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1. Introduction 

The demand for batteries is expected to increase 
significantly in the coming years, mainly driven by the 
automotive sector and renewable energy storage applications 
[1]. As a consequence, the development of more efficient and 
sustainable technologies for both battery manufacturing and 
end-of-life management is becoming increasingly important. In 
particular, minimizing raw material waste should represent a 
primary driving force, especially for countries that rely heavily 
on external resource supply. 

Lithium-ion batteries currently offer one of the best 
compromises in terms of energy density, safety, and cycle life, 
and are available in different chemistries (e.g., NMC, LFP, 
LCO) as well as various formats (pouch, cylindrical, prismatic) 
[2]. Despite these variations, they share a similar electrode 

architecture and comparable large-scale manufacturing 
processes. 

Laser-based processes enable fast and highly localized 
material processing with excellent accuracy and virtually no 
tool wear, particularly when remote scanning systems are used 
[3]. 

As the cost of pulsed laser sources continues to decline and 
higher peak powers become available, their application can 
extend beyond conventional processes, opening new 
possibilities for controlled material interaction [4, 5] and 
selective removal [6]. Such approaches may be exploited to 
recover active materials from current collectors in end-of-life 
batteries as an alternative to conventional pyrometallurgical or 
hydrometallurgical methods [7, 8]. 

Few studies have investigated alternative processes capable 
of selectively separating active materials from current 
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collectors [9, 10], even though such approaches could 
significantly enhance recycling feasibility, particularly for 
cathode chemistries that do not contain high-value critical 
metals, such as LFP. 

In this preliminary study, the feasibility of using pulsed laser 
ablation for the separation of LFP cathode active material from 
the aluminum current collector is investigated. The aim is to 
identify suitable processing parameters enabling effective 
material removal while preserving the integrity of the metallic 
substrate. 

2. Experimental Setup 

2.1. Input material 

The selected material is a commercially available single-
side coated aluminum foil cathode (MSE Supplies LLC, 
Tucson, AZ, USA), in which the active material is Lithium Iron 
Phosphate (LiFePO₄). The electrodes were delivered in a 
vacuum-sealed package containing five sheets of 260 × 230 
mm2. The electrode thickness, independently measured with a 
linear measurement system, ranged from approximately 82 μm 
at the edges to 84 μm in the central region. This 2 μm variability 
may affect ablation repeatability. According to the 
manufacturer, the specific capacity of the active material is 135 
mAh/g. The product specifications are summarized in Table 1. 
For the ablation experiments, the never-cycled electrodes were 
sectioned into smaller samples areas 32 × 22 mm2. 

Table 1. Specifications of the LFP electrode used for the experiments. 

Material Specification Value
Electrode type LFP cathode
Coated area 260x200 mm
Aluminum thickness 15 μm
Coating thickness 67-69 μm
Coating area density 14 mg/cm2

Active material wt.% 94%
PVDF5130 binder wt.% 3.5%

2.2. Laser system 

The optical source employed in this study is a near-infrared, 
nanosecond pulsed IPG fiber laser. The system operates at 
pulse repetition rates up to 80 kHz, with a fixed pulse duration 
of 250 ns. A maximum pulse energy of 1020 μJ is available 
within the 20–50 kHz repetition rate range. 

The beam is delivered through a two-axis galvanometric 
scanning head (TSH 8310, Sunny Technology, Beijing, China), 
and an F-theta lens with a focal length of 100 mm (SL-1064-
70-100, Wavelength Opto-Electronic, Ronar-Smith, 
Singapore), enabling planar processing with scanning speeds 
up to 6000 mm/s over a maximum working field of 70 × 70 
mm². With a collimated beam diameter of 5.9 mm, the resulting 
minimum focal spot diameter is approximately 39 μm at the 
focal plane. The main optical parameters of the laser system are 
summarized in Table 2. 

The laser beam exhibits a quasi-Gaussian intensity profile. 
Under maximum pulse energy conditions, the peak pulse power 
reaches 9 kW. At focus, this corresponds to a peak intensity of 
1.5109 W/cm2 and a peak fluence of 167 J/cm2. 

Table 2. Laser system characteristics. 

System Specification Value
Source brand and model IPG YLP-1/100/50/50
Architecture Fiber, Q-switched
Wavelength 1064 nm
Max. average power 54 W
Pulse repetition rate 20-80 kHz
Max. pulse energy 1.02 mJ
Pulse duration 250 ns
Beam quality factor, M2 1.7
Collimated beam diameter 5.9 mm
Focal length 100 mm
Calculated diameter at focal point 39 μm
Rayleigh length 0.66 mm

2.3. Powder collection system 

All experiments were conducted in the laboratory-scale 
setup schematically shown in Fig. 1. To ensure safe operation 
of the ablation process and enable subsequent powder 
collection, a dedicated enclosed system was designed and 
fabricated. The processing chamber consists of a custom 3D-
printed PLA enclosure with external dimensions of 102 × 102 
mm2. To prevent external aluminum contamination and ensure 
mechanical stability, all metallic components were 
manufactured from stainless steel, including the fastening 
screws, the laser-cut lid, and the sample holder. 

Fig. 1. Schematic of the experimental laser ablation setup. 

To enable laser transmission into the chamber, an optical 
window (N-BK7, Ø50 mm, 4 mm thick, 45 mm clear aperture, 
V-coated for 1064 nm, λ/4 flatness; Edmund Optics, 
Barrington, NJ, USA) was integrated. The induced focal shift 
was estimated to be ~1.34 mm via paraxial approximation (n = 
1.506 at 1064 nm) and compensated during the experiments. 

A constant flow of molecular nitrogen was supplied to the 
chamber during processing to minimize oxidation of the 
ablated powder, maintaining a slight overpressure (2 bar inlet) 
to compensate for pressure losses across the filter and gas 
abatement system. The ablated powder was primarily retained 
on a paper filter positioned on the gas outlet and was 
subsequently recovered by gentle mechanical scraping. 

Thermal degradation of PVDF binder occurs above 
approximately 316 °C, mainly through dehydrofluorination 
reactions [11]. To mitigate the release of hazardous by-
products such as hydrogen fluoride (HF) and fluorinated 
organic compounds (CxFyHz,with x ≥ 2), appropriate gas 
treatment measures were implemented. Specifically, the 
exhaust stream was bubbled through a 1 M NaOH solution for 
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acid neutralization, followed by filtration through activated 
carbon to adsorb residual organic species. 

2.4. Experimental design 

The objective of this study is to evaluate the feasibility of 
selectively ablating the cathode active material while 
preserving, as much as possible, the integrity of the underlying 
aluminum current collector. Achieving this requires uniform 
surface scanning under controlled conditions, taking into 
account factors such as thermal effects, material absorption 
characteristics, and inherent limitations of the experimental 
setup. 

To systematically investigate the process window, an array 
of square patterns (5 × 5 mm2) was defined on the electrode 
surface. The squares were spaced 1 mm apart, and a minimum 
delay of 5 s was introduced between consecutive scans to 
reduce thermal interaction and heat accumulation between 
adjacent test areas. Each square was processed using a linear 
hatching strategy with bidirectional scanning. 

The investigated process parameters were the scanning 
speed (v) and the average laser power (P), while maintaining a 
fixed pulse repetition rate of 50 kHz. This operating frequency 
was selected because it provides both the maximum average 
power and the maximum pulse energy available for the system. 

All experiments were conducted at the focal position. Two 
hatch distances (dh) were considered in order to evaluate the 
effect of pulse overlap in the transverse direction: 0.05 mm and 
0.03 mm. These values were selected to represent, respectively, 
a hatch spacing slightly larger and slightly smaller than the 
nominal focal spot diameter (39 μm), thereby enabling 
different degrees of surface coverage and energy accumulation. 
Both single-pass (N=1) and double-pass (N=2) strategies were 
investigated. In the double-pass configuration, the second scan 
was performed using the same process parameters as the first 
to assess the effect of repeated irradiation and enhanced 
material removal. 

To minimize edge overprocessing caused by scanner 
acceleration and deceleration at the beginning and end of each 
scan line, a laser-on/off delay of 100 μs was implemented. 

For each condition, 8 scanning speeds and 3 power levels 
were tested, resulting in a total of 96 parameter combinations. 

3. Results 

3.1. Ablation strategy 

The LiFePO4-based active material was readily removed 
using near-infrared laser irradiation. Under the investigated 
conditions, the coating was always fragmented into fine 
particulate matter that was efficiently transported within the 
process atmosphere. No noticeable melting, sticking behavior, 
or visible discoloration occurred. 

However, as the ablation front approached the underlying 
aluminum current collector, the process window became 
significantly narrower. The transition between complete 
coating removal and substrate damage was found to be critical 
(Fig. 2). From a recycling perspective, even minor aluminum 
contamination in the collected powder would be highly 

detrimental, particularly in view of potential direct reuse 
routes. 

Fig. 2. Feasibility map illustrating the effect of the investigated laser 
parameter sets. The insets highlight four representative ablation outcomes. 

The conditions identified as ideal resulted in complete 
exposure of the aluminum current collector, which remained 
macroscopically smooth and reflective, with no evident signs 
of surface texturing. In some intermediate parameter 
combinations, only localized exposure of the aluminum 
substrate was observed, as summarized in Fig. 3, which reports 
the removal percentage of the active layer evaluated by image 
processing techniques. 

Fig. 3. Exposed surface percentage for all experimental conditions, plotted 
together for trend comparison. Values above 100 % indicate partial or 
complete damage of the substrate by the laser. 

Among the tested conditions, a single configuration (P = 54 
W, v = 1250 mm/s, dh = 0.03 mm, N = 1) led to localized 
delamination of the coating from the substrate. This 
phenomenon significantly enhanced the separation efficiency, 
as the active layer detached in large fragments rather than being 

1 mm 
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progressively ablated. However, this behavior was not easily 
reproducible across the processed areas. 

For the subsequent material characterization analyses, a 
more conservative and stable parameter set was selected (P = 
54 W, v = 1000 mm/s, dh = 0.05 mm, N = 1). Under these 
conditions, a thin residual coating layer always remained on the 
aluminum surface, ensuring minimal interaction with the 
substrate, thus maintaining process repeatability. 

3.2. Material characterization 

SEM imaging of the electrode surfaces before and after laser 
treatment (Fig. 4a and 4b, respectively) showed that the 
processed areas remained largely planar, with no significant 
surface alterations, grooves, or irregularities. This indicates 
that the active material responds well to the laser, and that the 
selected scanning strategy and hatch spacing enable uniform 
removal. 

Fig. 4. SEM images of the electrode surface a) before and b) after ablation (P 
= 54 W, v = 1000 mm/s, dh = 0.05 mm, N = 1). 

The ablated material consisted of particles that tended to be 
roughly spherical, with sizes predominantly ranging from 1 to 
10 μm, as observed by SEM imaging (Fig. 5). Elemental 
composition was assessed using EDS, both at discrete points 
and over selected areas. Comparison with EDS measurements 
of the original, unablated electrode coating allowed verification 
of the relative elemental ratios and confirmed the absence of 
macroscopic aluminum contamination from the underlying 
layers (Table 3). 

Fig. 5. SEM image of the collected powder showing the EDS analysis points.

Table 3. Normalized elemental composition obtained from EDS analysis. 

Position O (at%) P (at%) Fe (at%) Al (at%)
A 28.70 31.10 40.20 0.00
B 67.18 16.98 15.84 0.00
C 58.63 21.28 20.09 0.00
D 60.34 23.45 16.21 0.00
Powder (area) 61.82 20.19 17.99 0.00
Pristine coating (area) 51.20 25.23 23.57 0.00

4. Conclusions 

Selective ablation of the active material from LFP electrodes 
was successfully achieved using a simple and cost-effective 
nanosecond laser system. This approach opens promising 
perspectives for direct remanufacturing and material reuse, 
contributing to waste reduction in battery recycling. Further 
work should address the underlying ablation mechanisms and 
evaluate the process energy consumption against conventional 
techniques. Moreover, the electrochemical properties of the 
recovered powder need to be assessed to determine its practical 
suitability for full or partial reintegration into new battery 
electrodes with minimal additional processing. 
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