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Abstract

:

Numerous studies have been conducted on spent lithium-ion batteries (LIBs) recycled from electric vehicles. Research on pre-processing techniques to safely disassemble spent LIB packs has mainly focused on water-based discharge methods, such as salt-water discharge. However, salt-water discharge corrodes the electrodes and case, causing internal contamination. Therefore, we propose an electrical discharge process that is suitable for the direct recycling and safe disassembly of spent Li-ion batteries. Spent LIBs from electric vehicles (EV) that were scrapped after EV operation were recovered and electrochemically discharged to voltages of 0, 1, 2, and 2.5 V. These discharged spent LIBs were analyzed through X-ray diffraction, scanning electron microscopy, and electrochemical impedance spectroscopy. The spent LIB with a state-of-health (SoH) of 66.8% exhibited significantly increased swelling and bulging when over-discharged. Notably, the discharging of the spent battery to 0 V increased the thickness of the cell by 115%, which could result in a fire and/or explosion. After being discharged to 0 V, the voltage was able to recover to 2.689 V. The appropriate voltage for the discharge process was estimated to be 2.5 V. The proposed electrical discharge process will be suitable for the direct recycling of spent LIBs in the form of pouch cells.
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1. Introduction


The disposal of spent LIBs generated from electric vehicles (EVs) has rapidly increased since their introduction 10 years ago [1]. The two main approaches for processing the spent LIBs of EVs are reuse and recycling [2,3]. Many studies have shown that the battery healthcare system can effectively estimate a spent battery’s state of health (SoH) for reuse. However, although EV batteries can be reused in second-life solutions for several years after retirement from EV applications, these batteries will eventually be sent to recycling facilities to collect valuable resources such as lithium, cobalt, nickel, manganese, and even natural graphite from them [2].



Because there are limited reserves of the rare metals found in spent LIBs [4], researchers are investigating the development of systematic and safe recycling systems. Thus far, three types of recycling methods for spent LIBs have been considered, namely the pyrometallurgy process, hydrometallurgy process, and direct recycling, as shown in Figure 1 [5]. The pyrometallurgy process is widely used for the commercial recovery of cobalt. However, it has the disadvantages of high carbon emissions and difficulty in recovering Li [6,7,8]. In contrast, the hydrometallurgy process is able to recover more Li and Mn than the pyrometallurgy process [9,10,11]; however, it generates large amounts of wastewater and contaminated acid fumes that can severely pollute the environment. In addition, the current important focus is on chemical facilities, research and industry pursuing sustainable and environmentally friendly processes and methods for the recycling of spent batteries [12,13,14,15,16]. Therefore, compared to the pyrometallurgy and hydrometallurgy processes, the direct recycling of batteries [17,18], especially from spent EVs, has gained significant attention as an environmentally friendly approach [19,20]. The discharging of spent LIBs is an essential process in the direct recycling of spent LIBs. This critical step prevents explosions, fires, and toxic gas emissions [21,22,23] that occur as a result of the inadequate sealing and short circuiting of high-energy LIBs. These explosions, fires, and toxic gas emissions can harm human health and the environment and damage the infrastructure necessary for recycling spent LIBs. If the spent LIB materials are damaged, their value for recycling and regeneration may be reduced [24]. The LithoRec project report describes the current discharge technologies used in the LIB recycling process [25]. The report briefly explains the several discharge technologies necessary for both safe and functional LIB recycling [26]. Two short-circuit-based discharge methods are widely employed, namely the resistor-based discharge, which connects both ends of the battery to consume the residual electric energy, and salt-solution-immersion discharge, which immerses the LIB in ionically conducting salt water to form a short circuit and thus effectively induce the electrochemical discharge of the LIB [27]. Among a variety of ionic salts, sodium chloride solutions have been widely used in typical chemical discharge processes [28,29]. Li et al. [30] analyzed the chemical components of wastewater from the salt-water discharge process. They detected “high” levels of aluminum and iron and “moderate” levels of cobalt, lithium, copper, calcium, and manganese. In addition, considerable amounts of zinc, barium, and vanadium were also detected. High concentrations of P were also observed, indicating that the corrosion of the metal collectors and sealing compartments caused electrolyte leakage (i.e., LiPF6). Moreover, metal hydroxides, salts, and metal oxides were also present in the wastewater. Thus, a suitable discharge technology must be developed to prevent the salt-water discharge from damaging the LIB and active materials, which will result in increased costs and additional steps in the recycling process. A potential solution to ensure the safe and effective recycling of spent LIBs from EVs is the electrical discharge method. However, to date, there has been a significant gap in the literature regarding research on the electrical discharge method for spent LIBs. This lack of research hinders the development of appropriate disposal methods for spent LIBs and presents potential environmental and safety hazards. Therefore, research is needed to investigate the electrical discharge method and its effectiveness for the safe disposal of spent LIBs from EVs.



In this study, we recovered spent LIBs used in two EVs and observed the state of the modules and cells through electrical discharge. Additionally, we performed a comparative experiment on the salt-water discharge of pouch-type LIBs because they are primarily used in EVs. After discharging the spent LIBs to various voltages, the crystal structures of the cathode and anode were analyzed. We examined the problems caused by over-discharge based on SoH and determined the appropriate discharge voltage. The investigation showed that swelling due to over-discharge became more rapid as SoH decreased. Furthermore, cell volume expansion caused by swelling increased the internal pressure of the cell packaged in the module, leading to a risk of explosion. Therefore, it is essential to discharge pouch cells to an appropriate voltage that can prevent the pouch swelling of LIBs. The results of this study indicate the proper voltage for electrical discharge that is deemed to be applicable for environmentally friendly recycling processes.




2. Experiment


2.1. Disassembly of Spent LIB Packs from EVs


Spent LIB packs were disassembled from two Renault Samsung SM3 ZEs (same model of EV). The spent LIB packs were disassembled to obtain the modules and cells, as shown in Figure 2. Each LIB pack comprised 24 2P4S modules, totaling 192 cells.



The two LIB packs with different periods of use were prepared to analyze spent LIBs with different SoHs. Electrical tests could not be performed on the pack units due to safety concerns.




2.2. Discharge Process Using Salt Water


Three LIB cells were prepared to examine the salt-water discharge as a control. For the salt water, NaCl (Daejung, Republic of Korea) was dissolved in deionized (DI) water at 40 °C to a concentration of 10 wt%. The coin (CR 2032, 3 V, Duracell®, Bethel, CT, USA), cylindrical (26650, 3.7 V, Light brothers), and pouch cells (a LIB disassembled from the EV, LG) were subjected to the discharge process in salt water.




2.3. Module Characterization


The SoH of the modules was measured by referring to the manufacturer’s specifications. The specifications of the LIB pack were: 35.9 kWh, a nominal voltage of 360 V, and 74 Ah. The LIB pack comprised 24 modules, and a single module had a 2P4S configuration with eight cells connected in two parallel and four series groups. Accordingly, based on the cut-off voltage of 4.15 to 3 V per cell, the single module was charged to 16.6 V and then discharged to 12 V at a 1/3 C-rate.




2.4. Cell Characterization


The cells were discharged using a charge–discharge testing system (LBT-60V, Arbin, College Station, TX, USA) to 2.5, 2, 1, and 0 V at a 1/3 C-rate, similar to the module characterization above. The constant current/constant voltage (CC/CV) method was used for the discharge. In the CV part, the cell was discharged until the current reached 0.37 A.




2.5. Sample Characterization after Electrochemical Discharge


The swelling thickness of the cells discharged at various voltages was examined by using vernier calipers. The internal resistance was analyzed via electrochemical impedance spectroscopy (EIS, Reference3000, Gamry, Warminster, PA, USA). Electrochemical impedance spectroscopy was conducted in the galvanostatic mode owing to the high capacity of the EV LIB cells in the range of 3 kHz to 0.1 Hz. The discharged cells were disassembled in a glove box filled with pure Ar to recover the cathode and anode for further analysis. X-ray diffraction (XRD, D MAX2200, Rigaku, Tokyo, Japan, Cu Kα, 40 kV/30 mA) was conducted on the recovered cathodes and anodes. The microstructure was analyzed via scanning electron microscopy (SEM, Inspect F50, FEI, Hillsboro, OR, USA).





3. Results and Discussion


Table 1 lists various discharge methods that can be used for discharging spent LIBs. Companies have applied thermal treatments [31], salt bath-based systems [30,32,33,34], or an external circuit. Furthermore, NaCl and other alternative salts have been tested for discharging portable batteries [22]. Among these, NaCl was found to provide the best discharge profile. In addition, Na2S was found to be an adequate discharge medium, whereas solutions containing MgSO4 were unable to fully discharge the battery [22]. In some cases, batteries can be discharged using liquid nitrogen or ultra-low temperature methods in a vacuum atmosphere [21]. However, salt-water discharge is still considered the most industrially appropriate method, and therefore we conducted experiments to compare it to other discharge methods.



Figure 3 shows the results obtained by discharging various cells using salt water. Figure 3a–c show photos of salt-water discharge applied to coin, cylindrical, and pouch cells, respectively. Chlorine gas was generated as soon as the cells were immersed in salt water. The coin cell shows no significant damage to the cell after being discharged in salt water (Figure 3a). However, as reported by Li et al. [30], various metal oxides were precipitated in the salt water. After being discharged into salt water, the positive electrode in the cylindrical cell was corroded and a hole developed (Figure 3b). This intensive corrosion could be caused by the chlorine gas generated by the positive electrode. Similar to the coin cell, a metal oxide precipitate was observed in the salt water. Moreover, the pungent smell from the cell indicated that the electrolyte solution had leaked. Similar to the cylindrical cell, the positive electrode of the disassembled pouch cell was intensely corroded after being discharged in salt water (Figure 3c). Consequently, the salt water that entered the interior of the pouch cell caused numerous chemical reactions, resulting in volume expansion inside the cell [21,22].



The cells were then disassembled to examine their internal state. Because the cells were intensely corroded, damage to the current collector occurred simultaneously with the detachment of the active material. Copper and aluminum collectors could not be found in some of the pouch cells, and only the separator and a contaminated lump of powder were observed, as shown in Figure 3e. X-ray diffraction was conducted to identify the components of this contaminated powder. Figure 3d shows the XRD results of the powder recovered from the pouch cell discharged in salt water. Sodium chlorate and aluminum chloride hydroxide hydrate corroded by salt water were identified. The anode electrode was also corroded, and Cu (current collector) and graphite (anode material) peaks were observed. Salt-water discharge requires additional processes, such as addressing environmental pollution caused by wastewater and the handling of corroded pollutants. Thus, we confirmed that salt-water discharge is unsuitable for the recycling of pouch cells.



Figure 4 shows the SoH estimation of the spent LIB pack modules and cells recovered from two vehicles. As mentioned in the experimental section, the spent LIB packs were recovered from operating Renault Samsung SM3 ZEs. The modules and cells were prepared before measuring the SoH of the spent LIB packs retrieved from the two vehicles with different periods of use. The battery packs were disassembled into modules and cells, as shown in Figure 2. The LIB pack used in the SM3 EV contained 24 2P4S modules. Based on the specifications, the capacity of the module unit at 100% SoH was 74 Ah. The capacity of the cell unit at 100% SoH was 37 Ah owing to the 2P4S connection of eight cells. The SM3 ZE vehicles with different periods of use were designated 1 and 2, and the recovered modules and cells were numbered 1 and 2. Thus, the module and cell recovered from Vehicle no. 1 were labeled module-1 and cell-1, respectively, and the module and cell recovered from Vehicle no. 2 were labeled module-2 and cell-2, respectively. Figure 4a shows a graph of the discharge profile of module-1. The discharge capacity of module-1 was 67.9 Ah. This corresponded to a SoH of 91.8%. A sudden voltage decrease during the discharge process was not observed. However, two changes in slope during the discharge process were observed. These changes in slope are attributed to the redox coupling of different types of transition metals. Even though the proprietary information of the cathodes was unavailable, the cathode materials used were presumed to be LiNixCoyMn1-x-yO2 (NCM) or a blended composition of NCM and LiMn2O4. Blended cathode materials have previously been developed as a part of the cathode material design method for hybrid, plug-in hybrid, and battery EVs (HEVs, PHEVs, and BEVs, respectively) [35,36,37]. A blended cathode is composed of two or more distinct active material compounds [38]. Numerous studies have reported on the intricate behavior related to Li insertion and extraction kinetics in blended systems [36,39]. When two or more parent cathode materials are physically mixed, they affect the cell state of charge and Li diffusion properties and play a role in coulombic capacity during the cycling process. As a result of these unique characteristics, blended cathode materials are a topic of intense investigation. Figure 4b shows a graph of the discharge profile of module-2. The discharge capacity of module-2 was 49.4 Ah, corresponding to a SoH of 66.8%. In module-2, similar changes in slope were observed during the discharge process. Figure 3c shows the discharge profile graph of cell-1 disassembled from module-1. The discharge capacity of cell-1 was 34 Ah, corresponding to a SoH of 92%, similar to module-1. Figure 4d shows the discharge profile graph of cell-2 disassembled from module-2. The discharge capacity of module-2 was 24.8 Ah, corresponding to a SoH of 66.9%. The difference in SoH between module-1 and module-2 and between cell-1 and cell-2 indicated that the LIB performance varied depending on the operating conditions of EV.



Figure 5 shows the results of discharging the cells to 0 V. Figure 5a shows the discharge profile graph of cell-1 to 0 V. No voltage changes or anomalies owing to side reactions were observed, and the discharge capacity was 38.3 Ah, higher than that shown in Figure 4c. Figure 5b shows the discharge profile graph of cell-2. The discharge capacity of cell-2 was 27.3 Ah. Both cell-1 and cell-2 were discharged from 4.15 V to 0 V, and bulges on cell-1 and intensive swelling on cell-2 were observed. Because the cells were discharged to 0 V, the temperature outside the pouch cell rose to a maximum of 43 °C for both cell-1 and cell-2. Figure 5c,d show photos of the initial state of 4.15 V. Cell-1 (92% SoH) appeared as the initial manufacturing state, and volume expansion was not observed (Figure 5c). Cell-2 (66.9% SoH) had the appearance of swelling, as indicated in Figure 5d, and the exterior of the cell-2 pouch was deformed similar to the shape of the cell holder in the module case. The discharge process was then performed on the cells to 2 V (cut-off). Bulges started forming when the discharge potential reached approximately 2 V (Figure 5e). In cell-2, slight swelling had already progressed, as shown in Figure 5d in the initial state. The bulges enlarged as cell-1 reached the discharge potential of 0 V (Figure 5g). Accordingly, cell-2 (66.9% SoH) exhibited more severe swelling, as shown in Figure 5f. It is worth noting that the intensive swelling of the cell-2 pouch smoothed out the deformation and wrinkles on its surface. The swollen pouch could not be reassembled into the module. We speculate that discharging the cells to 0 V for recycling may cause severe hazards if the cells are installed and fixed in the module or pack. The volumetric expansion of the cell in the module would lead to an explosion or ignition, which would threaten the safety of researchers and could damage the recycling equipment. The cell’s resting potential was measured by using a multimeter after discharging cell-2 to 0 V. As shown in Figure 5h, the resting potential was 2.689 V after resting for 24 h, thus exhibiting the most stable potential difference between the cathode and anode materials. Therefore, we determined that 2.5 V is an appropriate cut-off potential for the discharge.



Because cell-2 exhibited a lower SoH and more intensive swelling than cell-1, cell-2 (66.9% SoH), which is suitable for recycling, was subjected to further analysis. Table 2 presents the changes in the outer thickness of the cell based on the discharge voltage. Cell-1 and cell-2 were discharged to 2.5, 2, 1, and 0 V. Once the cells reached the discharge cut-off potential, the cell thickness was measured. Compared to the as-disassembled cell, no significant change in thickness was observed when discharged to 2.5 V. Both cells exhibited an increase in thickness when the cell potential was below 2 V. Unlike cell-1, which exhibited a decrease in thickness of approximately 19 %, the increase in thickness of cell-2 was approximately 115% at 0 V. This indicates that the LiB cells with low SoH may be prone to swelling under over-discharged potential.



Figure 6 shows SEM images of the recovered cathode discharged to different voltages. According to the SEM images of the microstructure, no anomalies were observed on the surface. Although the electrodes were discharged to each cut-off voltage of 2.5, 2, 1, and even 0 V, no significant cracks or detachments were observed in the electrode layer composed of the active materials and carbon black used as the conductive agent. The discharge process for battery recycling did not significantly change the structure of the electrode layer despite the swelling of the battery. Thus, we cautiously speculate that the swelling of the battery owing to over-discharge to 0 V may result from the decomposition of the electrolyte in spent batteries.



Figure 7 shows the XRD results on the recovered electrodes discharged to each voltage. Figure 7a shows the XRD results of the recovered cathode. No secondary phase was observed at 2.5, 2, 1, and 0 V. Even when cell-2 was discharged from 2.5 V to 0 V, no change in the crystal structure of the cathode material was observed. Thus, the damage to the cathode material is not strongly attributed to swelling. We speculate that blended materials of layered and spinel structures might be used for cathode fabrication. Blended cathode materials have been extensively researched and applied to HEV, PHEV, and BEV. Figure 7b presents the XRD results of the anode discharged to 2.5 V. We examined the Li compound in the anode after cell discharge to 2.5 V was completed. Compounds of Li were not observed, whereas peaks of graphite (anode material) and Cu (current collector) were observed. This demonstrates that there was no Li in the anode even after discharging to 2.5 V. Accordingly, the XRD results in Figure 7 and SEM results in Figure 6 indicate that no critical problems occur in the crystal structure and microstructure changes of the electrode, even when the electrode is discharged to 0 V.



Figure 8 presents the EIS results of cell-1 and cell-2. Electrochemical impedance spectroscopy can execute a non-destructive analysis on the state of the electrode reaction, interfaces, and electrolytes. Through the semi-circle in the middle-frequency region, the resistance based on charge transfer (Rct) at the interface between the electrode and electrolyte can be identified. The tail in the low-frequency region after the semi-circle is called Warburg impedance, relating to diffusion in a medium. Warburg impedance is a type of impedance that arises from the diffusion of ions or molecules in a material. It is characterized by a linear decrease in impedance with the square root of frequency, resulting in a diagonal line on a Nyquist plot with a slope of −1/2. This behavior is related to the diffusion of a charged species in the material, which causes a frequency-dependent phase shift between the voltage and current signals. The Warburg impedance slope can be used to determine the diffusion coefficient and transport properties of the material, making it a valuable tool in electrochemical analyses [40,41,42,43]. Figure 8a shows the EIS results based on the various discharge potentials of cell-1 in a Nyquist plot. Significant changes of the semi-circle were not observed even though the discharge potentials varied. This signifies that almost no change occurred in the interfacial Rct between the electrolyte and electrode. Therefore, we can conclude that no change occurred in the electrode’s composition, crystal structure, or microstructure. However, the finite space Warburg (FSW) behavior appeared profoundly as the cells were discharged below 2 V. For Li-ion batteries, the FSW element appears owing to the highly limited diffusion of lithium ions toward the porous electrode. Thus, FSW behavior at a low discharge potential would be attributed to the limited diffusion behavior resulting from the volumetric expansion, and the discharge current or potential applied to the cell may promote the further decomposition of the electrolyte. Because of the low SoH and low discharge potential applied to cell-2, the FSW behavior observed was profound, especially at 0 V (Figure 8b). Figure 8c shows the EIS results of cell-1 and cell-2 at 2.5 V. Both cells exhibited semi-infinite diffusional behavior in the low-frequency region. The solution resistance (Rs) in cell-1 was smaller than that of cell-2, probably owing to less electrolyte decomposition. Figure 8d shows the EIS results of cell-1 and cell-2 at 0 V. The FSW behavior was predominant in cell-2. We speculate that the high discharge potential (i.e., 0 V) of the low SoH cell might decompose the electrolyte more effectively because of the highly prohibited diffusion of the redox species, resulting in intensive swelling. Thus, when recycling a low SoH battery, the appropriate discharge potential for the safety of the disassembly process must be identified for direct recycling.




4. Conclusions


This study investigated electrical discharge as a pre-processing method for directly recycling spent LIBs. We confirmed that the pouch cells used in most EV LIB packs are unsuitable for salt-water discharge. We electrically discharged spent LIBs to various voltages under the 1/3C-rate condition and carefully examined the crystal structure through XRD. No changes occurred in the crystal structure of the cathode material, even when over-discharged to 0 V. We also confirmed that no considerable differences in the microstructure were observed via SEM. The EIS results indicated that the resistance of the electrolyte slightly increased, and significant swelling occurred at discharge potentials lower than 2 V, probably owing to the limited diffusion of ions. Even when the spent LIB was over-discharged to 0 V, especially with low SoH, the LIB pouch swelled drastically. After discharge to 0 V, the voltage recovered to approximately 2.5 V in 24 h. We confirmed that the over-discharging of spent LIBs in module and pack units is not recommended because of individual cell swelling. We suggest that an optimal discharge potential of 2.5 V be applied for the safe direct recycling of spent battery packs and modules to ensure the least swelling and minimum degree of recovery of discharged potential. This study provides important insights for the efficient and sustainable recycling of spent LIBs, which are expected to increase in quantity as the demand for EVs and other electronic devices continues to increase. We envision that the findings are adjudged applicable to environmentally friendly recycling processes that require a safe discharge process of spent LIBs. In addition, we contend that they can be applied to an optimized discharge method by applying the deep learning-based capacity estimation method reported by Shen et al. [44].
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Figure 1. Schematic illustrations describing the three types of recycling methods for spent LIBs: pyrometallurgy process, hydrometallurgy process, and direct recycling. 
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Figure 2. Photographic images of (a) the spent LIB packs from the EV, (b) 24 2P4S modules in the LIB pack, (c) 2P4S modules, (d) single LIB cells disassembled from a 2P4S module, and (e) experimental flowchart. 
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Figure 3. Discharge in salt water (10% NaCl) of a (a) coin cell, (b) cylindrical cell, and (c) pouch cell. The green arrows indicate the changes after immersing the cells in salt water. (d) X-ray diffraction analysis of the cathode from the swelled pouch cell after the discharge. (e) The photograph of the disassembled pouch cell after the salt water-based discharge. 
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Figure 4. Polarization curves measured during the electrochemical discharge process of (a) module-1, (b) module-2, (c) cell-1, and (d) cell-2. Dotted circles indicate the redox reactions during the discharge. 
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Figure 5. Polarization curve showing the discharge to 0 V of (a) cell-1 and (b) cell-2. Optical image showing the (c) initial state of cell-1, (d) initial state of cell-2, (e) discharge to 2 V of cell-1, (f) discharge to 0 V on cell-2, (g) discharge to 0 V cell-1 (red circles indicate the bulges on the surface of a cell-1 pouch). (h) Cell potential measurement after 24 h from the discharge to 0 V on a cell-2 pouch. 
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Figure 6. Scanning electron microscopy images of the recovered cathodes of LIB cell-2 discharged to different voltages: (a) 2.5 V, (b) 2 V, (c) 1 V, and (d) 0 V. 
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Figure 7. X-ray diffraction analysis of the (a) cathode of LIB cell-2 discharged to various cut-off potentials and (b) anode of LIB cell-2 discharged to 2.5 V. 
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Figure 8. (a,b) Nyquist plots measured from cell-1 and a cell-2, discharged to various potentials, respectively. (c,d) Comparison of the Nyquist plots of cell-1 and cell-2, discharged to 2.5 and 0V, respectively. 
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Table 1. Discharge methods for recycling.
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	Type
	Method
	Ref.





	Physical
	Thermal pre-treatment
	[31]



	Chemical
	Salt water
	[21,22,30,32,33,34]



	Electrical
	Electrical Discharge
	This article



	Other
	Liquid nitrogen
	[21]
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Table 2. Thicknesses of LIB cell-1 and LIB cell-2 when discharged to various cut-off potentials.
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Sample Name

	
Thickness (mm)




	
LIB Cell-1

	
LIB Cell-2






	
As disassembly cell

	
10.2

	
10.4




	
Discharged to 2.5 V

	
10.2

	
10.4




	
Discharged to 2 V

	
10.4

	
10.9




	
Discharged to 1 V

	
11.1

	
14.8




	
Discharged to 0 V

	
12.1

	
22.4
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