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Lithium-ion batteries (LIBs) account for the majority of energy storage devices due to their long service life, high energy density, environmentally friendly, and other characteristics. Although the cathode materials of LIB led by LiFePO4 (LFP), LiCoO2 (LCO), and LiNixCoyMn1-x-yO2 (NCM) occupy the majority of the market share at present, the demand of LiMn2O4 (LMO) cathode battery is also increasing year by year in recent years. With the rising price of various raw materials of LIBs and the need of environmental protection, the efficient recycling of spent LIBs has become a hot research topic. At present, the recycling of spent LIBs mainly focuses on LFP, LCO, and NCM batteries. However, with the continuous improvement of people’s safety of LIBs, LiMnxFe1-xPO4 (LMFP) batteries show better potential, which also improves the recycling value of LMO batteries. Therefore, this paper reviews current methods of spent LMO recovery, focusing on the characteristics of the recovery and separation process, which can serve as a reference for subsequent research on LMO recovery, increasing environmentally friendly recovery routes. Finally, the future development direction of LIBs recycling is prospected. Overall, this review is helpful to understand the current progress of LMO battery recycling.
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1 INTRODUCTION
The increasingly prominent contradiction between economic development and environmental protection means that the traditional structure of fossil fuels cannot sustainably support the development of human society (Palmer, 2019). In recent years, countries have recognized the development and use of renewable energy as a vital tool for reforming the energy structure and have intensified the use of wind and solar power, among others (Nematollahi et al., 2016; Zhang et al., 2017). According to the International Energy Agency, 70% of the world’s electricity will come from wind and photovoltaics by 2050 (I E Agency, 2021). After adjusting the energy structure, the annual carbon dioxide emissions equivalent is shown in Figure 1A. However, new energy power generation is characterized by instability, intermittency, and supply and demand mismatch (Yuan et al., 2021). Electrochemical energy storage and conversion devices are widely considered the most effective solution to address supply-side instability.
[image: Figure 1]FIGURE 1 | (A) CO2 emissions from different energy fuels in different years; (B) The number of hybrid vehicles and electric vehicles of different years; (C) statistics and forecast of the installed capacity of LIBs in the world from 2017 to 2025; (D) Spinel structure of the LMO; (E) The position of Li, Mn, and O in the LMO.
In China, the new increment of new energy storage exceeded 1 million Kw in 2020, further accelerating its growth to 2.45 million kW in 2021. By the end of 2021, the cumulative installed capacity of new energy storage in China was 5.37 million kW (Yan et al., 2022), among which lithium batteries, as the focus of electrochemical energy storage technology, occupied 80% of the electrochemical energy storage market (Li et al., 2021). Besides, LIBs also bring vitality to the car industry (Kim et al., 2019). New energy vehicles equipped with lithium batteries are high in energy conversion and low in exhaust emissions, leading the entire automobile industry in an environmentally friendly direction (Kumar and Revankar, 2017; Zhao J. et al., 2021). The number of hybrid vehicles and electric vehicles will increase year by year as predicted in Figure 1B. The International Energy Agency estimates that, based on current and anticipated policies, the global market for new energy vehicles is likely to reach 4 million in 2020 and 245 million in 2030, with an annual growth of about 41% and a market cap between 13 billion and 130 billion US dollars (Xiaowei et al., 2022). In addition, the installed quantity of energy storage installed in major countries around the world is shown in Table 1, the whole show an explosive growth trend. In summary, the global demand for lithium batteries is increasing rapidly. Figure 1C shows the statistics and forecast of the installed capacity of LIBs in the world from 2017 to 2025.
TABLE 1 | Energy storage installed in major countries and the world (Gwh).
[image: Table 1]According to the US Geological Survey, global Li, Co, Ni, Mn, Fe, and graphite (natural) reserves are 22 million tons, 145 million tons, over 95 million tons, over 1,500 million tons, 230 billion tons and 320 million tons, respectively. In 2021, the global production of major LIB metals Li, Ni, Co, and Mn will be 100 Kilotons, 2,700 Kilotons, 170 kilotons and 20 million tons respectively. It is predicted that in 2040, under the scenario of taking the green road, the demand of LIB for Li, Ni, Co, and Mn will be 1,247 kilotons, 5,616 kilotons, 713 kilotons and 2,357 kilotons respectively (Maisel et al., 2023). The global lithium market has expanded since 2018. By 2021, the global lithium market size will have reached 545 GWh (C. Consulting, 2022). In addition, the global demand for lithium batteries is estimated to be 1,223 GWh by 2025 (Zhou, 2022). However, the service life of lithium batteries is 3–5 years (Chen et al., 2017), which means that in the future, due to the extensive use of non-renewable lithium batteries in the energy storage and automotive industries, there will be a large number of spent lithium batteries, in which there are a large number of heavy metal elements: copper, iron, nickel, cobalt, and so on (Meshram et al., 2019; Windisch-Kern et al., 2022). This raises two key issues: the disposal of discarded lithium batteries, which, if not correctly disposed of, will cause massive environmental pollution and endanger people’s health (Leal et al., 2022). The second problem lies in the waste of valuable metals. In LIBs, cathode materials are the most expensive of all components (Garole et al., 2020). According to the types of cathode materials, batteries can be divided into: LCO, LFP, NCM, and LMO (Li M. et al., 2018). The cathode materials contain a lot of valuable metals such as lithium, nickel, cobalt, etc., (Xie et al., 2021; Luo et al., 2022). With the vigorous development of the lithium battery market, by 2022, the price of battery-grade lithium carbonate, cobalt, and nickel will be 85,532 $ t−1, 49,623 $ t−1, and 32,118 $ t−1, respectively. Therefore, we can foresee that the recycling of LIBs has enormous market potential.
Industrial recovery mainly focuses on recovering LFP and ternary lithium battery materials, primarily using hydrometallurgical and pyrometallurgical processes (Ciez and Whitacre, 2019). In 2021, China’s LMO cathode material shipments were 110 kilotons, up 32.5% year on year. The crystal structure of LiMn2O4 is spinel type, belonging to Fd3m space group. As shown in Figures 1D, E, Li+occupies 8a, while the positions of 16d and 32e are manganese ion and O2-, respectively. With the development of lithium manganese iron phosphate material, the recovery and regeneration value of LMO has been further improved. In contrast, there are few research and reviews on LMO. Here we summarize the existing articles on LMO recycling, classify and summarize the recovered products according to their different types, and propose a future development strategy for LMO recycling.
2 TREATMENT OF DIFFERENT SPENT LMO
Currently, the sources of spent LIBs on the market are inconsistent, leading to various compositions of collected waste cathode materials in different manufacturers. Some waste cathode materials contain certain amounts of impurities such as Ca, Mg, Al, Cu, etc., among them, the elements of Ca and Mg primarily come from contact with the soil during the placement process, while the collectors mainly produce the elements of Al and Cu in the batteries (Zhu et al., 2021). In addition, some spent LIBs cathode materials contain one or more LMO, LCO, NCM, and LFP materials, which significantly reduces the classification difficulty in the pretreatment stage. However, this kind of hybrid spent materials must change the recycling method to adapt to the recycling impact. Some LIBs are disassembled, and the cathode is mixed with the anode, resulting in too much carbon in the cathode electrode materials (Zhang et al., 2018; Wuschke et al., 2019). Under the circumstances, the recycling of such materials by carbothermal reduction can achieve a good result and efficiently use the potential resources. In the following sections, we will discuss the recycling status of LMO with low impurity content, mixed LMO spent materials, and LMO with high carbon content, respectively.
2.1 Recovery of LMO with low impurity content
The low impurity content of the LMO, means that there is no other lithium-ion cathode material in the scrap unless LMO. It can be regarded as a single chemical LiMn2O4. The LMO’s low impurity often comes from the binder’s stripping and sintering processes. Too high impurity will lead to a long metal extraction process, resulting in the loss of valuable metals. LMO can use hydrometallurgy, pyrometallurgy, and direct recovery to recover valuable metals like other cathode-processing treatments (He et al., 2017; Barrios et al., 2022). Since there are only two kinds of metal elements in LMO, it is easy to achieve efficient separation and recovery of Li and Mn.
The recovery strategies of valuable metals from spent LIBs cathode materials can be divided into hydrometallurgical and pyrometallurgical processes (Huang et al., 2018). In earlier times, smelting was the primary method in pyrometallurgy, when the temperature could reach more than 1,200°C, which usually caused the loss of lithium resources (Guoxing et al., 2016; Ren et al., 2017). Currently, the mainstream pyrometallurgy recovery method mainly uses the salt-assisted roasting method. The spent cathode material and roasting additives are mixed after the roasting agent and materials react at high temperatures. In the reaction process, water-soluble lithium salt or transition metal salt is produced, and then water leaching separation extracts valuable metals. Compared with smelting, the roasting temperature in this way is only 200°C–900°C, and simultaneously achieving lower energy consumption and higher metal recovery. This method is widely used in recycling LFP, LCO, NCM, NCA (Zhang B. et al., 2021; Chang et al., 2022). As a salt-assisted, Na2SO4 was mixed with LFP in a ratio of 2:1 and calcined for 3 h at 800°C. Under this optimized consideration, we can achieve a high leaching rate of Li exceeding 99% and a low leaching rate of Fe 0.03% and P 0.11%, respectively (Zhang J. et al., 2022). LiNi0.6Co0.2Mn0.2O2(NCM622) can also be roasted at low temperatures using metal salts as auxiliary calciners. By calcinating ammonium sulfate and NCM622 for 1.5 h at 350°C in air, NCM622 converts to sulfate through water leaching, which achieves a sulfation rate of over 98.5% (Tang et al., 2021). This method shows an excellent recovery rate. At present, many researchers focus on seeking suitable auxiliary salt for roasting with waste cathode materials. The goal is to reduce the reaction temperature and time; the most important is environmental protection cost.
Paulino et al. (2008) directly mixed battery materials (including anode and cathode, LiPF6 electrolyte) with a and roasted at 500°C for 5 h. Afterward, NaOH is added to the solution, manganese or cobalt is deposited in hydroxides, and the lithium is precipitated using saturated KF solution, which realizes the separating of Mn and Li. However, the introduction of F− will bring about subsequent environmental problems.
He and Liu (2020b) demonstrated a salt-assisted low-temperature roasting method to recover Li and Mn from waste LMO cathode. In this case, a molar ratio of n (2Li + Mn): n (NH4)2SO4 = 1:1.1 is placed in the air atmosphere for 45 min at 600°C. Afterward, the roasted product is leached in water and converted to two sulfate solutions. When ammonium sulfate exceeds the theoretical dosage of 10%, Li and Mn recovery can reach approximately 100% and 96.73%, respectively. To explore the mechanism of the reaction, the phase composition and morphology characteristics of calcined products and water-leaching products under different calcined conditions were analyzed. The analysis shows that the high energy H+ generated by ammonium sulfate at high temperatures plays a vital role in breaking the Mn-O bond in LMO. The mechanism of the reaction is shown in Figures 2A, B. Ultimately, Li and Mn are present in the solution as Li2Mn2(SO4)3 and MnSO4. The author then performed the separation steps of the substances in the solution were carried out (He and Liu, 2020a). The kinetics and thermodynamics of solution manganese precipitation were analyzed in the Mn2+-Li+-SO2- 4-NH3-NH+ 4-CO2- 3-H2O solution system. Under the best conditions, 99.96% of Mn appears in precipitation with the addition of a precipitant.
[image: Figure 2]FIGURE 2 | The mechanisms of spent LMO cathode material calcined with (NH4)2SO4: (A) Macro-reaction mechanism; (B) Micro-reaction mechanism; (C) Flowchart of the recovery process of spent LMO cathode material.
Meanwhile, double-sulfate salts formation includes Li(NH4)SO4 and (NH4)2SO4. Li2SO4 can be obtained by roasting double sulfates at high temperature, because (NH4)2SO4 has the property of easy decomposition by heating, while Li2SO4 has better thermal stability. In this method, Li2SO4 and MnCO3 products can be obtained through a series of technological processes. However, this strategy has a prolix process and complex precipitation system, which need to control a relatively precise precipitation conditions, the process diagram of the recovery process is shown in Figure 2C. In addition, the complex system may also have a certain impact on the purity of the product.
Hydrometallurgy also plays an important process in addition to pyrometallurgy, which usually exhibits excellent metal recovery rates (Li et al., 2018b). In the selection of leaching agent, inorganic acid (H2SO4, HCl, HNO3, etc.,) (Xuan et al., 2019; Chen et al., 2021; Fan et al., 2021), organic acid (formic acid, malonic acid, glycolic acid, etc.,) (Liu et al., 2019; Fan et al., 2020; Ji et al., 2021), or the combination of acid and oxidant or reductant. Wang et al. (2019) use phytic acid to treat LMO and convert the manganese in it to Mn2P, which can be used as a nanofiller in polyethylene oxide matrix to improve Li+ conductivity and transference in all-solid-state batteries vastly. Chart of recycling spent batteries saw Figure 3A. Batteries assembled from this material have excellent electrochemical properties, cycling performance of LiFePO4|PL-Mn2P5|Li cell at 0.1 C saw in Figure 3B. Interestingly, by mixing sulfuric acid with LMO with different stoichiometric numbers, Zhang Y. et al. (2022) obtained MnO2 with varying crystal structures, α- MnO2, λ- MnO2, β- MnO2, Different crystal structure of MnO2 were shown in Figures 3C–E. It can be used for valuable production to absorbents for Co removal. Besides, the lithium in the solution is recovered as a precipitate of lithium phosphate. These two methods recycle manganese into other valuable products, Mn2P and MnO2, realizing the value-added utilization of spent LIBs. Despite their outstanding performance in other areas, the best final destination for the spent LIBs is a closed-loop synthesis of cathode materials. Furthermore, most of the spent cathode material contains other impurities that need to be decontaminated before it can be used as a product. The recovered product must be a kind of product that can be used universally. The product that can only be used in a specific field will inevitably limit the broad application of this method.
[image: Figure 3]FIGURE 3 | (A) Schematic of recycling process and assembly of Li |PL-Mn2P| LiFeO4 batteries; (B) Cycling performance of LiFePO4|PL-Mn2P5|Li cell at 0.1°C; Crystal structure of (C) λ-MnO2, (D) γ-MnO2 and (E) β-MnO2. Purple sphere, Mn; Red spheres, O.
Electrochemical metallurgy technology also plays a vital role in the metallurgy process, which is also divided into high-temperature molten salt electrolysis and solution electrochemistry. The former is mainly used in treating some active metal oxides or other compounds, while the latter is more used in removing impurities in metal refining. LMO can be regarded as a metal oxide, so Liang et al. (2021) placed it in NaCl-CaCl2 melt at 750°C for an electrolytic reduction study and found that by constantly increasing the voltage, Mn metal finally appeared when the voltage reached 2.6 V. In molten salt electrolysis, Mn successfully realizes its valence state’s transformation and instructs it to become an elementary metal substance. Other intermediates are produced in this process, for example, CaMn2O4, MnO, (MnO)x (CaO)1-x. The mechanism diagram of electrolysis is shown in Figure 4A. This is undoubtedly a new idea for the recovery of lithium manganate by introducing high-temperature molten salt. But the final product separation is a huge problem, and environmental requirements are also high in the process of high-temperature electrolysis equipment. Similarly, Li et al. (2019) carry out a new method for recovering LMO from an electrolytic slurry. The LMO is mixed with sulfuric acid and placed in the cathode chamber connected to the battery’s cathode by the graphite. Afterward, Mn2+ is oxidized and deposited in the anode region, and Li+ and a little bit of Mn2+ stay in the solution. In Figure 4B, we can see the transformation mechanism diagram of Li and Mn. After the impurity removal conversion, the final products are Li2CO3 and MnO2. The product obtained by this method has a high purity and uses electrical energy as the “fuel” for the reaction.
[image: Figure 4]FIGURE 4 | (A) Schematic diagram of LMO molten salt recovery process by high-pressure electrolysis; (B) Transformation mechanism diagram of Li and Mn during electrolytic recovery; (C) Experimental setup for leaching and recovery material processes; (D) Flowchart of hybrid material treatment and recovery.
2.2 Treatment of mixed LMO cathode materials
In the industry, recycling companies usually recycle more than a single LIB, which may include one or several types of LCO, LFP, and NCM. When these cathode materials are mixed together, they are called black powder because they appear black and their composition is unknown. The current researches mainly focus on the recovery of monomer materials, so it has poor practicability (Chen et al., 2015; Li et al., 2018a). Therefore, according to the demand of actual production, it is vital to study the mixture’s recycling.
Currently, the recovery methods of hybrid spent cathode materials mainly focus on hydrometallurgy, while there are few reports on pyrometallurgy because in the recycling of hybrid materials, it is necessary to consider the efficiency of the recovery of different metal elements. The hydrometallurgical process is a better treatment method to maximize waste disposal capacity, ensuring a high metal recovery rate. Wang et al. (2009) carry out a hydrochloric acid leach process, the conditions for leaching are 4 M hydrochloric acid solution, 80°C leaching temperature, 1 h leaching time and 20 mg·L−1 solid-to-liquid ratio, and the experimental setup for leaching and recovery material processes shown in Figure 4C. After leaching process, all the metal elements enter the solution as ions. Then different methods were used to extract different metal ions, firstly, KMnO4 is added to the solution as an oxidant with a certain stoichiometric ratio which the ratio of MnO−4 to Mn2+ is 2:3, and Mn2+ is oxidized to MnO2 and removed by filtration. Next, dimethylglyoxime (C4H8N2O2) is used to extract almost all nickel from the solution. In the case of ammonia complexation, the nickel-ammonium complexation ion will form a red solid with dimethylglyoxime, and the optimal reaction pH is 9, but too high a pH will cause side reaction. After nickel separation, ammonium cobalt complex ions were precipitated by chemical precipitation with a pH of 11. Cobalt can be almost completely separated by this method. The remaining solution is mainly LiCl, precipitated by Na2CO3 to obtain the product Li2CO3.
Similarly, Huang et al. (2016) also use HCl-assisted H2O2 to leach hybrid spent cathode (mixed LFP and LMO). After leaching, Fe3+, Mn2+/Mn3+, and Li+ ions coexist in the solution. The flow chart of the recycling process for different ions is shown in Figure 4D. In the first step of separation, [Tf2N] (ionic liquid structure precipitant), n-butyl xanthate, and α-Terpineol are added to the solution. In this process, Fe3+ translates into [Fe (bet)n] (Tf2N)3, which is sediment. The function of [Hbet] [Tf2N] is a kind of ionic liquid structure precipitant, n-butyl xanthate is the collector; meanwhile, α-Terpineol is used as a frother, which in order to better flotation [Fe (bet)n] (Tf2N)3. Then add HCl to convert it to FeCl3, the resulting [Hbet][Tf2N] recycling. Intriguingly, KMnO4 is used as an oxidizer to be added to the solution to react with Mn2+/Mn3+ to generate MnO2. At the same time, lithium is recovered as Li3PO4. This method allows the product to achieve a higher purity, the purity of lithium, ferrum, and manganese compounds can reach 99.32% ± 0.07%, 97.91% ± 0.05%, and 98.73% ± 0.05%, but this strategy has a low metal recovery rate of around 85%. It is not difficult to see from these two methods that the treatment of mixed materials is mainly to dissolve all the valuable metals in the mixed cathode materials and then take different measures to separate the metals. This seems to be a suitable method, but it is challenging to balance the recovery rate of metal ions and the product’s purity in the recycling process. The lengthy flow of processes leads to the loss of metal ions step by step, so we need to fig out a way to develop a recycling method that does both.
2.3 Treatment of LMO with high carbon content
It is well known that the composition of a LIB includes a cathode, anode, electrolyte, binder, and so on. Since the commercial use of LIBs, graphite has dominated the anode materials market due to its low cost and excellent performance (Zhang H. et al., 2021). Graphite reserves are relatively affluent, have a long service life, and have a high energy density, so it is widely used (Kravchyk and Kovalenko, 2019). Graphite not only has a high status as a material in LIBs, but also is an excellent reducing agent in LIBs recovery. Carbon is usually added as a reducing agent in the smelting of metals, depending on its excellent reducing properties and low price. According to the phase diagram, carbon has an excellent reducing effect on some metal oxides. Therefore, directly using the graphite in the anode material as a reducing agent to instantly recover the anode material is an environmentally friendly method. According to the level of carbon content in the target material, we can appropriately add carbon to ensure that the waste material can fully react. Figure 5A shows the process diagram of vacuum carbothermal reduction. Not only can graphite be directly added as a carbon source, but also natural carbon sources converted from biomass can be used.
[image: Figure 5]FIGURE 5 | (A) Schematic diagram of vacuum carbothermal reduction; (B) schematic diagram of LMO collapse mechanism and Li2CO3 formation during vacuum carbothermal reduction; Carbon, thermal reduction technology, can be carried out not only in a vacuum and low-pressure environment but also in an inert atmosphere. Lombardo et al.(Lombardo et al. (2019)) reported a method of recovering lithium carbonate in LCO, LMO and LNO by using carbon as reducing agent in a nitrogen atmosphere. The Ni, Co and Mn in it is successfully converted into metal or oxide. Lithium exists in the form of Li2CO3 and Li2O and is roasted at 700°C for 1.5 h. With the decomposition of the positive active material, the binder in it also completes the decomposition at high temperatures. However, during the pyrolysis process, the graphite was not completely reacted. Only a small part of the graphite participated in the reduction reaction, and the remaining graphite remained in the product.
Kondás et al. (2006) carry out an environmentally friendly roasted batteries operation. The scrap LIBs used in the recovery process are mainly a mixture of LMO, MnO2, graphite, and lithium metal, and the roasting process is achieved in a reduced pressure. In this process the lithium is converted into soluble Li2CO3 and insoluble MnO. The dissolved Li2CO3 in solution can be obtained by evaporation. However, in the process of evaporation, other salt impurities will also precipitate out synchronously, resulting in a decrease in the purity of Li2CO3.
Xiao et al. (2017b) also reported an oxygen-free roasting approach in which the scarp batteries were pulverized into powders less than 0.12 mm and roasted in an oxygen-free environment. During the roasting process, the organic binder breaks down to form a gas that is collected. After roasting, the product is treated with water, and the soluble Li2CO3 and residue can be obtained at 800°C for 45 min. Through XRD analysis of the product during roasting, Mn underwent a transformation from LiMn2O4 to Mn3O4 and then to MnO. In this process, graphite and carbon monoxide plays a key role in reducing manganese metal. The initial product of the reaction was analyzed by gas chromatography. The results showed that the CO2 content in the product decreased significantly and the CO content increased sharply in a small range between 727°C and 1,000°C. Under the synchronous action of carbon and CO, the transformation of Mn3O4 to MnO is realized. Interestingly, no phase of Li2CO3 was found in the product after vacuum sintering because Li2CO3 was highly dispersed in the product, and Li2CO3 could still be obtained after water leaching and evaporation. After vacuum reduction roasting, there is still graphite left in the residue, which is then removed and MnO converted into Mn3O4 product under the condition of oxidation and firing. In order to further investigate the reaction mechanism between graphite and overuse of LMO, the vacuum cleavage reduction process was studied in detail (Xiao et al., 2017a). Experimental results show that graphite and CO play a role in the process of Mn3O4 reduction to MnO, while CO has strong reducibility to reduce LMO to MnO at 600°C for 45 min. In addition, the reaction collapse mechanism of spinel structure LMO during the reaction was given by XRD. Firstly, some of the O atoms in the skeleton escape from their original positions, which causes the distorted Mn3O4 and Li2Mn2O4 to form at 400°C, which can be obtained from the XRD of the roasted product. Later, when the temperature rises to 600°C, a and b completely collapse to form MnO and the escaped O atom is captured by C/CO and Li to form Li2CO3, and diagram of this process is clearly shown in Figure 5B. Vacuum carbothermal reduction not only works on LMO, but also converts the lithium in NCM and LCO into Li2CO3 well. Carbon can play a very good role in the reduction of vacuum heating environment. The mechanism of the reaction process is described from the molecular lattice structure level, which is a good guide for the subsequent pyrometallurgical recovery LMO.
Pindar and Dhawan (2019) graphite was used to reduce the hybrid spent of LCO and LMO in an air atmosphere. After roasting at 800°C for 45 min, the transformation of excessive metal into metal and metal oxide was completed in this process, and lithium was successfully transformed into Li2CO3 and LiF, the Li2CO3 produced by this process is only 90% pure, with some LiF mixed in. The carbothermal reduction reaction can be achieved not only by heating, but also by microwave heating (Pindar and Dhawan, 2020a). After microwave treatment with 900 w power for 10 min, carbothermal reduction was completed and Li2CO3, MnO, Co, CoO and the remaining graphite were formed. After water leaching, separation and evaporation, a could still be obtained. The remaining water leaching products can be separated by different magnetic properties of the product. This strategy provides an efficient method for extracting lithium by carbothermal reduction in a short time with high treatment efficiency. But there is still the problem of low purity. On the basis of this, additional purification optimization steps of subsequent products may make the process more competitive. Furthermore, the author also proposed a kind of carbon heat plus acid leaching process specifically for LMO (Pindar and Dhawan, 2020b). Raw materials and graphite are roasted in Muffle furnace at 800°C for 30 min, then leached and separated, and product Li2CO3 can be obtained by evaporative crystallization of the obtained solution. The remaining residue is separated into a mixture of manganese oxide and graphite. After thermal exposure, the leaching rate of manganese oxide using organic acid solvent was greatly increased from 9% to 81%. Efficient metal recovery from leached slag and lithium in the form of Li2CO3 was achieved.
Makuza et al. (2021) also proposed a carbothermal reduction method to recover the mixed cathode active material, mainly composed of LCO, LMO, LNO, and the anode graphite. After roasting in a vacuum at 600°C for 30 min, the mixed raw material is converted into Li2CO3, Ni, Co, CoO, and MnO. To make the lithium in the roasted product better leached, the product was ball milled at 3,000 rmp for 1 min after roasting, and carbon dioxide was continuously pumped into the product during the water leaching process accompanied by ultrasound. Li2CO3 is converted into LiHCO3, which is more soluble in water. In this process, the leaching efficiency of lithium is improved. The resulting purity of a can reach 99.2%, with very little impurity content. The remaining metals and their oxides can be entirely dissolved by acid leaching. This method provides an excellent strategy to enhance the water-leaching process of the calcination products. After the conventional vacuum reduction, a series of operations such as dry grinding, carbon dioxide conversion, and ultrasonic greatly enhance the lithium recovery. In conclusion, the carbon thermal reduction method not only has a good effect in the process of treating pure LMO cathode materials but also hybrid materials.
3 CLOSED LOOP RECYCLING OF SPENT LMO
In order to achieve the sustainable development of the battery industry, it is necessary to attain closed-loop recycling, which uses recycled materials to regenerate battery materials and is in line with the current trend of resource recycling and sustainable utilization (Doose et al., 2021). Even so often, under different recycling methods, the treatment of spent cathode materials will produce other products, such as some transition metal sulfates, chlorides, nitrates, etc., (Tang et al., 2021; Barrios et al., 2022). In some cases, some research methods first separate lithium to achieve selective lithium extraction and then treat the rest of the metal compounds (Lin et al., 2020). Some researchers are turning recycled battery materials into valuable products (various sulfates, lithium carbonate, or other value-added products). Some of these valuable products can be used as raw materials for battery production, while some are made into other products (Huang et al., 2021). However, the best destination for the metal recovered from LIBs is still made into LIBs material, forming closed-loop recycling. This step requires higher recycling requirements (low impurity content of recycled raw materials and good electrochemical performance of the prepared battery). The excellent performance of a battery largely depends on the purity of spent batteries, treatment conditions, impurities disposal, and other factors (Huang et al., 2023). The following sections will discuss several methods of current regeneration from three aspects: regeneration of mixed waste, regeneration after separation and extraction, and direct renewal.
3.1 Mixed regeneration of spent LIBs
The mixed regeneration of waste lithium batteries refers to using two or more waste LIBs as raw materials to regenerate into new LIBs. This mixed regeneration mode has two significant advantages: First, it can simultaneously treat various waste LIBs, significantly improving recovery efficiency. Second, this method reduces the number of valuable metals added in the regeneration process, saves the cost of the regenerated lithium battery, and increases the profit space to realize its industrial feasibility.
In large-scale industrial recycling, the shorter the process, the more conducive to industrialization. Nie et al. (2019) reported a simple method to recover the cathode of the waste lithium manganate battery: After the waste lithium manganate battery is manually disassembled, the waste lithium manganate battery cathode is simply heat treated at 850°C, and the obtained product can be recycled as the cathode of the sodium ion battery. In this process, the purpose of heat treatment is to recrystallize the waste lithium manganate material on the one hand and volatilize impurities such as carbon black and PVDF in the material, on the other hand, to provide more pure cathode materials for sodium-ion batteries. Interestingly, the regenerated sodium cathode is assembled into a sodium ion battery for electrochemical testing. Its discharge capacity can gradually increase to 163.2 mAh·g−1 over 50 cycles at 100 mA·g−1, and the highest reversible capacity is up to 176.3 mAh·g−1 at 20 mA·g−1. The electrochemical tests show that the recycled LiMn2O4 as cathode material in SIBs has superior electrochemical properties such as high reversible capacity and excellent rate capability. This process utilizes the spontaneous ion exchange process during the battery cycle and simultaneously completes the two steps of removing Li from the cathode material and replenishing Na. The cathode material evolves from a spinel structure to a layered structure, which speeds up the diffusion rate of ions.
In addition, a more thorough material recovery can be achieved from spent LIBs. Meng et al. (2019) proposed a traditional mechanochemical Activation assisted solid-state technique to recover LMO and regenerate nano LiMnPO4/C, the flow chart is shown in Figure 6A. They dissolved the spent LMO polymer, NH3H2PO4, Li2CO3, and polyvinyl alcohol in proportion to ethyl alcohol, thoroughly mixed them, and dried them to obtain the precursor. LiMnPO4/C active material was finally acquired by calcining the precursor in an argon atmosphere at 650°C for 6 h and dropping to room temperature at a rate of 3°C/min. Electrochemical tests show that the active cathode material has promising electrochemical discharge capacity and excellent cycling performance. The traditional recycling and regeneration method often involves the removal of PVDF and conductive carbon in the battery to ensure the outstanding performance of the regenerative battery. This method makes full use of PVDF and conductive carbon, which were previously considered as “impurities”, so that The whole process has no separation and purification steps such as leaching and extraction, which significantly simplifies the process flow.
[image: Figure 6]FIGURE 6 | (A) Schematic of spent LMO and nano-LiMnPO4/C. (B) Schematic of the LMO and LFP recycling process; (C) Diagram of disassembly and shredding process applied for cathode black mass recovery; (D) XRD profiles of the spent LMO cathode materials.
Mechanical Activation assisted solid-state technique can be used not only for LMO recycling, but also both LMO and LFP recycling. Shi et al. (2020) continued to study the application of the above methods in the presence of two different types of LIBs, The whole process is shown in Figure 6B. Different from recycling, when only a single lithium battery type exists, this process further considers the impact of Al on the recycling process. It uses metallurgy-inspired aluminum leaching to remove the aluminum foil in the waste anode so that the Al content in the purified product is less than 300 ppm. The electrochemical test results show that LiMnxFe1-xPO4/C cathode material produced by co-recovery has good cycle stability and electrochemical capacity. This method provides a new idea for mixed recycling of multiple batteries and is a promising recycling idea for industrialization. Actually, in the recycling of waste lithium batteries, there is often more than one type of lithium battery, and the recycling process will be more complex, which is one of the reasons why more and more scholars have focused on the recycling of mixed LIBs in recent years. Gastol et al. (2022) recycled and regenerated the black mass obtained by shredding and disassembling, respectively. The disassembly and comminution process for cathode black block recovery is shown in Figure 6C. The black mass obtained by different means contains LMO and LiNi0.8Co0.15Al0.05O2. However, the difference is that the black mass obtained by shredding contains more aluminum and copper. The black mass obtained through disassembly is first treated by hydrometallurgy: excess sulfuric acid (95% w/w) and hydrogen peroxide (30% w/w) are used to dissolve transition metals and current collectors, and solid-liquid separation is carried out. The obtained liquid (containing dissolved metal solution) is extracted by liquid-liquid extraction to separate Al and Cu. The pure solution forms NCM hydroxide by adding 47% sodium hydroxide. The hydroxide is dissolved in sulfuric acid and added into nickel, cobalt, and manganese sulfate salts according to the stoichiometric ratio to reach Ni: Mn: Co = 6:2:2. Then, the regenerated cathode material is obtained through co-recycling and lithiation step. The recovery and regeneration steps for the black mass obtained through shredding are exactly the same as above, but there are two recovery situations: Impurity removal and non-impurity removal. The feasibility of process recovery is evaluated by comparing the purity of recovered substances in different processes, the regeneration performance, and the energy consumption of the whole process. It is worth noting that Al and Cu significantly impact the regenerated battery’s specific capacity. After multiple purifications, the performance of the regenerated battery is almost the same as that of the battery manufacturer.
3.2 Single-type regeneration of spent LIBs
Recycling lithium batteries is feasible after extracting and separating valuable substances from waste lithium batteries. Because the impurities introduced in the recycling process often affect the purity of the recovered material, to ensure the regenerated battery’s good electrochemical performance and better material utilization efficiency, other high-purity materials can often be added according to the recycling of battery waste to regenerate the battery.
Zhang et al. (2019) note that it could recover spent lithium-battery to regenerate lithium-battery with a promising electrochemical performance by using a process that contains leaching and co-precipitation. The whole process can be included as the next steps: spent LMO powder was attained by conventional detaching process, then a leaching process using HNO3(2 mol·L−1) and H2O2 (5% vol) as leaching was used to achieve precipitation as Mn source, and the filtrate enriched a large amount of Li. In this process, the high valence Mn (Mn3+and Mn4+) in the solid phase will be transformed into Mn2+and enter the liquid phase. Finally, after adding Ni source and Co source into the filtrate, coprecipitate to obtain Mn0.7Ni0.2Co0.1CO3 precursors, after adding Li, calcine to obtain regenerated cathode material. The recovered cathode material exhibit a promising electrochemical performance. However, there is no impurity removal step before co-recycling, which may make room for further improved battery performance. The XRD profiles of spent LiMO cathode materials are shown in Figure 6D.
Regeneration after extraction and separation has a thorny problem: secondary pollution caused by the use of inorganic acids in extraction. Yao et al. (2021) used citric acid as the leaching agent and glucose as the reducing agent to efficiently and environmentally leach the waste LMO, and re-synthesized LMO cathode materials by using the valuable ions in the leaching solution through the sol-gel method. XRD, TEM, and XPS were used to study the influence of different calcination temperatures on the structural morphology and surface chemical properties of the resynthesized LMO cathode materials. The Figure 7A exhibits the HRTEM image of resynthesized LMO. No other impurities were introduced in the whole process. The crystal morphology of the cathode material calcined at 650∼750°C was intact. The electrochemical performance test showed that the regenerated cathode material had an excellent electrochemical performance, and the discharge curves of LiMn2O4 have been shown in Figure 7B. Similarly, Wang J. et al. (2022) used citric acid and sol-gel method to regenerate LMO batteries but did not use glucose as a reducing agent. It explored the influence of citric acid concentration, leaching time, and solid-liquid ratio on the leaching process. Finally, under the condition of 1.0 M citric acid leaching for 60 min and solid-liquid ratio of 60 g·L−1, the leaching rate of metal Li and Mn was more than 94%. The action process of Mn (C6H6O7)·H2O in the leaching process was revealed by XRD, SEM, and XPS. After leaching, the sol-gel synthesized the LMO cathode material. It was found that the Jahn-Teller effect was suppressed under the action of trace Al, making the battery have good electrochemical performance.
[image: Figure 7]FIGURE 7 | (A) HRTEM image of resynthesized LMO; (B) The discharge curves of LMO-750 at 1st, 50th, and 100th; (C) HRTEM images and FFT patterns of regenerated LMO particles in the bulk region; (D) Rate performance of different LMO samples.
3.3 Direct regeneration of LMO
In traditional hydrometallurgy, pyrometallurgy, and electrochemical metallurgy, the structure of the cathode material is almost destroyed, and all the valuable elements are separated. However, in the overused cathode materials of LIBs, some complete structures are destroyed by traditional methods, and the value of these structures is not reflected (Georgi-Maschler et al., 2012). Therefore, for some cathode materials with relatively complete structures, we can adopt this direct regeneration method to repair or supplement the damaged structure or the absence of some elements in the material to make it complete as before (Jiang et al., 2020). Therefore, this section mainly introduces some research methods on direct regeneration.
It is well known that the cathode material of LIB is attached to the collector by the polyvinylidene fluoride (PVDF) binder, which possesses low electrical conductivity and negatively affects the regeneration process (Zhao Y. et al., 2021). Before regeneration, the binder must be removed to ensure that the obtained material has excellent electrochemical properties. Liu et al. (2020) reported a hydrometallurgical LMO regeneration technology. The main idea of this technology is first to dissolve the P included in the LMO with a solvent, the solvent chosen here is N-methyl-2-pyrrolidone, then calcination of the treated material at 500°C for 12 h. In the process of hydrometallurgy regeneration, 86.7% of the active substance can be dissolved from the scrap at 60°C, stirring time 50 min, and solid-liquid ratio 80 g·L−1. The cathode material obtained after calcination also has good electrochemical performance.
Gao et al. (2020) developed a method of hydrothermal remediation of spent LMO, which first pretreats the waste cathode materials to remove the binder, carbon and other substances. The separated material was then placed together with a dilute solution and heated to 180°C in a Teflon-lined autoclave for 12 h, the optimum concentration of lithium hydroxide for the hydrothermal reaction was 0.1 M, and the regenerated cathode material was obtained. HRTEM image and FFT patterns of regenerated LMO particles in the bulk region is exhibited in Figure 7C. Not surprisingly, the repaired LMO material has a good phase structure. This method can be used to improve the LMO in one step, and the regenerated LMO has excellent electrochemical performance. The electrochemical performance is on par with that of commercial LMO. Figure 7D shows the rate performance of different LMO samples. The use of dilute LiOH solution and hydrothermal treatment to achieve material regeneration without using any acid and base is an excellent future development direction.
Wang and Whitacre (2018) simultaneously carried out experiments to repair LMO, which is solid-state and hydrothermal, and then compared the regeneration effects of these two methods. The solid-state phase method is mainly to ball mill and mixes the waste LMO at a molar ratio of 1:1, then roast the mixed material at 350°C for 2 h to repair the spent material. The residual lithium on the surface of the repaired material was cleaned, and afterward, it was annealed at 750°C for 6 h to get the final product. However, the hydrothermal reaction involves mixing LMO with a, dissolving it in deionized water, and heating it in a Teflon-lined stainless steel autoclave to 165°C for 24 h to get the final product. Comparing the electrochemical performance of regenerated LMO obtained by two different regeneration methods, the hydrothermal method has better electrochemical performance, similar to the commercial test results. Experiments show that the hydrothermal method has more flexibility and broader applicability in treating different resident lithium content of aged LMO compared with solid-state. The temperature of the solid-state process is only 350°C, at which all objects are in the solid phase. However, under high temperatures and high pressure in hydrothermal treatment, the solution strongly wraps the materials to be repaired, conducing to the regeneration process to a large extent and greatly helping to improve the performance of the recycled materials.
4 FUTURE RESEARCH DIRECTIONS
Currently, the installed quantity of LIBs equipped with olivine LFP, layered structure NCM and spinel structure LMO on the market is increasing yearly (Wang R. et al., 2022). After the service life of these batteries, they are bound to face severe treatment problems (Li et al., 2023). The number of spent cathode materials is enormous, a vast “urban mine” for present society. The main route is recycling spent battery materials with high efficiency, low energy consumption, and low pollution. Figure 8 shows the future development direction of spent battery recycling.
[image: Figure 8]FIGURE 8 | The future directions diagram for the future development direction of spent battery recycling.
4.1 Sustainability
Currently, there are many recycling methods in the laboratory research stage, but the premise of recycling is green chemistry (Jiang et al., 2021) and the sustainable recycling of resources is very important. In the face of increasingly severe environmental problems, this puts higher requirements for our research. In the recycling process, try to reduce the possible use of drugs that are harmful to the environment and as little as the potential discharge of sewage with high salt content. Carbon thermal reduction using local materials as reducing agent anode to achieve the best use of materials is a good development direction.
4.2 Maximization of economic effect
With the rapid production of LIBs, the demand for lithium resources is increasing, which directly leads to the rise of lithium carbonate, lithium hydroxide, and a series of related lithium product prices. Ministry of Industry and Information Technology of the People’s Republic of China has proposed a recycling standard for the industry in China, with a recovery rate of 85% for lithium and 98% for other metals element. The selective extraction of lithium first extracts the lithium, and the extraction rate of lithium can be over 94%. While other metals are present in the residue, then the residue is treated. This way can reduce the loss of lithium to a large extent, improving the utilization of resources and resulting in vigorous development, maximizing the economic effect.
4.3 Practicality
Nowadays, there is a variety of LIBs on the market. For different materials recycling, different recycling strategies should be adopted to fit it. However, in the face of such a wide variety of materials (high carbon content, high impurity content, more than two kinds of hybrid materials), developing a process for each raw material in the industry is difficult. The spent raw materials usually recovered by recycling enterprises are usually a mixture of a variety of positive electrode materials. Therefore, it is necessary to study the recycling strategy of mixed materials, improving the practicability of the process.
5 CONCLUSION
Based on the demand of LIBs for Li, Ni, Co, Mn and other metals, this review emphasizes the importance of recycling spent LIBs. The recovery methods of different components of the same LMO cathode material were summarized, and the advantages and disadvantages of different materials for different recovery processes were discussed. Finally, the future research directions have been provided for promoting the recycling of spent LIBs. Overall, this review plays an important role in helping to understand current LMO recycling processes.
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