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Abstract

:

Lithium-ion batteries (LIBs) are a widely used energy storage technology as they possess high energy density and are characterized by the reversible intercalation/deintercalation of Li ions between electrodes. The rapid development of LIBs has led to increased production efficiency and lower costs for manufacturers, resulting in a growing demand for batteries and their application across various industries, particularly in different types of vehicles. In order to meet the demand for LIBs while minimizing climate-impacting emissions, the reuse, recycling, and repurposing of LIBs is a critical step toward achieving a sustainable battery economy. This paper provides a comprehensive review of lithium-ion battery recycling, covering topics such as current recycling technologies, technological advancements, policy gaps, design strategies, funding for pilot projects, and a comprehensive strategy for battery recycling. Additionally, this paper emphasizes the challenges associated with developing LIB recycling and the opportunities arising from these challenges, such as the potential for innovation and the creation of a more sustainable and circular economy. The environmental implications of LIB recycling are also evaluated with methodologies able to provide a sustainability analysis of the selected technology. This paper aims to enhance the comprehension of these trade-offs and encourage discussion on determining the “best” recycling route when targets are in conflict.
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1. Introduction


Lithium-ion batteries (LIBs) have become increasingly significant as an energy storage technology since their introduction to the market in the early 1990s, owing to their high energy density [1]. Today, LIB technology is based on the so-called “intercalation chemistry”, the key to their success, with both the cathode and anode materials characterized by a peculiar structure allowing for the reversible intercalation/deintercalation of Li ions shuffling between the electrodes [2]. As a result, portable electronics like mobile phones, laptops, and tablets have undergone rapid development. Additionally, in the 2010s, the usage of lithium-ion technology extended to electric and hybrid cars, buses, and energy storage systems.



LIBs work through a topochemical cell reaction, where lithium ions migrate between positive and negative electrodes. This migration of lithium ions allows for the storage and release of energy within the battery. LIBs consist of several key components, including the cathode, anode, electrolyte, and separator (see Figure 1). The cathode is typically made of layered oxide materials, such as LiCoO2, which undergo reversible intercalation and deintercalation of sodium ions during charge and discharge processes. The anode is usually made of graphite or other carbon-based materials, which can intercalate lithium ions during charging [3]. The electrolyte, which is typically a lithium salt dissolved in an organic solvent, facilitates the movement of lithium ions between the electrodes. The separator, a key component for high-temperature LIBs, provides thermal stability, mechanical strength, and ionic conductivity. During operation, lithium ions flow from the anode to the cathode through the electrolyte, while electrons flow through an external circuit, creating a flow of electrical current. This process is reversible, allowing for the repeated charging and discharging of the battery [4].



Some significant milestones in the history of lithium-ion batteries and the expected future perspectives are reported in Figure 2. The first idea of intercalation chemistry was developed independently by Goodenough, Whittingham, and Yoshino in the 1980s and led to the development of the first LIB prototype based on a LiCoO2 layered structure as the cathode and graphite as anode component [5]. This is also the scheme of the first commercial batteries, which entered the market at the beginning of the 1990s [5,6]; their diffusion made possible the development of new technologies, particularly of portable and wearable devices, and further drove the transition from traditional combustion engine-based transportation to electric transportation [1,7,8,9,10,11,12].



The rapid development of LIBs has led to increased production efficiency and lower costs for manufacturers, resulting in a growing demand for batteries and their application across various industries, particularly in different types of vehicles (Figure 2). The revolutionary impact of LIBs on our lives has been recognized with the Nobel Prize to Goodenough, Whittingham, and Yoshino in 2019 for the development of such technology. Then, the expansion of the market has resulted in a demand for the recycling of LIBs. In fact, the sales of electric vehicles reached the milestone of 1 million in 2017, and it is projected that more than 1 million electric vehicle batteries will reach their end-of-life by 2030 globally [9]. It is anticipated that around 14 million waste LIBs will be generated annually by 2040. Furthermore, in the near future, no revolutions in the LIB working scheme and materials are expected; thus, we will rely on the currently available technologies with demand growth of 14% Compound Annual Growth Rate (CAGR). Thus, the two problems of correct management of waste LIBs and the supply of critical raw materials needed to satisfy the always-growing demand for LIBs are becoming crucial.



Indeed, LIBs are made of several materials, such as mixed crystalline oxides (containing lithium, nickel, and cobalt), organic solvents (flammable and explosive), polymers, and fluoride-based materials, and none of these should not be disseminated in the environment. Additionally, some of these substances are characterized by low natural availability (such as Li and Co) and/or can originate from states with low political stability (mainly Co). Table 1 shows the most diffused LIB cathode materials with their structures, main functional properties, and applications: LiMn2O4 (LMO), LiCoO2 (LCO), Li(Ni/Mn/Co)O2 (NMC) followed by numbers indicating the stoichiometric ratio among the Ni:Mn:Co, and LiFePO4 (LFP).



Climate-impacting emissions are generated during battery production, but they can be minimized by reusing the materials [13,14,15,16,17] at an industrial level from different companies patchily around the world such as Umicore, Ecobat, GEM, and HUAYOU Cobalt; however, the recycling of LIBs is often deemed inadequate, unlike lead-acid batteries that are usually recycled over 90% of the time in Europe. The main recycling facilities are based in China, South Korea, and Japan (not surprisingly, the main LIBs producers), while from the European point of view, the situation is particularly alarming as no systematic recycling paths and plans are present.



Current research on LIB recycling is extremely active and diversified, dealing with all the aspects of such a complex topic. A schematic representation of the LIB life path is reported in Figure 3. The creation of dedicated paths for collection from end users, facilities for the recovery of w-LIBs from the disposed devices, discharge, disassembly of the battery packs and/or battery units, and analysis of the state of health and state of charge of the waste LIBs are necessary [18,19,20,21,22,23,24,25,26]. Reuse for a second life and less demanding applications (such as static applications) can prolong the life of the battery. When reuse is not possible, the recovery of single components (cathode and anode materials mainly) has been proposed for their healing and use in the assembly of new batteries [18,19,20,21]. If healing is not possible due to the severe degradation of the considered components, recycling for the recovery of critical raw materials is the desirable solution; the recovered critical raw materials can be implemented into the production of new components for the assembly of new batteries, dumping the pressure on the extraction of these elements from natural sources [22,23,24,25,26].



Due to the intrinsic complexity of the topic and the variety of approaches, we here report the most significant works and reviews addressing specific challenges and problems in the LIB value chain.



Today, scientific research mainly focuses on the methods of extracting, healing, and/or recycling cathode materials. Several types of recycling pretreatment processes are discussed in this review, reporting on their technological development and status [27,28,29,30,31,32,33]. There is a significant focus on undertaking a thorough assessment of the current hydrometallurgy technology for extracting valuable metals from waste LIBs, in comparison to the presently developed pyrometallurgical recovery schemes. For instance, several recent reviews are dealing with the specific aspects and steps reported in Figure 3, ranging from pretreatments, discharging and disassembly, recycling, reuse, and repairing [18,19,28,31,33,34,35,36,37,38,39].



Major efforts are focused on the recovery, recycling, and/or repairing of cathode materials due to the high concentration of valuable critical raw materials [19,39,40,41,42]. On the contrary, recycling anode materials and electrolytes has been an area that has not received as much attention as the recycling of other battery components [43,44,45,46,47]. This is a significant issue because the recovery of these materials is crucial to closing the materials loop and achieving a sustainable battery economy [48]; these aspects will be discussed in the next paragraphs.



Moreover, the potential environmental impact of the recycling process has not been given sufficient attention in most studies. There are concerns about the negative impact of the process on the environment due to the generation of toxic and hazardous waste materials during the recycling process. Thus, it is necessary to research the environmental implications of LIB recycling to ensure that the process is sustainable and environmentally friendly [49].



This document’s primary objective is to offer a thorough review of the current knowledge concerning the recycling of materials from LIBs. The goal is to outline the current recycling chain and explore the factors that impact volumes, processes, and legislation. Significant attention is also given to sustainability analysis methodologies in recycling processes. Following this, a summary of existing research in this field is presented to encompass available insights and identify areas where knowledge is deficient. The aim is to pinpoint current knowledge gaps and tackle technical challenges requiring resolution to enhance the efficiency of the LIB recycling chain. This is very important also given the recently developed pyrometallurgical technologies that are able to increase the Li recycling ability, which was hard to recover in the past [50,51]. The aim is to address the work of the most recently developed technologies, which are still not industrially available [50,52].



Finally, the conclusions drawn from this study are summarized and contextualized concerning the Swedish Energy Agency’s work towards achieving the United Nations Sustainable Development Goals (SDGs), specifically SDG 7 (Affordable and Clean Energy), SDG 12 (Responsible Consumption and Production), SDG 13 (Climate Action), SDG 14 (Life Below Water), and SDG 15 (Life on Land). This study also aims to contribute to the battery industry’s efforts to implement these SDGs.




2. Recycling of Spent Li-Ion Batteries: Study Design


Figure 4 shows the scheme of the different approaches developed after the pretreatment of the LIBs for the different classes of components.



Spent lithium-ion batteries contain significant amounts of high-value elements, such as cobalt (5–20 wt%), lithium (5–7 wt%), and nickel (5–7 wt%), which are present in higher concentrations than in natural ores [53].



To analyze the evolution of research interest in various recycling methods since 2018, a total of 170 review papers were assessed. According to the evaluation of these review papers, most publications (129) are related to the hydrometallurgical recycling route. The direct physical recycling route has 62 publications, while the pyrometallurgical recycling route has only 38 papers. The list of these papers with the corresponding keywords is available as Table S1 in Supplementary Materials. The significant level of research interest suggests that this recycling approach will likely become commercially viable soon. As reported in Figure 5, the NMC111 (LiNi0.33 Mn0.33Co0.33O2) battery is the most profitable type of electric vehicle (EV) battery to recycle. Indeed, battery recyclers could earn around USD 42 per kilowatt hour when recycling an NCM111 battery. In contrast, LFP batteries had the lowest salvage value at around USD 15 per kilowatt hour.



2.1. Materials Recycling


The minerals required in LIBs depend on the chemistry of the cathodes, but the key materials are lithium, cobalt, nickel, graphite, and manganese. In comparison to conventional vehicles, an EV requires six times more minerals, as shown in Figure 6. This means that the energy sector’s demand for critical minerals could increase by up to six times by 2040. Recycling battery materials is therefore crucial for not only reducing waste but also for the future battery value chain.



Currently, almost all metals utilized in batteries, such as nickel, manganese, cobalt, and lithium, can be recuperated and recycled. However, more advancements are necessary to recycle other battery components such as graphite, liquid electrolytes, and plastic separators between the cathode and anode surface. This is an ongoing process that requires further development.



In the next sections, the main proposed recycling technologies are reassumed.



2.1.1. Pretreatments


The initial stage of the recycling process involves pretreatment, where the battery casing is separated from the valuable components [27,28,29,30,31,32,33]. Spent LIBs often retain a residual voltage, which, if left unaddressed, can pose a safety risk due to the potential for combustion or explosion. Discharge, battery disassembly, and sorting are typically involved in the pretreatment of waste LIBs. Following pretreatment, the waste batteries can be broken down into various components such as aluminum and copper foils, separators, plastic, and others. Manual disassembly involves carefully removing the battery shell with specialized tools while taking safety precautions to obtain the battery core coil, which can then be manually separated into its constituent parts, including the cathode, anode, and organic diaphragm. In contrast, mechanical processing can be performed on a larger scale and is more cost-effective, making it a more economically viable option. The most valuable component of a battery cell is black mass, and mechanical pre-treatment is primarily designed to achieve its optimal recovery and separation. To accomplish this, a sequence of mechanical processes, including crushing, sieving, magnetic separation, fine crushing, and classification, is typically performed in a specific order.



Widijatmoko proposed a flowchart for the recovery of black mass [56]. The cells underwent shredding and subsequent sieving to partition the components into various size fractions. The fine black mass was extracted from the coarse foils using an attrition scrubbing technique. Among the different size fractions, the 850 µm fraction was found to yield the most desirable black mass recovery composition with minimal copper and aluminum content during milling. However, a significant portion of the black mass remained bound together by the polyvinylidene fluoride (PVDF) binder [57].




2.1.2. Pyrometallurgy


Pyrometallurgy is a widely used recycling method that focuses on recovering valuable metal elements from spent LIBs, such as metals, metal oxides, or alloys [34,36]. The technology involves a metallurgical process that separates and extracts valuable metals from solid resources at high temperatures based on their melting and boiling points. The process is physical and chemical and comprises three stages: pyrolysis, metal reduction, and gas incineration. During the pyrometallurgical process, the organic components of LIBs are first thermally degraded, followed by the production of metal alloys using reducing agents at around 1500 °C. Finally, the gas is pyrolyzed and quenched at around 1000 °C to prevent the formation and release of toxic gas [58]. The pyrometallurgical process offers several advantages, such as a short process flow, low equipment requirements, and strong operability. It is also a mature technology and is currently the most diffused way to recycle LIBs in the available plants. However, the process also has some disadvantages. High energy consumption is one of the primary concerns associated with pyrometallurgy, as well as significant environmental pollution due to the release of pollutants during the process. The process also results in low product purity, and metals cannot be often recovered as single metals or single oxides, but as metal alloys [44].



One of the most significant challenges associated with pyrometallurgy is the difficulty in recovering lithium and aluminum during the reduction smelting process due to their vigorous reducing activity. The slag-forming agent also enters the slag phase, requiring further treatment. Overall, despite the challenges, pyrometallurgy remains a widely used recycling method due to its efficiency and effectiveness in recovering valuable metals from spent LIBs.



The carbothermic reduction can also be applied to recover metals from spent LIBs. Carbothermic reduction is a process in which a metal oxide is reduced to a metal using carbon as the reducing agent [59]. In the case of spent LIBs, the metal oxides that are present in the cathode material can be reduced to their respective metals using this process. The process involves mixing the spent battery material with carbon, typically in the form of coke, and heating the mixture in a furnace to high temperatures (usually around 1000–1200 °C). The carbon reacts with the oxygen in the metal oxide, forming carbon dioxide, and the metal is left behind. The metal can then be recovered and reused [60]. This step is generally followed by solvent extraction and chemical precipitation. In particular, combining pyrometallurgical technologies with hydrometallurgical processes is a common approach to recovering valuable metals from spent LIBs. Umicore, for instance, uses this method to first obtain Co-Ni-Cu-Fe alloy through the reduction and smelting of spent LIBs, and then utilizes hydrometallurgy to obtain high-purity single metals and compounds [61].



Several studies suggest that microwave irradiation can lower the temperature required for reactions, even in non-catalytic reaction systems, by several hundred degrees when compared to conventional heating systems [62].



Recently, microwave radiation has been proposed as a sustainable alternative to conventional pyrometallurgical processes for recovering Li, Co, Mn, and Ni from spent LIBs. This approach utilizes a hybrid heating mechanism obtained by combining microwave radiation with other heating methods [63]. The black mass obtained from spent LIBs contains graphite, which can cause heating due to the interfacial polarization of carbon atoms. Hybrid heating technology utilizes an external susceptor to achieve carbothermic reduction conditions in just a few minutes. A significant advantage of this method is that it does not require the separation of anode and cathode materials during the pretreatment process. It can also process a mixture of various discarded LIB materials, which is typical in industrial recycling plants that do not segregate spent battery types. Consequently, primary waste sorting before treatment is unnecessary, which is not feasible in hydrometallurgical processes intended for specific waste recovery.




2.1.3. Hydrometallurgy


Hydrometallurgy is a promising recycling method due to its low energy consumption and ability to recover a wide range of valuable metals. One of the main advantages of the hydrometallurgical process is the ability to recover metals individually, as opposed to the pyrometallurgical process, where metals are recovered as alloys. This allows for greater control over the purity of the final products, as well as the potential for greater economic value.



In the leaching process, various chemical reagents, such as acids or alkalis, are used to dissolve the metal ions from the battery waste. Acid leaching is a commonly used method for recovering valuable metals from spent LIBs, where sulfuric or hydrochloric acid is used to dissolve the metal ions [64]. Alkali leaching, on the other hand, uses a basic solution, typically sodium hydroxide or potassium hydroxide, to extract the metal ions [65,66,67,68]. Biological leaching involves the use of microorganisms to dissolve metals, while special solvent leaching utilizes specific solvents to selectively extract certain metals [69].



After leaching, separation and purification techniques are used to remove impurities and isolate the metal ions for further processing.



Solvent extraction is a process that separates metal ions from impurities in a two-phase system by using solubility differences between the metal ions and the solvent. This technique is used after metal leaching and helps to remove impurities like aluminum, copper, and iron to achieve the desired metal purity. Chemical precipitation is another method used for metal separation and impurity removal. The process involves adjusting the pH of the solution to precipitate different metals.



In the hydrometallurgy process, inorganic acids like nitric acid (HNO3), phosphoric acid (H3PO4), hydrochloric acid (HCl), and sulfuric acid (H2SO4) are commonly used as leaching agents [70]. However, these acids can release toxic gases such as Cl2, SO3, and NOx during the leaching process, and the waste acid solution requires neutralization with a strong base to prevent water pollution [71].



On the other hand, the use of organic acids (either alone or in combination) like malic acid (C4H6O5) [72], oxalic acid (C2H2O4) [73], citric acid (C6H8O7) [74], and formic acid (CH2O2) is considered more environmentally friendly. Organic acids can act as chelating agents, precipitants, and even reducing agents during the leaching process [75].



The efficiency of leaching Li, Mn, Co, and Ni from various cathode materials of waste LIBs, including NMC, LCO, and LMO, is influenced by both the process temperature and time. As the temperature increases, the efficiencies also tend to increase due to the endothermic nature of cathode material dissolution. The effect of time on the leaching efficiency depends on factors such as the type of leaching agent, leaching temperature, and the type of cathode material. In general, longer leaching times tend to improve the leaching efficiency, up to a certain point where further increases in time do not significantly improve the efficiency [76].



One potential disadvantage of hydrometallurgy is the generation of large amounts of wastewater containing chemical reagents and impurities, which require treatment and disposal. Additionally, the recovery of certain metals, such as lithium, can be challenging due to their high solubility and reactivity. Overall, however, hydrometallurgy offers a promising approach to the sustainable recycling of spent LIBs.




2.1.4. Biometallurgy


Bioleaching is a bio-hydrometallurgy method that employs microorganisms such as fungi, chemolithotrophic bacteria, and acidophilic bacteria as leaching agents to extract valuable metals from a substrate. These microorganisms use ferrous ions and sulfur as energy sources to produce metabolites in the leaching medium that facilitate the recovery of metals [77].



Selective microbial bacteria can be employed to facilitate the leaching of valuable elements through specialized metabolic processes [78]. One example of a microorganism that can be used for bioleaching is Aspergillus niger, a haploid filamentous fungus. A. niger facilitates bioleaching by secreting low molecular weight metabolites, such as organic acids, that dissolve metals from batteries. To extract Co and Li from spent LIBs, the spent medium bioleaching method was employed using the organic acids produced by A. niger [79].



Compared to traditional metal recovery methods, bioleaching presents several benefits, including complete metal recovery, simplicity, cost-effectiveness, and lower energy consumption. One of the significant advantages of bioleaching is that it does not require harsh conditions or specialized industrial equipment, making it an attractive technology for metal recovery. However, the slow kinetics of the process are a potential limitation. Although bioleaching is a promising technique, it takes longer to recover metals than other methods, which can be a disadvantage in terms of processing time and efficiency. Nevertheless, ongoing research in this field is focused on improving the kinetics of bioleaching and making it more efficient for industrial applications [80]. Due to the requirement for microorganisms to adapt and undergo genetic modification to withstand the toxicity of the leachate media from spent LIBs, as well as the relatively slow kinetics of the process, bioleaching is not currently well-suited for large-scale applications [77].




2.1.5. Solvometallurgy


Solvometallurgy is an extremely recent approach developed for the recycling of w-LIBs as an alternative to the hydrometallurgical processes and to overcome their main limitations. Indeed, as discussed in the previous paragraphs, hydrometallurgy exploits water-based solutions of leaching agents with inorganic and organic acids as the most reported for industrial and laboratory scale research, respectively [6,81,82]. This leads to the creation of large volumes of wastewater as, typically, the solubility of the leached metals is low in this water-based solution. Moreover, in the case of inorganic acid leaching, the formation of hazardous gas species such as NOx, SOx, and HCl need to be accounted for as a source of secondary pollution [6,82,83]. Solvometallurgy is based on the use of alternative leaching systems such as ionic liquids and deep eutectic solvents (DESs); particularly, this last class of compounds has led to appealing results since the first report of their exploitation for cathode recycling [84,85,86,87].



Generally, DESs are based on biodegradable and inexpensive components; from a structural and functional point of view, they present medium-high viscosity, low volatility, non-flammability, extremally low toxicity, and high thermal stability, thus presenting a desirable combination of favorable characteristics as possible leaching systems for w-LIBs. Indeed, due to their peculiar composition, the solubility of metals in the DES is generally high and, thus, the production of wastewater is reduced or eliminated [85,88,89,90,91,92].



DESs formally can be classified as a class of ionic liquids, and they are made of two or more components forming a eutectic mixture at room temperature. The condition to obtain a eutectic mixture is to combine a hydrogen bond donor (HBD) and a hydrogen bond acceptor (HBA) [93]. Recently, the general formula has been proposed as Cat+ X- zY with Cat+ as the cation, X- as the Lewis base, and Y as a Broensted acid; concerning this, a classification of DESs to rationalize the variety of compositions has been proposed [81,93,94]. Almost all the DES compositions that appeared in the literature for applications in the recycling of cathodes from waste-LIBs contain choline chloride as HBA and belong to Type III according to the classification reported above [93]. Several reports have appeared in the literature exploring several HBDs, reporting high efficiency for the leaching of LCO, NMC, and LMO materials [84,92,93,94,95,96,97,98,99,100]. In minor extension, DES has also been used for the detachment of electrodes from the current collector and anode recycling [101,102]; today, most studies are focused on the degradation of cathode components.



The range of explored conditions is wide, with the main parameters affecting the leaching process being the time (60 min–48 h), temperature (80–240 °C), and the liquid–solid ratio [81,84,86,93,94,95,96,97,98,99,100]. The mechanism driving the leaching is still not completely clear; the presence of a reducing agent seems to be necessary to force the Co3+/Co2+ reduction and favor the degradation of the LCO materials [93,94,95,103]. The reducing ability of the HBD has been assessed through density functional theory (DFT) analysis and Capacitance-voltage (CV) measurements, but this kind of study on the leaching mechanism is still in its infancy. Several studies report the possibility of recovering the DES systems after the leaching process and propose its reuse for several leaching cycles; this aspect must be further investigated and combined with the determination of the leaching mechanism. Indeed, if the leaching reaction is driven by a reductive decomposition of the cathode material, the oxidation of the DES must be inferred. Thus, for a full recovery of the DES and its reuse, this oxidation must be reversed or compensated with a change in the DES composition. As a perspective, beyond the promising results obtained up to now in the high-yield degradation of cathode components, some efforts are needed to understand and rationalize the effect of the DES composition on the leaching process and to obtain insight into the leaching mechanism. This can lead to a further optimization of compositions and conditions for a more effective leaching process. As already stated, only small efforts have been made in the field of exploitation of DES for the detachment of electrodes from the current collectors and for the recycling of the anodes; also, these topics can be of high relevance in the future.



Overall, the different developed technologies here described present both advantages and weak points, as schematized in Table 2. Indeed, pyrometallurgy is the mainstream method at the industrial scale, and is the most diffuse and mature, with high recycling volume capacities and extremely simple operations. At the same time, it suffers from some severe limitations, the main one being the possibility to recover only a fraction of elements of interest. Indeed, with the technologies implemented today, it is not possible to recover lithium, considered one of the most critical and strategic elements, while also considering the new regulation proposal from the EU that makes Li recycling and reuse mandatory [104]. Hydrometallurgy can encompass this limitation if not associated with preliminary pyrometallurgical steps (as often implemented) but as an alternative independent strategy. Although still limited, it is already industrially exploited and is expected to grow rapidly thanks to this particularly appealing factor. The main drawback of such an approach is the creation of large amounts of wastewater due to the limited solubility of the relevant metals in water-based solutions [105]. Solvometallurgy represents, in this sense, a possible and appealing alternative as it allows for low-temperature operation (80–250° typically), complete dissolution of the cathode materials, and high yields of recovery of different elemental species.




2.1.6. Direct Lithium Supplementation


Direct lithium supplementation is a method of recycling the cathode of LIBs that involves replenishing the lithium content in the cathode material to restore its capacity and cycling performance [106]. This method aims to address the issue of lithium deficiency in spent LIBs, which can lead to a decrease in the overall performance of the battery. Direct cathode regeneration methods have been proposed as a means of closed-loop recycling, which can mitigate raw material shortages and supply chain risks [107]. The regeneration process involved supplementing metal ions, granulation, ion doping, and heat treatment, generally resulting in excellent electrochemical performance. One study proposed the use of an eutectic LiI-LiOH salt with a low eutectic point to create a Li-rich molten environment, which offers excess lithium and benefits ion diffusion compared to a solid environment [106]. This eutectic salt, combined with additives, simplifies the recycling process and endows the cathode materials with lithium supplementation and structural ordering, leading to the restoration of capacity and stable cycling performance. Another study developed a green, efficient, closed-loop direct regeneration technology for reconstructing the LiNi0.5Co0.2Mn0.3O2 cathode material from spent LIBs [108].



Nevertheless, the applicability of the approach is constrained when faced with diverse cathode chemistries and degradation scenarios observed in different spent LIBs. Nearly all documented direct recycling techniques prove effective solely for one or two categories of spent cathodes characterized by a limited degree of degradation [106]. Specifically, these are instances where the cathode materials exhibit a high residual capacity and minimal structural damage. Existing direct recycling methods, however, largely neglect highly degraded cathodes marked by low residual capacity and significant structural defects, primarily due to the challenges associated with their repair.




2.1.7. Anode and Electrolyte Recovery


In recent years, there has been increasing attention given to anode recycling, although it has not yet been established to the same extent as cathode recycling. Anode recycling is becoming an increasingly important aspect of LIB recycling. At present, anodes for LIBs can be manufactured using a variety of materials, such as natural or artificial graphite, carbonaceous materials, or even silicon. Among these options, graphite is the most widely used material in commercial applications due to its excellent conductivity, stability, and low cost. In fact, graphite is the most applied material in commercial anode production processes [109]. Several approaches have been reported in the literature, including pre-treatment, pyrolysis, hydrometallurgy, supercritical, and water treatment. Recycling anodes involves removing the active material (e.g., graphite) from the copper or aluminum foil substrate. One common method is to use pyrometallurgical processes to treat the anode material at high temperatures, which oxidizes the carbonaceous material and leaves behind a mixture of metal oxides. This mixture can be further processed using hydrometallurgical techniques to extract valuable metals such as lithium and cobalt. Another method involves the use of mechanical processes, such as grinding and sieving to separate the anode material from the substrate, followed by further processing using hydrometallurgical techniques [110].



Anode recycling has the potential to reduce the demand for virgin graphite and other raw materials, as well as decrease the environmental impact of producing new anodes. However, the challenge with anode recycling is that the graphite particles can become contaminated with metals and other impurities during the cycling process, which can affect the performance of the recycled anode material.



Like anodes, the recycling of electrolytes has gained attention in recent years. Typically, electrolytes are evaporated or burned during thermal processes, but various methods have been proposed to recover lithium from this component [111]. The initial technique involved in the recovery of the electrolyte was liquid extraction. Subsequently, a method utilizing sub- and supercritical media was proposed, which exhibited relatively high recovery rates. This method was also utilized for the retrieval of binders [112]. However, alternative methods for valorization have also been reported [113].




2.1.8. Current Collector Recycling


Current collectors, such as Al and Cu foils, are irreplaceable components of LIBs and have a significant impact on their performance. The recycling and reusing of these current collectors can contribute to reducing total global emissions and the demand for new materials [114]. Several strategies have been proposed for the separation and recovery of current collectors from spent LIBs. Pyrolysis and physical separation have been studied as effective methods for the recovery of valuable materials, including current collectors [115]. Another study developed a physical separation process using thermal and mechanical treatments to recover active cathode materials from current collectors [116]. The ultrasound-assisted Fenton reaction has also been explored for the selective removal of binders to recover cathode materials from current collectors [117]. Additionally, a solvent-based recovery process has been developed for the low-temperature and efficient separation of electrode materials from current collectors without damaging the active materials or corroding the metal foils [118]. These studies demonstrate various approaches to recycling and reusing current collectors in LIBs, contributing to the sustainable development of LIBs and the electric vehicle industry.






3. Sustainability


Recovered materials from spent LIBs can be reused in various fields, such as the production of new batteries, electronic components, and other energy storage devices or applications [119]. In some cases, recycling processes may have a lower environmental impact compared to extracting metals from the respective ores [120,121].



Table 3 reports some possible outputs of LIB recycling processes. The recovered metals, such as cobalt, nickel, and lithium, can be reprocessed and used in the production of new batteries, while other materials like graphite can be utilized in the production of lubricants and carbon-based products. Additionally, recovered materials can be utilized in the manufacturing of ceramics, glass, and other industrial materials. The reuse of these materials not only conserves natural resources but also reduces the environmental impact associated with the extraction and processing of virgin materials. Despite the possibility of proposing various alternatives to substitute raw materials with secondary materials, a significant disparity exists between research efforts and the practical potential for reusing these secondary materials. This incongruence persists even though these materials are classified as “sustainable,” denoting their typical origin as recycled from waste [122].



Then, the sustainability of the proposed procedures must be evaluated in detail to verify the convenience of the proposed recycling procedures.



3.1. Environmental Aspects


The environmental impact associated with LIBs, especially in electric cars, is a topic frequently covered by the media. Comparisons are often made with traditional fuel-powered vehicles or alternative technologies like fuel cells. In this frame, the end-of-life stage of the batteries is a crucial factor in determining their impact, as efficient recycling and reuse in second-life applications can potentially improve their overall impact, including that of electric cars. Conversely, inefficient recycling would have the opposite effect.



Overall, monitoring and managing emissions during the recycling process is critical to ensure the environmental sustainability of LIB recycling. It is essential to collect quantitative data on the emissions and to explore treatment options to minimize their impact on the environment and human health. Then, the environmental impact of the recycling processes is an important factor to consider, especially regarding air pollution, wastewater, and waste [124].



Emissions from technical processes can occur in two ways when recycling LIBs: reaction emissions and material losses. Reaction emissions are generated from chemical reactions during the process, such as thermochemical reactions [125]. Material losses, on the other hand, result from the release of components of the batteries during the recycling process. Both types of emissions can have environmental and health impacts, making it essential to monitor and manage them during the recycling process.



However, information on the complete process chain for LIB recycling is often limited, and only data on individual processes are available [126]. It is crucial to have quantitative estimates of the emissions to better understand the potential impact on the environment and human health. For air pollution and wastewater, it is necessary to know the pollutant, its concentration, and the volume flow of the polluted fluid per ton of recycled LIB. For solid waste, the specific type of waste and its mass per ton of treated LIB are essential to determine the potential environmental impact.



It is also important to consider treatment options for the resulting pollutants. For example, air pollutants can be treated using air pollution control devices, while wastewater can be treated using biological or chemical processes. Solid waste can be treated by various methods such as landfilling, incineration, or recycling. Finding the best treatment option will depend on the type and concentration of the pollutants, as well as the local environmental regulations.



The recovery and purity of valuable materials are closely related to the prevention of emissions, as material losses can contribute to pollution.



A mass balance analysis reveals that air pollution, wastewater, and solid waste are significant issues associated with pyrometallurgical recycling, while the hydrometallurgical route generates high volumes of wastewater [50]. However, the available literature provides mainly qualitative information on this topic. One reason for this is that emission monitoring is often not performed in lab-scale processes, as the upscaling can alter the amount and concentration of emissions. Nonetheless, these emissions have a significant impact on climate targets and can be the decisive factor in selecting the appropriate recycling route.




3.2. Economic Aspects


A circular economy seeks to manage waste by promoting reuse, responsible manufacturing, and recycling, while also reducing emissions and increasing natural resource efficiency. Achieving recycling goals and proper battery disposal requires an understanding of the value chain and recycling routes of LIBs. Additionally, recycling processes must be economically feasible. Currently, China dominates the recycling industry with a 73% global recycling capacity share, despite having only 45% of domestic LIBs available for recycling. However, as the volume of discarded LIBs increases with the rise of EVs and other applications, recycling will become more financially attractive worldwide. Tax exemptions or reductions can make recycling economically viable, promote circular economy practices, and drive job creation and economic development in the areas where recycling plants are built [127].



Collaboration through joint ventures is a critical aspect that must be taken into account in achieving recycling goals. Joint ventures can incentivize companies to work together towards a common goal, ultimately enabling the achievement of circular economy objectives. By facilitating the entire value chain, including logistics, transportation, and battery disposal, joint ventures can help overcome barriers to battery recycling.



StartUs Insights Discovery Platform [128] has identified five prominent battery recycling startups with the potential to significantly impact the market and generate substantial revenue. Among these, Li-Cycle is a Toronto-based recycling company that specializes in recovering minerals from LIBs while minimizing greenhouse gas emissions. The company’s capacity is expected to increase tenfold in just four years across its North American and European facilities (see Figure 7) [129].




3.3. Technologies Sustainability Evaluation


Technology Readiness Levels (TRL) are utilized to evaluate the level of maturity of a given technology. Projects are assessed against specific criteria for each of the nine TRL levels, with a TRL rating assigned based on the project’s progress. TRL 1 is the lowest level, and TRL 9 is the highest.



Life Cycle Assessment (LCA) may be used to find the environmental benefits that battery recycling may obtain [130].



Various life cycle analyses have been carried out on batteries, utilizing different comparisons and approaches. The initial studies, published in the early 2010s, compared LIBs with other battery chemistries, such as nickel cadmium, nickel metal hydride, and lead-acid batteries [131]. However, many of these studies rely on limited data and are often supplemented with calculations based on lab processes.



There are significant discrepancies in the values obtained from various life cycle analyses of batteries, which can be attributed to various factors, such as differences in energy mix values and types of data used. One reason for the differences is that different studies have different functional units and purposes, such as comparing different battery chemistries. Additionally, the electricity source considered can also impact the results, as the use of US or Chinese electricity for processing 1 kg of waste batteries can significantly increase greenhouse gas emissions and energy consumption. Furthermore, most studies have only covered cradle-to-gate or cradle-to-wheels stages, with other life cycle steps not being discussed.



The unclear benefits of pyro- and hydrometallurgical recycling process steps are why recycling LIBs does not always seem advantageous [132].



Life-cycle assessments (LCA) that measure cumulative energy demand and global warming potential suggest that the recycling of the most abundant materials in LIBs, such as Al and Cu, offers the most significant environmental advantages. Recovering critical materials such as Li, Co, and Ni shows fewer benefits in comparison. However, there are four significant limitations to LCA analysis for waste recovery. These include unspecified system boundaries, missing information, unconvertible data, diverging development states, and low affordability of studies conducted on low TRL technologies [61].



A very recently published paper recommends some strategies for conducting LCA of batteries to improve their interpretability, representativeness, and impact, and to increase their significance [133]. For example, it is suggested that LCA focus on long-term trends in resource depletion rather than treating known reserves as a fixed quantity and that different battery manufacturing facility scales are explored to capture size- and throughput-dependent impacts.



Further research is necessary for a comprehensive assessment of recycling routes, including the development of databases and methodologies to also allow for the evaluation of recycling processes developed only on a laboratory scale. The LCA methodology must also incorporate waste management and critical material recovery perspectives. To achieve this, different functional units and harmonious system boundaries should be evaluated, and a life-cycle assessment developed. The challenge of different products resulting from recycling routes must also be addressed. These aspects are complex, but a sustainability evaluation is crucial to assist decision-makers in making accurate decisions.



As a result, some examples of simplified tools for sustainability analysis have been developed [134]. A novel approach called ESCAPE (Evaluation of Sustainability of material substitution using CArbon footPrint by a simplifiEd approach) has been introduced to aid in the effective and sustainable utilization of raw materials, with the ultimate goal of preserving primary raw materials [135,136]. The ESCAPE approach offers a significant benefit in that it enables the assessment of technology sustainability, even if the technology is only in the laboratory phase. This validation process helps accelerate the technological transfer of recycling technologies, which is particularly relevant for LIBs since recycling technologies are still in their infancy. Through a screening approach, the ESCAPE method was recently employed to propose and examine the sustainability of 33 distinct technologies available in the literature for LIB recovery, despite being only in the laboratory phase, as a preliminary step before conducting a full LCA analysis [123,137]. The studies illustrate the diverse elements that affect the sustainability of technologies, including the utilization of thermal and mechanical treatments, chemicals, and water. The results, which are in line with the available data from life cycle assessments, indicate that chemicals and ultrapure water consumption are the most energy-demanding processes. This emphasizes that pyrometallurgy could be a more ecologically responsible choice when compared to hydrometallurgy, as it has the potential to lower both the carbon footprint and energy usage.





4. Open Issues


The recycling of LIBs is not without its challenges and implications, and these need to be considered at various levels of policy, industry, and research. One of the critical issues is the growing number of different types of battery chemistries, which makes it challenging for recyclers to accurately sort and classify batteries. This is because each chemistry type requires a specific recycling process, and improper sorting could lead to inefficient recycling, safety hazards, or even harm to the environment [138,139,140,141].



In addition to sorting, the disassembly of battery modules and cells is a complex and time-consuming process [142,143,144,145], particularly for hydrometallurgical recycling methods [70,146]. Moreover, the flammability of LIBs poses a safety concern during the disassembly process, as they can catch fire or explode upon exposure to mechanical stress [147].



Unfortunately, research on sorting, disassembly, and discharge of batteries is relatively rare, despite these safety concerns. Therefore, it is crucial to address these issues to ensure efficient and safe recycling of LIBs [148,149,150].



Another area where research is lacking is in the design of batteries for reuse and recycling. Currently, most batteries are designed without considering their end-of-life management, which makes recycling difficult and costly. Therefore, it is necessary to develop battery designs that take into account their recyclability and ease of disassembly [151].



Moreover, there is a need to focus on the pre-treatment and discharge of batteries, as these steps can significantly impact the efficiency of the recycling process. Currently, there is a lack of research in these areas, and more attention needs to be paid to improve the quality of the recycled outputs.



Finally, safety, work environment, and transport are essential considerations in the overall research on LIB recycling [152,153,154,155]. These aspects have not been given much attention, despite their significant impact on the industry’s sustainability.



To achieve high recycling rates at a competitive cost and to meet the growing demand for LIBs, significant innovation is needed in integrating existing recycling methods for LIBs [156,157]. This will require a collaborative effort from policymakers, researchers, and industry players to overcome the challenges and make recycling more efficient, safe, and sustainable.



4.1. Batteries Collection


The collection and proper recycling of electronic waste is currently insufficient, with only a small fraction being properly managed. According to the Global E-Waste Monitor 2020 report, Europe has the highest rate of collected and recycled e-waste at 42.5%, followed by Asia at 11.4%, the Americas at 9.4%, Oceania at 8.8%, and Africa at 0.9%. In total, only 17.4% of the electronic waste generated worldwide is documented to be collected and recycled [158].



A successful recycling strategy for end-of-life batteries requires an efficient collection system. The number of spent batteries entering the recycling stream is determined by the collection rate, which is a key factor in the economic and ecological output of the recycling system as a whole.



However, the lack of collection is often considered a limiting factor for recycling, as individuals and companies tend to hoard used batteries for too long or dispose of them improperly in ordinary household waste.



Creating an effective collection infrastructure is a significant obstacle due to the diversity of battery types available in the market. Lithium-ion batteries are utilized in various applications, which leads to a vast range of battery designs differing in capacity, size, shape, and chemical composition [159].



Various collection systems need to be established due to significant differences in the markets. For example, the collection of smaller household batteries from electronic devices can be facilitated by placing containers at manufacturer and retail partner sites. In contrast, larger modules from EV and stationary battery energy storage devices necessitate disassembly and should only be handled by dedicated personnel [160].



Despite the potential benefits of direct recycling processes for LIBs, the current challenge lies in obtaining sufficient quantities of waste (black mass) for a single source, such as a laboratory. To overcome this issue, research centers, universities, and industries need to collaborate. Companies can facilitate a stable supply of spent LIBs while identifying technical obstacles in industrial production. To expand the scope of experiments and address technical concerns, universities and laboratories can conduct research. On the other hand, the research centers should experiment with new technologies at a larger scale than the laboratory ones and address technical issues.



By conducting both lab-scale and industrial-scale experiments on spent LIBs, the collaboration between industry, universities, and laboratories can break through technical barriers and ultimately support the realization of LIBs recycling facilities in increased TRL in comparison to the laboratory scale ones. This collaborative effort could significantly minimize pollution and maximize the benefits of recycling.



Future research should prioritize tackling the existing challenges that hinder efficient recycling, while also fostering a comprehensive understanding of the recycling system among all stakeholders.




4.2. Battery Disassembly


Recycling methods face a significant challenge due to the highly repetitive and labor-intensive nature of disassembly, particularly in mechanical procedures [37,38]. This is compounded by the fact that LIB cells come in cylindrical, prismatic, or pouch shapes, and variations in composition and shape due to the assembly into modules and packs create significant obstacles to recycling. Moreover, each manufacturer has a unique design or recipe, adding to the complexity of the process.



Automated disassembly is necessary to address the inefficiency and labor intensity of manual disassembly in recycling LIBs [161]. Artificial intelligence, machine learning, and deep learning can be utilized to develop automated or semi-automated disassembly methods based on the standard size and shape of battery packs, which can reduce costs and labor. To achieve automation, a robot can be employed for safe and efficient battery retrieval. Automatic dismantling processes, residual energy detection, secondary utilization, and chemical recovery are also crucial for the development of LIB recycling. However, the large variety of EV battery designs currently on the market poses a challenge for third-party reuse centers as they cannot plan ahead to optimize disassembly processes and determine the best second-life application [145].




4.3. Lack of Policies and Regulations


The successful implementation of government regulations and legislative management is crucial for the efficient and sustainable recycling of LIBs. It is essential to have globally implemented regulations that ensure the safe and effective handling of spent batteries. In China, the government has already implemented recycling policies for end-of-life EVs and waste LIBs. However, there is a need to enhance the collection rate of end-of-life spent LIBs to avoid potential pollution problems [162]. Furthermore, a recent study focusing on the policies of power battery recycling in China highlighted the concentration of recycling policies at the midstream processing end, while the upstream and downstream policies are comparatively deficient. The study also emphasized the lack of top-level legal construction and the imperfect recycling network, suggesting the need for modifications and relevant policy suggestions [163].



European governments and companies in the battery sector are making efforts to improve legislation on batteries and accumulators [164]. The Chinese experience provides valuable insights into the need for a holistic approach to recycling policies, covering all stages of the battery life cycle, from production to end-of-life management. Such policies should aim to improve collection rates, establish legal frameworks, and create incentives for echelon exploitation enterprises. Additionally, the focus on the entire life cycle of power batteries highlights the need for a systemic and integrated approach to recycling policies, ensuring environmental sustainability and resource conservation.



One important aspect of the regulations is the standardization of pack and module design, which can facilitate automatic recognition and disassembly. This can be achieved through clear external labeling that includes important information such as the manufacturer, manufacturing date, and battery type. Proper safety measures and regulations should also be in place to mitigate the risks associated with battery disassembly, such as flammable electrolytes and potential short circuits that could cause explosions or fires.



The development of effective regulations requires consideration of the technical differences in battery design and usage, as well as the immaturity of technology in this field. Developing guidance documents and expanding Extended Producer Responsibility systems while allowing for flexible implementation is suggested to facilitate the creation of a large-scale, efficient, and traceable LIB recycling management system in Europe [164]. The successful implementation of recycling regulations for lead-acid batteries could serve as a useful template for LIB recycling regulations. Increasing public awareness and education, establishing relevant organizations, and improving overall environmental literacy are also important steps towards successful implementation.



National-level recycling centers established by local governments, known as governmental recycling centers, can promote proper regulations and management of the LIB recycling market. They can improve recycling networks and increase recycling through regulated channels following relevant national laws. Although most countries do not have government-affiliated LIB recycling centers currently, they are expected to be established in the future.



To prevent spent LIBs from entering the black market and to create an organized recycling market, it is necessary to establish a battery-tracking mechanism. Each battery can be assigned an identification number, which can be uploaded into the tracking system throughout the end-of-life value chain to facilitate recycling development. This can also help to ensure that recycling processes comply with established regulations and standards. By implementing these measures, we can establish a sustainable and efficient circular economy for LIBs, which benefits both the environment and society.




4.4. Scaling-Up and Industrialization


Although there has been a recent surge in research on LIB recycling, many of the proposed methods are still limited to lab-scale experiments. In such experiments, the researchers have a greater degree of freedom in choosing parameters, chemicals, or processes, which may not be possible or are more challenging to implement at a larger scale.



Despite this, there are some examples of lithium-ion battery recycling being industrialized. Some of the main companies using the reported recycling methods (sometimes in combination with each other) include Umicore, Sony Sumitomo, Sumitomo-Sony, Retriev Technologies, Li-Cycle, Accurec, Recupyl Valibat, and Akkuser. These companies have varying recycling efficiencies, purity of recovered materials, and declared plant capacities [165].



In terms of development status, pyrometallurgical treatment is the most advanced. The current plants implementing this method have reached a technology readiness level of 9, indicating full commercial application and providing the highest recycling capacity available today [132].



The pyrometallurgical route has become the most mature and widely used method for LIB recycling because many companies are already involved in related fields such as mining and waste treatment. Therefore, they could leverage their existing company structures and equipment, such as furnaces, to adapt their established processes for the recycling of LIBs [132].



On the other hand, companies utilizing the hydrometallurgical route (with a technology readiness level of 9) are newly established solely to treat lithium-ion batteries.



Additional funding for pilot projects can help fill the gaps in data within the industry’s recycling process, generate realistic data for investment planning, and obtain verified data that enable battery manufacturers to confirm the quality and compatibility of recycled materials. It is worth noting that some hydrometallurgical companies operate in dislocated hubs where they collect LIBs and mechanically separate the black mass. They then treat the black mass in a single hydrometallurgical facility, reducing transportation costs and the risk of fire [166].



In contrast, pyrometallurgy processes have the advantage of being able to handle small-format LIBs commonly found in portable devices, as different LIB compositions can be treated simultaneously, and batteries of different typologies can be easily managed. However, hydrometallurgy treatment requires prior mechanical treatments to select the black mass, which is usually performed in separate facilities within the same company or even by different companies.





5. Design for Recycling


End-of-life considerations have traditionally not been a significant concern in battery design, as the primary focus has been on optimizing performance. However, the recovery of critical raw materials (CRMs) in hydrometallurgical and direct recycling processes can be challenging, primarily due to difficulties in mechanical separations such as the sieving of crushed fragments [27]. The efficiency of sieving relies on the size distribution of battery fragments, which, in turn, depends on the efficiency of crushing. However, the greatest obstacle is the strong adhesion of active materials to current collector foils, which is caused by polymeric organic binders.



To promote the establishment of an effective economy of spent LIB recycling, an important notion is the concept of design for recycling. This approach involves also taking into account the possibility of recycling of battery cells when the batteries are designed. The design principles are primarily centered on three pillars: pack and module design, cell design, and material design [6]. Many larger batteries are composed of numerous individual cells organized in modules that are subsequently assembled into a pack. Enhanced separation of the battery components could result in more efficient recycling compared to conventional methods that involve shredding old batteries in their entirety.



However, manually disassembling such batteries is expensive, time-consuming, and poses significant safety hazards to workers [6]. Currently, achieving fully automated disassembly through self-learning robots is not feasible due to the intricate nature of certain disassembly procedures. However, a more viable option is the implementation of hybrid systems, where human workers collaborate with automated robotic arms to carry out the disassembly process.



Another example pertains to the objective of substituting polymeric organic binders with water-soluble binders, which can potentially be effortlessly eliminated during the recycling process by washing with water. Water-soluble binders may not provide the same long-lasting adhesion of the batteries’ active substances to metal foils as the current polymeric organic binders.



The rational design of nanostructured hybrid materials based on carbon and metal oxides has shown promise in improving the kinetics of charge transfer and alleviating structural strain during charge/discharge processes [167]. Additionally, the improvement of the metal oxide-based electrode materials can be obtained by the use of materials with better cycling performance, such as nanosheets, nanorods, and nanospheres [168,169].



Designing for recycling also strives to standardize screw connections and junctions between modules or cells to simplify the automated disassembly of cells. A thorough understanding of cell chemistry is crucial since certain chemistries cannot be mixed during the recycling process [170].



Efforts in providing regulations devoted to battery classification, labeling, and coding are aimed towards achieving this goal, as the standardized reporting of details like LIB composition on labels affixed to the exterior of the batteries may aid in or facilitate the automatic sorting process [171].



In addition, the approach encompasses material design. Figure 8 summarizes the strategies for designing for recovery.




6. Future Perspectives


The prospects for LIB recovery have a focus on sustainable and efficient recycling technologies [172]. Direct regeneration and preparation of advanced materials are considered interesting strategies for cathodic upcycling, although challenges remain in industrial practices. Various approaches, including hydrometallurgical, pyrometallurgical, solvometallurgy, and biometallurgical methods, are being explored for metal extraction from spent LIBs, with different advantages and disadvantages related to high temperature and chemicals necessary for the reactions [51]. A challenge involves, for example, the substantial consumption of reagents/energy required to counterbalance the production of flammable and toxic compounds originating from fluorine-based substances, used as a binder [51]. They aim to restore the original components or convert them into low-carbon secondary materials, even if the sustainability of several of these processes is still quite low.



Moreover, the use of biomass pyrolysis gas-induced reduction and bioleaching approaches are being investigated as environmentally friendly and energy-saving methods for metal recovery. However, challenges such as controlling impurities, ensuring sustainability, and managing secondary wastewater need to be addressed. Hence, the enhanced recycling efficiency is more likely due to the characteristics of the input feed rather than the recycling process itself. This highlights that the potential of recycling processes is compromised by impurities and material losses during mechanical separations when dealing with mixed spent batteries [50]. Recycling companies are endeavoring to address challenges associated with LIBs pretreatments through methods such as additional crushing, thermal incineration, or dissolution of the binder in suitable organic solvents. However, none of these alternatives has proven to be optimal at this stage [50].



Overall, further research and development are needed to optimize recycling processes, improve recovery rates, ensure safety, and minimize secondary pollution. In particular, technological improvement in processing spent batteries is necessary for industrial applications. Therefore, some mandatory improvements do not appear to be within the recycling procedures but are more likely in the design-for-recycling approach, which must be supported.




7. Conclusions


As the demand for lithium-ion batteries continues to grow, there is an increasing need to recover and recycle spent LIBs. This is due to the potential environmental and health risks associated with battery waste, which can impact society’s sustainable development. At the same time, spent LIBs represent a valuable resource for future battery materials. This paper provides an overview of current recycling technologies while emphasizing the challenges associated with developing LIB recycling.



One of the major challenges is the need for technological advancements to address the complexities of LIBs, including the various chemistries and designs. Additionally, there are policy gaps that hinder the development of an efficient and effective recycling system. Balancing the economic benefits of recycling with the environmental impact of spent LIBs is also a significant challenge to provide more comprehensive and accurate assessments of the environmental impacts of batteries. However, there are opportunities arising from these challenges, such as the potential for innovation and the creation of a more sustainable and circular economy.



To address end-of-life concerns, this is fundamental to the battery’s design. Manufacturing processes that produce cells and packs that are easier to recycle are required. In this context, standardizing cell construction, including cell module design and mechanisms, can help mitigate recycling challenges. The use of intelligent robots can also improve production efficiency and safety by replacing human workers in performing hazardous tasks.



To reduce economic and environmental costs, enhancing the economic efficiency of LIB recycling is crucial. This can be achieved through reducing production costs, increasing product value, on-site recycling, minimizing transportation costs, integrating secondary use with recycling, mitigating negative impacts of primary material extraction and LIB waste, minimizing heavy metal content reduction, and selecting environmentally friendly binders and electrolyte systems.



A comprehensive strategy for battery recycling, known as “design for recycling”, is required to optimize both the batteries and the recycling processes simultaneously. This process extends from the physical design and assembly of batteries to simplify recycling, increase yields, and optimize materials, thereby supporting cost-effective battery recycling processes.



The recycling of LIBs contributes to achieving several United Nations Sustainable Development Goals (SDGs). Firstly, SDG 7 (Affordable and Clean Energy) can be supported through LIBs recycling because LIBs are used in energy storage applications, including EVs and renewable energy systems. By recycling spent LIBs, valuable metals can be recovered and reused, reducing the need for new raw materials and promoting a more sustainable approach to energy storage. Secondly, SDG 12 (Responsible Consumption and Production) is connected to LIB recycling because it helps to reduce waste and promote a circular economy. By recovering valuable materials from spent batteries, the need for new resource extraction can be minimized, leading to more responsible consumption and production practices. Thirdly, SDG 13 (Climate Action) can also be advanced by these activities. The production of LIBs involves the extraction and processing of raw materials, which can have significant environmental impacts. It is evident that the battery is mandatory for electric vehicle production, with evident positive consequences in the reduction of greenhouse gases. Moreover, by recycling spent LIBs, the environmental footprint of battery production can be reduced, contributing to climate change mitigation efforts. Furthermore, SDG 14 (Life Below Water) and SDG 15 (Life on Land) can also be supported through recycling because improper disposal of spent batteries can lead to the release of hazardous substances into the environment, posing risks to aquatic and terrestrial ecosystems. By recycling LIBs, the potential for environmental contamination can be minimized, protecting both marine and terrestrial life.
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Figure 1. Key components of LIBs: cathode, anode, electrolyte, and separator. 
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Figure 2. Milestones in the development of lithium-ion battery technology. 
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Figure 3. Scheme of the LIB lifespan, from production to disposal (steps 1–6, colored in pink) as implemented today, according to a linear economy scheme [7,8,13,16,27,28,29,30,31,32,33,34,35,36,37,38,39,40]. To switch to a circular economy scheme, some preliminary complex steps are needed (step 0, in yellow). 
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Figure 4. Scheme of the different approaches developed for the different classes of components. 
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Figure 5. Value of recycled electric vehicle (EV) batteries in 2020 by battery type, by cathode chemistry (in USD per kilowatt hour) (In Statista. Retrieved 25 April 2023, from [54]). According to data from 2020, the most profitable type of EV battery to recycle was the NMC111 (LiNi0.33 Mn0.33Co0.33O2) battery. Battery recyclers could earn around USD 42 per kilowatt hour when recycling an NCM111 battery. In contrast, LFP batteries had the lowest salvage value at around USD 15 per kilowatt hour. 
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Figure 6. Amount of minerals present in battery electric vehicles compared to conventional vehicles, categorized by type, in kilograms per vehicle (data from 2022) [55]. 
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Figure 7. Li-Cycle’s lithium-ion battery recycling capacity in gigawatt hours (GWh) for 2021 and projected capacity for 2025 by region (in gigawatt hours). 
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Figure 8. Design for recycling batteries must allow for (1) the use of recyclable materials, (2) information and easy access to data (for example cell chemistry), (3) ensuring and facilitating disassembly, and (4) facilitating materials recovery. 
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Table 1. The most diffuse cathode materials, their structures, main functional properties, and applications. LiCoO2 is usually referred to as LCO; Li(Ni/Mn/Co)O2 is referred to as NMC followed by numbers indicating the stoichiometric ratio among the Ni:Mn:Co; when Mn is substituted by Al, it is referred to as NCA, LiMn2O4 as LMO, LiFePO4 as LFP.
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	LiMn2O4/LMO
	LiCoO2/LCO
	Li(Ni/Mn/Co)O2/NMC
	LiFePO4/LFP





	Structure
	[image: Batteries 10 00038 i001]
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	Specific capacity/mAhg-1
	148
	275
	275
	170



	Practical specific capacity/mAhg-1
	120
	140
	160
	150



	Average discharge potential vs. graphite/V
	4.0
	3.8
	3.9
	3.5



	Energy density/WhKg-1
	480
	564
	608
	525



	Application
	Power tools, electric bikes
	Portable devices
	Portable devices, electric vehicles
	Power tools, large electric vehicles



	Market share
	Small
	Dumped
	Dominant
	Expanding



	Global evaluation
	Medium safety, low cost, low lifetime, medium energy density
	Low safety, high cost, medium performance
	Medium safety, medium cost, high energy density
	High safety, medium cost, medium energy density, high thermal stability










 





Table 2. Direct comparison of the main recycling technologies described in this review.
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Pyrometallurgy

	
Hydrometallurgy

	
Biometallurgy

	
Solvometallurgy (Ionic Liquid)

	
Solvometallurgy (DES)






	
Advantages

	
Short process flow, low equipment requirements, strong operability

	
Low energy consumption, great versatility, high product purity, high recovery efficiency

	
Complete metal recovery, simplicity, cost-effectiveness, low energy consumption, mild conditions

	
Nonflammable, low volatility, tunable

	
Nonflammable, low recovery cost, green process, cheap and easy preparation, low toxicity




	
Disadvantages

	
High energy consumption, poor metal purity, difficulty in lithium recovery

	
Need to dispose of large amount of acid and toxic wastewater, long recovery process

	
Long processes and low kinetics, vulnerability to pollution

	
Expensive

	
Difficulty to scale-up, low cathode/DES ratio




	
Applied at industrial level

	
Yes

	
Yes

	
No

	
No

	
No




	
Main source of pollution

	
Emission of polluting gases and production of slags

	
Release of toxic gases

(e.g. NOx, SOx, Cl2)

	
-

	
-

	
-











 





Table 3. Potential outputs from recycling procedures [123].
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	Output Material
	Definition
	Comment





	Active material
	Lithium-ion batteries consist of both cathode and anode materials, with graphite being the predominant material used for the anode. The active material in the battery is a combination of these two components.
	The output material represents a complete process for physical recycling directly.



	Cathode material
	Common cathode materials are LiCoO2 (LCO), LiaNixCoyMnzO2 (NMC), LiMn2O4 (LMO), LiNixCoyAlzO2 (NCA), and LiFePO4 (LFP).
	The direct physical route yields a purified output material.



	Alloy and Slag
	Typically, a pyrometallurgical process results in the production of metal alloys as the main product, with slag being a secondary byproduct of the process.
	A final product that represents the entire process of pyrometallurgical recycling.



	Salt of transition metals
	Precipitation product in a hydrometallurgical process.
	A final product obtained from a complete hydrometallurgical recycling process.



	LIBs
	Lithium-ion batteries are rechargeable batteries that comprise an anode and cathode, with an ion-conducting electrolyte present between them for the migration of lithium ions.
	The highest level of refinement achievable in a recycling process is the production of a new LIB.
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