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A B S T R A C T   

Spent Li-ion batteries(LIBs) cathodes possess high recycling value. To improve subsequent recovery efficiency 
and product purity, separating the cathode materials from the aluminum foil is critical. However, traditional 
separation methods are characterized by high energy consumption, low recycling efficiency, and environmental 
pollution. This research presents a novel method that involves injecting Joule heat directly into the aluminum 
foil in the air, resulting in the melting and slight thermal decomposition of the PVDF binder, which reduces its 
adhesive properties. Owing to the difference in thermal expansion coefficients between the binder and aluminum 
foil, an instantaneous thermal stress was generated at the interface of the cathode materials and aluminum foil, 
resulting in a peeling force. This method enabled a rapid and efficient separation of lithium iron phosphate (LFP) 
and ternary Li-ion (NCM) battery cathode materials. The optimal separation conditions, separation mechanism, 
and properties of the recovered products were investigated thoroughly using high-speed camera imaging, tem
perature rise calculations, and microscopic characterization. This chemical-free method avoids the generation of 
wastewater and gas emissions. Under optimal experimental parameters, the separation efficiency and purity of 
cathode material reached 99 % and 99.7 %, respectively. Additionally, this method preserves both the structural 
integrity of the aluminum foil and the crystalline structure of the cathode materials, offering a new pathway for 
sustainable recycling of end-of-life LIBs.   

1. Introduction 

Lithium-ion batteries (LIBs), characterized by high operating 
voltage, wide operating temperature range, high energy density, and no 
memory effect, are widely used in various fields such as mobile devices, 
grid energy storage, and electric vehicles[1–4]. 

However, the finite lifespan of LIBs presents significant challenges. It 
has been predicted that more than 11 million tonnes of spent LIBs will be 
generated globally between 2017 and 2030, posing significant envi
ronmental and resource challenges[5,6]. These spent batteries contain 
numerous high-value but toxic and non-renewable resources, including 
metals such as lithium, cobalt, nickel, manganese, and aluminum. The 
improper recycling of these batteries not only results in the wastage of 
valuable resources but also poses considerable threats to both the 
environment and human health[7]. 

In the recycling of LIBs, cathode materials are the primary focus, as they 

contain the majority of the valuable metals in these batteries and account 
for approximately 30–40 % of the manufacturing cost[8]. The cathode of a 
LIB is composed of a sandwich structure where the cathode active material 
is tightly bonded to aluminum foil using adhesives such as polyvinylidene 
fluoride (PVDF)[9]. Ensuring complete separation of cathode active ma
terials from the aluminum foil is critical for the efficiency of subsequent 
hydrometallurgical leaching to recover valuable elements from spent LIBs 
[10]. Due to the strong adhesive bond between the cathode material and 
the aluminum foil, their separation and subsequent recycling become 
difficult[11]. Consequently, achieving selective separation of aluminum 
foil and cathode materials presents a significant challenge. 

Global researchers have explored numerous methods to separate the 
aluminum foil from the cathode materials in LIBs. These methods involve 
reducing the adhesive properties of PVDF, applying mechanical peeling 
force, and the combination of these techniques. The primary methods are 
as follows: 
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1.1. Organic solvent method 

Currently, the organic binder in cathode materials is mainly PVDF. 
According to the "like dissolves like" principle, N-methylpyrrolidone 
(NMP) is used as the organic solvent to dissolve PVDF[12–15]. Xin et al. 
immersed cathode sheets in an NMP solution for 1–2 hours to allow the 
cathode materials to detach from the aluminum foil[16]. Following 
dissolution, the pure cathode materials were obtained by filtration. 
However, NMP is an expensive solvent, accounting for 10 % of the 
electrode production cost, and is also toxic[17]. 

1.2. Aluminum foil dissolution method 

In this approach, aluminum foil is dissolved in a NaOH solution, 
followed by filtration and drying processes to recover cathode materials. 
Although straightforward and effective, this method results in the pro
duction of significant toxic waste liquids[18,19]. 

1.3. Pyrolysis method 

This method entails the thermal treatment of cathode materials at 
high temperatures (500–600◦C) to decompose PVDF and diminish its 
adhesive properties. Subsequently, methods, including mechanical vi
bration screening, high-speed mechanical rotation shredding, and high- 
speed gas jet separation, are employed to obtain the cathode materials 
[20–22]. However, this approach is energy-intensive, and the thermal 
decomposition of PVDF leads to the generation of fluorides, which are 
detrimental to the environment and highly toxic to humans[23]. 

1.4. Mechanical shredding method 

This method utilizes a shearing force on the cathode material and 
aluminum foil, effectively pulverizing the cathode material and facili
tating its separation from the foil. Although efficient in industrial ap
plications, this method frequently leads to over-crushing of the 
aluminum foil, thereby resulting in high aluminum content in the 
cathode materials (yielding a recovery efficiency of only 70–80 %), 
which poses significant challenges in subsequent separation and puri
fication[24]. 

Recently, researchers had innovative methods to tackle the challenge 
of separating cathode materials from aluminum foil in LIBs. These 
methods include the cryogenic grinding technique, low-temperature 
molten salt system, and electromagnetic heating separation technol
ogy[25–27]. 

Pulsed power technology is an electrophysical technique that com
presses energy and rapidly releases it onto a load. According to reports, 
pulsed power technology—which instantaneously generates plasma, 
shock waves, or significant thermal energy—is used for the separation 
and recovery of various materials. Applications include separating ag
gregates in waste concrete, recovering metallic silver from discarded 
photovoltaic panels, extracting precious metals from waste circuit 
boards, and producing graphene[28–33]. The method is characterized 
by its high selectivity in separation and its ability to yield controllable 
separation results. Recently, scientists have proposed the use of a pulsed 
power system in water to fracture and separate LIBs or their cathode 
sheets[34–36]. In this approach, shock waves generated by underwater 
discharge provide the necessary force for fragmentation or peeling. 
Compared to mechanical shredding, this approach offers higher selec
tivity but requires high working voltages (several tens of kilovolts), 
necessitating advanced equipment standards. Furthermore, it requires 
1500 to 2500 discharges to break the battery. Although this method did 
not use additional chemicals, the process generated wastewater, thereby 
increasing the complexity and cost of the operation. 

A technological approach to separating cathode materials from 
aluminum foil in LIBs involved applying heat or a peeling force to the 
cathode materials, similar to the effects of pulsed power technology. For 

instance, Wang demonstrated this process by continuously stirring a LIB 
cathode sheet in an AlCl3-NaCl molten salt system at 160◦C using a glass 
rod for 20 minutes, resulting in the separation of the cathode material 
from the aluminum foil[26]. The principle behind this separation is that 
melting the PVDF deactivates it, significantly reducing its adhesive 
properties. Additionally, many researchers have heated the cathode 
material to 500–600◦C for 0.5–1 hour to completely decompose PVDF 
thermally, followed by employing vibrating screens, ultrasonic vibra
tion, or mechanical crushing to apply additional peeling force for the 
separation[22,37,38]. 

This study focused on a crucial step in the recycling process of LIBs: 
separating the cathode materials from the aluminum foil. Current 
methods for this process suffer from environmental pollution, high en
ergy consumption, and low separation efficiency. To address these 
challenges, a pulsed power system was devised to separate the cathode 
materials from the aluminum foil in LIBs. This study entailed the instant 
injection of significant heat directly into the aluminum foil of the 
cathode sheet, significantly reducing the adhesive properties between 
the aluminum foil and the cathode materials. Owing to the multilayer 
structure of lithium-ion battery cathode materials, rapid Joule heating 
could generate thermal stress at the interface, offering the necessary 
force for peeling without relying on shock waves. In multilayer mate
rials, a thermal mismatch can occur during heating and cooling due to 
temperature variations and differences in thermal expansion coefficients 
among layers. This phenomenon may lead to the formation of cracks or 
the separation of layers within the material. This type of failure has been 
observed in thermal barrier coatings, chip packaging, and battery elec
trode materials[39–44]. The study confirmed the feasibility of this 
method, investigated the separation mechanism and behavior, and 
identified key parameters affecting the efficiency of cathode material 
delamination, such as charging voltage and current pulse width. Mate
rial testing was performed on the separated products. This method offers 
numerous advantages: rapid processing, high efficiency, low energy 
consumption, no use of chemical reagents, and no generation of exhaust 
gases or wastewater, highlighting its potential for the recovery and reuse 
of cathode materials. 

2. Materials and methods 

2.1. Experimental materials 

In this study, depleted LFP and NCM batteries were used as subjects 
in the separation and recovery experiments. To prevent short-circuiting 
and self-ignition, the spent lithium batteries were initially discharged in 
a 5.0 wt% sodium chloride solution for 48 hours, then air-dried for 
24 hours. The batteries were manually disassembled to remove the 
casing, separator, and anode sheets. The cells were then washed with 
DMC solvent to remove the electrolyte. Subsequently, the cathode sheets 
were cut into 200 mm×20 mm dimensions for use as samples in the 
experiments. Each sample’s weight was measured using an electronic 
balance: 1.115 g for the LFP cathode sheet and 1.058 g for the NCM 
cathode sheet. As illustrated in Fig. 1(a)-(d), the SEM images and 
structure schematics of the LFP and NCM cathode sheets reveal that the 
cathode current collector is composed of aluminum foil approximately 
16 μm thick. The cathode material, which includes a mixture of active 
materials (LiFePO4 or Li(Ni0.5Co0.2Mn0.3)O2) and minor quantities of 
acetylene black and PVDF, was coated on both sides of the current 
collector. For NCM cathode sheets, the single-sided coating thickness 
was approximately 48 μm, while it was about 74 μm for LFP cathode 
sheets. 

Since the distribution, bond strength, and mechanism of action of 
PVDF in different types of cathode sheets are significantly different [23]. 
Consequently, even with the use of the same separation technology, the 
separation results could vary significantly among different LIB cathode 
materials. Therefore, this study conducted experiments with two 
different types of LIB cathode sheets. 
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2.2. Pulse discharge Joule heat separation system and high-speed imaging 
system 

Fig. 2 illustrates the experimental circuit and high-speed imaging 
device. As depicted in Fig. 2, the circuit structure of the pulse-discharge 
thermal stress separation device consists of a charging circuit and a 
discharging circuit. In the charging circuit, a high voltage direct current 
(HVDC) power supply charged the capacitor. A vacuum relay, serving as 
the charging switch, allowed the HVDC supply to charge the capacitor 
when open. Upon reaching the desired voltage, the vacuum relay was 
closed, isolating the discharge circuit from the charging circuit during 
discharge. The capacitor used was a 100 µF/5 kV film type. In the 
discharge circuit, the switch was a pulse thyristor (5.3 kV/130 kA) 
controlled by a 30 V/1 µs trigger source. A freewheeling diode (6.5 kV/ 
16.5 kA) connected in parallel with the capacitor protected the thyristor 
switch from overvoltage during turn-off and provided a current path 
when the capacitor voltage was negative. The LIB cathode sheet, acting 
as the load, was clamped using copper electrodes. During the experi
ment, the capacitor’s working voltage was measured with a high voltage 
probe (Tektronix P6015A), the discharge current with a Rogowski coil 

(CP9302L) and an integrator, and voltage and current waveforms were 
captured using an oscilloscope (Tektronix MDO3024). 

To investigate the separation mechanism of aluminum foil and 
cathode materials, a high-speed camera was used to record the cathode 
sheet’s separation motion during discharge. Additionally, a high-speed 
optical imaging platform, as depicted on the right side of Fig. 2, was 
constructed. The observation platform comprised an auxiliary light 
using a DC non-flickering LED (200 W) and a high-speed camera (SSZN 
SH6) with a fixed-focus lens (SIGMA 105 mm 1:2.8). As the capacitor 
discharged, the oscilloscope recorded the voltage and current wave
forms and simultaneously sent a trigger signal to the high-speed camera, 
initiating image capture. 

2.3. Experimental procedure 

To verify the separation of LIB cathode materials at different volt
ages, NCM and LFP samples, measuring 200 mm×20 mm, were clamped 
between two copper electrode plates with an electrode distance of 
175 mm between the electrodes. The experiments were conducted at 
charging voltages ranging from 2.0 kV to 3.5 kV, in increments of 

Fig. 1. (a) SEM image of LFP cathode sheet cross-section; (b) SEM image of NCM cathode sheet cross-section; (c) Stracture schematic of LFP cathode sheet cross- 
section; (d) Structure schematic of NCM cathode sheet cross-section. 

Fig. 2. Experimental circuit and high-speed imaging system.  
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0.25 kV, with a charging capacitance of 100 µF. 
The separation rate of the cathode material was calculated as fol

lows: 

η
(

%
)

=
W1

(W2 − W0)
× 100%, (1)  

where W1 represents the mass of the cathode materials obtained after 
separation, W2 is the mass of the cathode sheet before the experiment, 
and W0 is the theoretical mass of the aluminum foil in the cathode sheet. 
W0 could be obtained from the battery manufacturer or calculated based 
on the density and dimensions of the aluminum foil. In the case of a 
20 mm×200 mm cathode sheet sample, the mass of the aluminum foil 
(W0) was 0.1728 g. W1 represents the mass of the cathode materials 
actually obtained through separation, and (W2-W0) represents the 
theoretical mass of the cathode materials. 

2.4. Material characterisation 

The sample was subjected to microwave-assisted acid dissolution 
using a mixture of perchloric acid, concentrated nitric acid, and 
concentrated hydrochloric acid (in a ratio of 1:3:1) at a solid-liquid ratio 
of 1:100 g/mL and heated to 280◦C for 60 minutes. Following acid 
dissolution, the elemental content in the cathode materials, both pre- 
separation and post-separation, was analyzed using an Inductively 
Coupled Plasma Optical Emission Spectrometer (ICP-OES, PE Avio 200). 
Microstructural and elemental analysis of the cathode materials was 
conducted using an Environmental Scanning Electron Microscope 
(ESEM, Quattro S) and a Desktop Scanning Electron Microscope (SEM, 
TM-4000 Plus). Phase changes in the cathode materials, both before and 
after separation, were evaluated using an X-ray Diffractometer (XRD, 
Bruker D8 Advance) in a wide-angle diffraction mode (10–90◦) at a scan 
rate of 8◦/min. 

3. Results and discussion 

3.1. Separation of cathode materials at different voltages 

The separation conditions of the LFP battery cathode samples after 
pulse discharge treatment at different charging voltages are shown in  
Fig. 3(a)-(c). At a charging voltage of 2.0 kV, there was no observable 
separation between the LFP cathode material and the aluminum foil. 
Fig. 3(a) illustrates that at 2.5 kV, separation of the cathode material 

from the aluminum foil occurred only at the edges of the cathode sheet, 
indicating initiation of separation from the edges. Fig. 3(b) shows that at 
3.0 kV, there was complete separation between the cathode material 
and the aluminum foil, with both components maintaining their struc
tural integrity. Upon achieving a charging voltage of 3 kV, the recovered 
aluminum foil was washed, dried, and weighed using an electronic 
balance, registering a mass of 0.170 g. Following simple sieving, the 
separated products were readily processed for subsequent hydrometal
lurgical steps. 

Unlike cathode material recovery, the recycling of aluminum foil 
often goes unnoticed. According to a report by Goodfellow in August 
2021, the costs for aluminum and copper foil were approximately $130 
and $640 per square meter, respectively, for a 20 μm thickness and a 
purity of over 99 %[45]. Additionally, recycling aluminum in the 
manufacturing process of electric vehicles can potentially reduce energy 
consumption by 33 %[45]. Therefore, recycling aluminum foil is 
essential, and preserving its structural integrity during the separation 
process is of significant importance. Minor wrinkling was observed at 
the radial edges of the aluminum foil, in contrast to the central surface 
morphology. This phenomenon is attributed to the high frequency of the 
electrical pulses applied and the skin effect, where the current primarily 
flows through the edges of the aluminum foil, causing higher tempera
tures at these locations. This also explains why the separation of the 
cathode material from the aluminum foil starts at the edges at a charging 
voltage of 2.5 kV. At a charging voltage of 3.5 kV, the aluminum foil and 
the cathode material achieved nearly complete separation. Under the 
influence of the electromagnetic force, the aluminum foil contracted 
into a wire-like shape, leaving residual aluminum at the edges of the 
cathode material. This contraction was caused by the elevated temper
atures at the edges of the foil during the pulse discharge treatment. The 
temperatures reached aluminum’s melting point, resulting in some 
aluminum residue on the cathode material. Eqs. (2) and (3) demonstrate 
the electromagnetic force and radial pressure that cause the inward 
contraction of the aluminum foil. 

F(t) =
μ0I(t)2b

2πa
, (2)  

P(t) =
μ0I(t)2

2πaτ , (3) 

In the formula, μ0 represented the vacuum permeability, 4π×10− 7 N/ 
A2, where a and b were the width and length of the aluminum foil, 

Fig. 3. Cathode material and aluminum foil after electric pulse treatment (a) at a charging voltage of 2.5 kV for LFP batteries; (b) at 3.0 kV for LFP batteries; (c) at 
3.5 kV for LFP batteries; (d) at 2.5 kV for NCM batteries; (e) at 3.0 kV for NCM batteries; (f) at 3.5 kV for NCM batteries. 
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respectively. Calculations showed that at a charging voltage of 3.5 kV, 
the maximum peak current was approximately 20.1 kA, resulting in a 
maximum radial pressure on the aluminum foil of approximately 
250 MPa. 

The separation of the NCM battery cathode samples after pulse 
discharge treatment at different charging voltages is shown in Fig. 3(d)- 
(f). At 2.0 kV, there was no observable separation between the cathode 
material and the aluminum foil. At 2.5 kV, partial separation between 
the cathode material and the aluminum foil was observed, showing a 
higher separation rate compared to LFP batteries. Curvature in the un
separated areas of the cathode sheet was noted, attributed to residual 
thermal stress caused by differing material properties of the aluminum 
foil and cathode material during heating and cooling, leading to warping 
[46,47]. At 3.0 kV, complete separation between the cathode material 
and aluminum foil was achieved; unlike the LFP cathode materials, the 
NCM cathode materials became fragmented. At 3.5 kV, essential sepa
ration of the aluminum foil and cathode material was achieved; how
ever, the aluminum foil fractured due to excessive Joule heat, resulting 
in some parts melting and adhering to the cathode material. Fig. 4 il
lustrates the relationship between the peel-off efficiency of the cathode 
material coating and the aluminum foil in both LFP and NCM batteries at 
various charging voltages. 

3.2. High-speed cameras capture the separation process 

Fig. 5(a) depicts the separation behavior of a 200 mm×20 mm LFP 
battery cathode sheet, as captured by a high-speed camera at a charging 
voltage of 3.0 kV. Discharge began at 22 μs, accompanied by the 
emergence of an arc plasma on the positive side of the copper clamp 
electrode. With the development of the arc plasma, the current swiftly 
passed through the aluminum foil, leading to substantial Joule heat 
deposition. The separation began at the specimen’s edge near the 
negative side of the copper clamp electrode and progressively moved 
towards the positive side, where the arc transformed into a jet. At 11782 
μs, wrinkles appeared on the sample surface near the positive side of the 
holding electrode, initiating separation; by 23836 μs, complete separa
tion of the cathode material from the aluminum foil occurred. 

Fig. 5(b) illustrates the separation behavior of a 200 mm×20 mm 
NCM battery cathode sheet, recorded at a charging voltage of 3.0 kV. 
The separation behavior of NCM batteries is markedly different from 
that of LFP batteries. Upon discharge initiation at 20 μs, an arc plasma 
emerged on the positive side of the copper clamp electrode. At 130 μs, 
the arc plasma expanded to both the positive and negative sides of the 
clamp electrode, with horizontal cracks appearing in the NCM battery’s 
cathode material. By 970 μs, the cathode material cracks widened, 
forming a reticulated structure, leading to its detachment from the 
aluminum foil, as the arc plasma evolved into a jet. Finally, by 3970 μs, 

the cathode material cracked into strips and separated from the 
aluminum foil, which retained its structural integrity. 

The differing separation behavior between NCM and LFP battery 
cathode materials is primarily attributed to the varied distribution of 
PVDF in these materials[23]. In LFP batteries, PVDF predominantly 
coats the surface of LiFePO4 particles, while in NCM batteries, it is 
uniformly distributed between the aluminum foil and Li(NixCoyMn1-x-y) 
O2 particles. This leads to a stronger interaction between PVDF and 
LiFePO4 particles in LFP batteries compared to that between PVDF and 
aluminum foil. Conversely, in NCM batteries, the interaction between 
PVDF and Li(NixCoyMn1-x-y)O2 particles is less robust than with 
aluminum foil. Consequently, NCM battery cathode materials are more 
susceptible to cracking and breakage during the separation process. 

3.3. Discharge current and temperature rise 

Fig. 6(a)-(c) depict the capacitor voltage and load current waveforms 
at charging voltages of 2.5 kV, 3.0 kV, and 3.5 kV, with corresponding 
peak currents of 15.1 kA, 18.2 kA, and 20.1 kA, and a current pulse 
width of about 40 μs. 

Given the extremely short discharge time, heat transfer from the 
aluminum foil to other materials can be neglected. Assuming uniform 
current distribution across the aluminum foil, the temperature rise 
during the discharge process can be approximated using the following 
thermal equilibrium formula: 

Qin = mAlcAlΔT, (4)  

where Qin represented the Joule heat input into the aluminum foil, mAl 
was the mass of the aluminum foil, cAl was the specific heat capacity of 
the aluminum foil, and ΔT was the change in temperature of the 
aluminum foil. 

Qin = RAlI2Δt, (5)  

where,RAl denoted the resistance of the aluminum foil, I was the current 
passing through the aluminum foil, Δt was the duration of the current 
flow through the aluminum foil. 

RAl = ρAlLAl/(WAlτAl), (6)  

ΔT =
(
ρAlLAlI2Δt

)/(
WAlτAlmAlcAl

)
, (7) 

In the equation, ρAl represented the resistivity of the aluminum foil, 
LAl was the length of the aluminum foil, WAl was the width of the 
aluminum foil, and τAl was the thickness of the aluminum foil. 

According to calculations using Eqs. (4), (5), (6), and (7), during 
pulse treatment at charging voltages of 2.5 kV, 3.0 kV, and 3.5 kV, the 
aluminum foil reached peak temperatures of 646 K, 757 K, and 851 K, 
respectively. 

Fig. 6(d) shows that the temperature of the aluminum foil never 
exceeded its melting point of 933 K. However, during experiments at a 
charging voltage of 3.5 kV, the aluminum foil experienced fragmenta
tion, with some parts melting and adhering to the cathode material. This 
was due to the high frequency of applied electrical pulses, which caused 
a higher current density at the edges of the aluminum foil compared to 
the center, making it more susceptible to erosion by the arc plasma near 
the electrodes. Consequently, the actual temperature of the aluminum 
foil may have been slightly higher than the calculated values shown in 
Fig. 6(d). 

At charging voltages of 2.5 kV and 3.0 kV, the temperature of the 
aluminum foil remained significantly lower than its melting point, 
enabling it to retain its structural integrity after discharge treatment, as 
shown in Fig. 3. Experimental results in Fig. 3 showed that the tem
perature increase caused by the 3.0 kV discharge was sufficient to 
separate the cathode material from the aluminum foil, but this was not 
the case for the 2.5 kV and 2.0 kV discharges. Wang reported that 
melting deactivates PVDF, significantly reducing its adhesive properties Fig. 4. Peel-off efficiency at different charging voltages.  
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[26]. Zhang’s findings indicate that the direct thermal decomposition of 
PVDF in cathode sheets requires a temperature of 500◦C[37]. Complete 
thermal decomposition of PVDF typically occurs at 600◦C over 
30 minutes[48]. Therefore, during the pulse treatment, as the aluminum 

foil’s instantaneous maximum surface temperature exceeded PVDF’s 
melting point (443 K) and thermal decomposition temperature (648 K), 
the adhesive at the bonding interface melted and potentially partially 
decomposed, significantly reducing its adhesive properties[49]. While 

Fig. 5. Images of cathode materials separation behaviour at a charging voltage of 3.0 kV (a) LFP battery; (b) NCM battery.  

Fig. 6. (a) Capacitor voltage and load current curves at a charging voltage of 2.5 kV; (b) Capacitor voltage and load current curves at a charging voltage of 3.0 kV; 
(c) Capacitor voltage and load current curves at a charging voltage of 3.5 kV; (d) Temperature rise curves of aluminum foil during discharge at different 
charging voltages. 
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simple heating can significantly reduce PVDF’s adhesive properties, 
additional peeling forces like ultrasonic vibration or mechanical crush
ing are still needed to separate the cathode material from the aluminum 
foil post-heating[22,37,38]. Given that aluminum, being a metal, has a 
coefficient of thermal expansion (CTE) of 23×10− 6⋅k− 1, and PVDF, as an 
organic material, has a CTE of 127.8×10− 6⋅k− 1 - 5.6 times that of 
aluminum[50,51]. A mismatch in the coefficients of thermal expansion 
in a sandwich structure such as the Li-ion battery cathode sheet will lead 
to thermal mismatch during heating and cooling, resulting in peeling 
and shear stresses at the interface, ultimately leading to cracking and 
complete separation. The linear thermal expansion due to temperature 
changes in the materials was expressed by Eq. (8): 

ΔL = αΔTL, (8)  

where, ΔL represented the amount of linear thermal expansion, α was 
the thermal expansion coefficient, ΔT was the temperature change, and 
L was the initial length. 

3.4. Effect of pulse width (heating rate) 

To examine the impact of electrical pulse heating duration on the 
separation efficiency of cathode materials from aluminum foil in LIBs, 
electric pulses with widths of approximately 40 μs, 400 μs, and 5000 μs 
were applied to 200 mm × 20 mm LFP battery cathode sheets. Figs. 6 
(b), 7(a), and 7(b) display the current and voltage waveforms for these 
pulses, respectively. To deliver the same total energy to the load, 
different pulse widths were set according to the temperature conditions 
necessary for complete cathode material separation from the aluminum 
foil, as detailed in Section 3.2, achieving an approximate temperature 
rise of 750 K in the aluminum foil. Experimental results showed that 
perfect separation of the cathode material from the aluminum foil 
occurred after a 40 μs pulse treatment, whereas no separation was 
observed with 400 μs and 5000 μs pulses. 

The cross-sectional morphology of the cathode sheet samples after 
treatment with different pulse widths was characterised by SEM, as 
shown in Fig. 8. It was observed that shorter electrical pulses were able 
to heat the aluminum foil to the specified temperature in a shorter time, 
inducing greater thermal stress effects at the interface between the 
cathode material and the aluminum foil. This resulted in the formation 
of wider cracks, which further developed to achieve complete separation 
of the cathode material from the aluminum foil. Conversely, longer 
pulses resulted in lesser thermal stress at the interface, leading to nar
rower cracks that failed to separate the cathode material from the 
aluminum foil. Therefore, controlling the electrical pulse heating 
duration to tens of microseconds or less is crucial for achieving sepa
ration of the cathode material from the aluminum foil. Only within this 
time frame can the thermal stress effect from the electrical pulses fully 
separate the cathode material from the aluminum foil. 

3.5. Material characterisation 

To ascertain the elemental content in LFP and NCM battery cathode 
sheets before and after discharge treatments, Inductively Coupled 
Plasma Optical Emission Spectrometry (ICP-OES) analysis was per
formed, as shown in Tables 1 and 2. According to Table 1, ICP-OES 
analysis of the original and 3.0 kV pulse-discharged NCM cathode 
sheets revealed a drop in impurity aluminum content from 18.3 % to 0.3 
% by weight, leading to a recovered cathode material purity of 99.7 %. 
Table 2 indicates that the original LFP cathode sheets contained 10.4 % 
aluminum impurities by weight. However, post-treatment with a 3.0 kV 
pulse discharge, no aluminum impurities were detected in the recovered 
cathode material, achieving 100 % purity. 

Scanning electron microscopy (SEM) was employed to further 
characterise the microstructure of the original spent LIB cathode mate
rials and the recovered cathode materials. As shown in Fig. 9(a), the 
NCM cathode material is composed of Li(Ni0.5Co0.2Mn0.3)O2 particles 
mixed with PVDF and acetylene black, with Li(Ni0.5Co0.2Mn0.3)O2 par
ticle diameters of approximately 5–10 μm. Fig. 9(c) shows that the 
LiFePO4 particles in the LFP cathode material are smaller, approxi
mately tens of nanometres in diameter. Fig. 9(a)-(d) indicate that the 
morphology of NCM and LFP battery cathode materials remains 
consistent before and after separation, with no significant differences. 
Maintaining the basic morphology of the cathode material after sepa
ration is crucial for the direct regeneration and reuse of cathode mate
rials. A fluffy PVDF binder surrounding the separated cathode particles 
was also observed. As fluorine (F) is the primary element in PVDF 
binders, Energy Dispersive X-ray Spectroscopy (EDS) analysis revealed 
little difference in fluorine content on the surface of cathode materials 
before and after separation. However, as shown in Fig. 9(e), the 
aluminum foil surface after separation had very few residual impurities, 
and the amount of fluorine was significantly reduced compared to that 
remaining on the surface of the cathode materials. 

X-ray Diffraction (XRD) analysis was employed to further charac
terise the phase of the cathode materials and aluminum foil before and 
after pulse discharge treatment, as shown in Fig. 10. Fig. 10(a) shows the 
XRD patterns of the LFP cathode materials before and after pulse 
discharge treatment. It can be seen that the XRD characteristic diffrac
tion peaks of the cathode materials, both before and after treatment, 
match those of LiFePO4 in the JCPDF card (No: 00–040–1499). Simi
larly, the XRD characteristic diffraction peaks of the NCM cathode ma
terials and aluminum foil before and after pulse discharge treatment 
match those of Li(Ni0.5Co0.2Mn0.3)O2 and Al in the JCPDF cards (No: 
97–029–1340 and 00–004–0787 respectively). 

Furthermore, the primary diffraction peaks of the crystals in the 
samples before and after separation were completely consistent, with no 
impurity phases detected. This indicates that the crystal structure and 
chemical composition of the cathode materials and aluminum foil were 
not damaged after separation. These results imply that the separation 

Fig. 7. Current-voltage waveforms of electrical pulses with different pulse widths (a) 400 μs; (b) 5000 μs.  
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method employed in this study effectively and harmlessly separates the 
cathode materials and aluminum foil in LFP and NCM batteries. The 
recovered materials can undergo further hydrometallurgical processing 

to extract various metal elements and also hold the potential for direct 
reuse. 

3.6. Advantages of the current process 

The method proposed in this study was compared with other docu
mented methods for separating cathode materials from aluminum foil in 
LIBs. Table 3 outlines the treatment conditions, separation efficiency, 
chemical usage, aluminum foil structural integrity, waste emissions, and 
types of cathode materials used to evaluate each method. 

While the aluminum foil dissolution method and the organic solvent 
method achieved high recovery efficiencies, they introduced new 
chemical reagents and led to the production of polluted wastewater or 
exhaust gases. The mechanical shredding method, being more envi
ronmentally friendly, offered lower recovery efficiencies and product 
purity and failed to maintain the aluminum foil’s integrity. Although 
offering high separation efficiency, the pyrolysis method encountered 
issues with waste emissions and compromised the structure of the 
aluminum foil. 

Table 3 shows that the method proposed in this study offers 

Fig. 8. SEM photographs of cross-sections of LFP battery cathode sheets after different pulse widths of electric pulse treatment (a) Original sample; (b) Sample 
treated with 5000 μs pulse width; (c) Sample treated with 400 μs pulse width; (d) Sample treated with 40 μs pulse width. 

Table 1 
ICP-OES results of original and 3 kV pulse discharged NCM cathode samples [wt 
%].  

Elements Ni Co Mn Al Li Others 

Original NCM  26.0 %  10.8 %  14.1 %  18.3 %  6.4 %  24.4 % 
Separated NCM  30.9 %  12.0 %  15.6 %  0.3 %  7.3 %  33.9 %  

Table 2 
ICP-OES results of original and 3 kV pulse discharged LFP cathode samples [wt 
%].  

Elements Al Fe P Others 

Original LFP  10.4 %  30.4 %  3.9 %  55.3 % 
Separated LFP  0 %  31 %  4.23 %  64.77 %  

Fig. 9. SEM and EDS results of samples (a) original NCM cathode material; (b) separated NCM cathode material at a charging voltage of 3.0 kV; (c) original LFP 
cathode material; (d) separated LFP cathode material at a charging voltage of 3.0 kV; (e) original aluminum foil; (f) separated aluminum foil at a charging voltage 
of 3.0 kV. 
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advantages such as not using chemical reagents, having no wastewater 
or exhaust emissions, high recovery efficiency (up to 99 % under optimal 
conditions), and preserving the aluminum foil’s structural integrity. 

4. Conclusions 

The traditional methods of separating cathode materials and 
aluminum foil for lithium-ion batteries are often energy-intensive and 
produce significant waste gases and liquids. In this study, an environ
mentally friendly and highly efficient separation method has been pro
posed, achieved by using pulsed power technology to instantaneously 
supply a large amount of Joule heat to the cathode sheet. The mecha
nism of separation was experimentally explored as follows: the Joule 
heat resulted in the melting of the PVDF at the interface and potentially 

induced mild thermal decomposition, significantly diminishing its ad
hesive properties. Furthermore, thermal stresses were generated at the 
interface between the cathode materials and aluminum foil, thereby 
facilitating their separation. The experimental results indicate that both 
the width and energy of the electrical pulse significantly influence the 
separation rate, and optimal separation can be achieved by increasing 
the temperature of the aluminum foil to approximately 750 K in about 
40 μs. Different separation behaviors for various battery materials were 
evidenced by high-speed camera images: LFP cathode materials were 
separated as a whole, while NCM cathode materials were prone to 
fracture. At the optimum parameters, the separation rate and product 
purity reached approximately 99 % and 99.7 %, respectively. 

Furthermore, this process successfully preserved the structural 
integrity of the aluminum foil, as well as the crystal structure and 

Fig. 10. XRD phase characterisation of samples; (a) LFP cathode material before and after separation at a charging voltage of 3.0 kV; (b) NCM cathode material 
before and after separation at a charging voltage of 3.0 kV; (c) Aluminum foil before and after separation at a charging voltage of 3.0 kV. 

Table 3 
Comparison between the existing separation methods of aluminum foil and cathode materials for LIBs and the proposed method.  

Method Treatment condition Separation 
efficiency 

Use 
chemicals 

Al foil structural 
integrity 

Waste 
emissions 

Cathode 
materials 

Aluminum foil dissolution method 
[19] 

50 ◦C, 20 g/L NaOH,60 min  99.21 % Yes Incomplete Yes NCM 

Organic solvent method[52] Cyrene, S/L ratio = 500 g/ L, 100◦C, 1 h  100 % Yes Complete Yes NCM 
Organic solvent method[53] Glycerin,200 ◦C, 350 r/min, 15 min  95 % Yes Complete Yes NCM 
Mechanical shredding method[54] Cryogenic ball mill grinding, − 38 ◦C, 

5 min  
84 % No Incomplete No NCM 

Pyrolysis method[55] Pyrolysis and crushing, 550 ◦C and 
120 min  

94.43 % No Incomplete Yes LFP 

This research 100 μF capacitor discharge at 3.0 kV  99 % No Complete No NCM/LFP  
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microstructure of the cathode materials. This method not only facilitates 
subsequent hydrometallurgical processes for recovering valuable ele
ments but also offers considerable potential for the direct recycling and 
reuse of both cathode materials and aluminum foil. 
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