NMC

L-NMC

Specific Capacity Coulombic Efficiency

Capacity Retention

Specific Capacity Coulombic Efficiency Capacity Retention

mAh g % % mAh g % %
5 144.52 99.29 98.06 155.99 99.62 98.9
10 142.85 99.71 96.92 154.14 99.70 97.76
50 137.16 99.85 93.07 147.58 99.48 93.6
100 131.22 99.78 89.04 139.02 99.18 88.2
200 106.40 99.65 72.19 122.89 99.19 77.9
300 78.55 99.54 53.30 106.61 99.02 67.6

time [33,34]. It is based on the application of a constant current at C/10
for 5 min followed by a short relaxation period of 5 s, and the evaluation
of the voltage drop after switching off the current.

The results are shown in Fig. 5a-b, where it is evident that the IR of
the cell is lower both during charge and discharge, at every State of
Charge (SoC). More in detail, the IR of the P-NMC during charging
oscillated between 45 Q at 30% SoC and 59 Q at 75% SoC, whereas the 1-
NMC displayed lower values between 40 Q at 30% SoC and 54 Q at 75%
SoC. During discharge, the IR was shifted to lower values, but the overall
better performances of the I-NMC electrode were confirmed (32 Q and
19 Q at 75% and 30% SOC respectively for the 1-NMC, 36 Q and 27 Q at
75% and 30% SoC respectively for the P-NMC). This behaviour was
consistent with previously reported results using NMC811 as active
material [33]. In general, a battery’s internal resistance comprises four
components. Firstly, the ohmic resistance, also known as AC resistance,
encompasses the electronic and ionic resistance across various parts like
current collectors, terminals, electrodes, active material, electrolyte,
and separator. Secondly, there is the resistance of the SEI formation,
which begins during initial charge/discharge cycles and progressively
increases during cycling and storage. The third element is the resistance
associated with charge transfer during chemical reactions. Lastly, there
is the resistance linked to the diffusion process, impacting mass trans-
port within electrodes and electrolytes [35,36]. Higher internal resis-
tance can limit the electrochemical performance of the battery.

The presented results are in agreement with the previous findings
and further prove the superior electrochemical behaviour of the laser-
textured current collector compared to the pristine one.

The I-NMC and the P-NMC cathodes were also subjected to long
cycling experiments, at a constant C-rate of 1C for 300 cycles. As can be
observed in Fig. 6a, the capacity retention after 100 cycles was 89% and
88.2% for P-NMC and I-NMC electrodes, respectively. Interestingly,
higher differences were found increasing the number of cycles. The ca-
pacity retention for the P-NMC electrode was 72 % and 53.3%, whereas
the 1-NMC cell showed 78% and 67.6% after 200 and 300 cycles
respectively. The coulombic efficiency was above 99 % for both the P-
NMC and the I-NMC electrodes, even after 300 cycles. Values of specific
capacity, coulombic efficiency, and capacity retention are reported in
Table 4.

Charge and discharge curves and the related differential capacity
curves after 100, 200 and 300 cycles are reported in Fig. 6b-c. As can be
observed, the polarization of the cell increased during cycling due to
materials degradation. Notably, the polarization was lower for the I-
NMC compared to the P-NMC electrode, as already observed in the
previous analyses. These results were probably related to the delami-
nation of the active material particles, due to repeated volume
contraction/expansion, and cracking upon deintercalation/dein-
tercalation of Li™ ions [37,38]. The increased adhesion of the active
material coating donated by the laser surface texturing of the current
collector was able to reduce this effect and improve the long-cycling
stability of the electrode. To further investigate this aspect, after 300
cycles coin cells were opened and the electrodes were recovered to
evaluate the interface between the CC and the active material. More-
over, the recovered electrodes were embedded in a resin and polished

for cross-section analysis of the interface between the current collector
and the coating by means of FESEM analysis. As evidenced in Fig. 6d-e,
the P-NMC electrode exhibits a damaged interface, with small cracks
that were responsible for the reduced electrochemical performances of
the cell. On the other hand, the I-NMC electrode shows a good retained
adhesion even after 300 cycles, with no evident signs of delamination.
These results better clarify the role of the modified adhesive properties
of the current collector and its relation to the previously reported elec-
trochemical results.

4. Conclusions

A picosecond laser texturing method was proved to be a suitable
technique to achieve the simultaneous increase of the adhesion, able to
improve the cycling performances of the LIB, and the directional
adhesion properties that can allow easy recyclability of the spent bat-
tery. By employing a parallel line scanning strategy with optimized
scanning speed and line distance, asymmetric triangular features were
generated on the CC surface. A large increase in surface area resulted in
an augmented adhesion between the active coating and the current
collector, with directional properties that are promising for the recy-
clability of the electrode. Despite this adhesion increase, the electro-
chemical performances were not affected at high current densities and
there was no evidence of a substantial increase in the specific capacity
delivered by the textured electrode. Nonetheless, the long cycling ex-
periments showed promising results related to the diminished delami-
nation of active material thanks to the modified adhesive properties of
the Al surface. The I-NMC with a high mass loading of 8 mg cm™2
showed increased capacity retention up to 67.7% after 300 1C cycles,
compared to 53.3% for the P-NMC electrode. The increased electro-
chemical performances were further proved using different electro-
chemical techniques that were able to give more insights into the
underlying mechanisms of the interaction between the active material
particles and the current collector surface. The outcomes of this study
evidence the potentially pivotal role of laser-based techniques in the
design of more efficient, sustainable and recyclable next-generation
batteries.
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