Broader Context Statement
for
Solvometallurgical Recycling of Lithium-Ion Battery Cathodes Using Deep Eutectic Solvents and Ionic Liquids
James T.M. Amphlett, Richard I. Foster, Wonseok Yang, Stuart Aberdeen and Sungyeol Choi

This study describes a method to recycle waste lithium-ion batteries (LIBs) cathode materials and yields critical metal raw materials recovered as Li2CO3, Ni(OH)2, Co(OH)2 and Mn(OH)2 with environmentally friendly deep eutectic solvents.
The use of LIBs globally has seen an exponential growth in recent years (Electrical Energy Storage Systems, Electric Vehicles, Appliances, Smart Phones & Tablets, and Handheld Power Tools). As global society moves away from conventional fossil-based energy sources and towards greater electrification, the amount of waste LIBs is only going to increase. 
As of February 2019, there were over 5.6 million electric vehicles (EVs) in the world, a 64% increase from 2018. By 2040, 58% of all cars sold worldwide are anticipated to be EVs. The International Energy Agency, for example, estimates that electric vehicles produced in 2019 alone generated 500,000 tons of LIB waste, and the total amount of waste generated by 2040 could be as much as 8 million tons. By most accounts, discarded LIBs eventually are landfilled or stockpiled, contaminating the land while wasting energy and non-renewable natural resources.
As the amount of waste LIBs grow, their manufacturing and disposal have increasingly become subjects of political and environmental concerns requiring an appropriate resolution. Further, world reserves of lithium, cobalt, nickel and others are becoming ever more limited (smaller quantities of accessible high-grade ore) and unevenly distributed. Resource scarcity and supply are particularly important due to the short device lifetime,
Waste LIBs pose three major issues globally:
1. Health and Environmental Hazards due to containing residual electrical charge, flammable materials (e.g. Lithium) that can ignite when exposed to air, and heavy metals (e.g. Cobalt and Nickel) that are toxic to the biosphere
2. Economic Challenges whereby significant amounts of non-renewable natural resources are discarded that otherwise hold economic value
3. Recycling LIBs are complicated as structures comprising of one of five common cathodes, an anode, electrolyte, a separator, and current collectors along with packaging components
The global LIB recycling market is growing. In 2019, it was estimated that the recycling market was worth $1.5 billion. By 2025, the market for recycling is expected to grow to $12.2 billion. It is estimated that recycled materials will account for 15% of the global supply of lithium, 11% for nickel and 44% for cobalt by the end of this decade. At recent prices, nickel-cobalt-manganese batteries contain an average metal value of about $10,040 for every ton of cells. In light of this companies globally have adopted hydrometallurgy and/or pyrometallurgy processes for LIB recycling with either planned or established processes. Established processes include [1]:
· Hydrometallurgy: GEM (Hydro, 30,000 tons/year, CN); SungEel HiTech (Hydro, 8,000 tons/year, KR); Taisen (Hydro, 6,000 tons/year, CN); Li-Cycle (Hydro, 5,000 tons/year, USA); Li-Cycle (Hydro, 5,000 tons/year, CA); Retriev (Hydro, 4,500 tons/year, CA); Recupyl (Hydro, 110 tons/year, FR).
· Pyrometallurgy: Redux (Pyro, 50,000 tons/year, DE); Quzhou Huayou (Pyro, 40,000 tons/year, CN); Valdi (Pyro, 20,000 tons/year, FR); Dowa Eco-System (Pyro, 6,500 tons/year, JP); Inmetco (Pyro, 6,000 tons/year, USA); Sumitomo/Sony (Pyro, 150 tons/year, JP).
· Hydro-Pyro Combo: Brunp Recycling Technologies (Hydro/Pyro Combo, 100,000 tons/year, CN); Umicore Valeas (Hydro/Pyro Combo, 7,000 tons/year, BE); JX Nippon Mining (Hydro/Pyro, 5,000 tons/year, JP).Akkuser (Hydro/Pyro Combo, 4,000 tons/year, FI); Accurec (Hydro/Pyro Combo, 4,000 tons/year, DE); Glencore (Hydro/Pyro Combo, 3,000 tons/year, CH);
Current LIBs recycling methods are either based on Hydrometallurgy or Pyrometallurgy processes. However, these current recycling technologies require harsh, toxic and non-environmentally friendly chemicals (Hydrometallurgy) or energy intensive and high-temperature processing (Pyrometallurgy).
In this study, the developed method is a solvometallurgical process which involves the electrochemical oxidation dissolution of waste Li-ion Battery Cathode materials (NCM, Nickel-Cobalt-Manganese-Lithium Ion Battery) in deep eutectic solvents (DES) and the separation and recovery of the LIBs cathode chemical elements (Lithium, Cobalt, Nickel, Manganese) using solvent extraction, ionic liquids and precipitation. The solvent extraction is based on differences in metal ion species formed in the ChCl-EG DES, cationic species: Li+ and [Ni(EG)3]2+ vs anionic species: [CoCl4]2- and [MnCl4]2-. The metals can be recovered as Li2CO3, Ni(OH)2, Co(OH)2 and Mn(OH)2 via chemical precipitation which are usable raw materials for second generation LIBs manufacture. 
This study solves the problems associated with waste LIBs by improving the environmentally friendliness of the recycling process while achieving economically viable recovery of critical metals (Lithium, Cobalt, Nickel, Manganese). The effect of the described method is to be more environmentally friendly compared with existing hydrometallurgy processes as it uses environmentally friendly deep eutectic solvents for the dissolution and separation of waste LIBs and minimizes the use of harsh, toxic and environmentally unfriendly chemicals and is less energy intensive than existing pyrometallurgy processes by operating under mild conditions. The impact of this study is expected to culminate in: 
· Demand from companies looking to minimize negative environmental and health impacts of current hydrometallurgy and pyrometallurgy processes and that wish to improve their environmental, social, and governance (ESG) credentials.
· Demand from companies that produce and/or recycle LIBs (e.g. Tesla [USA], Li-Cycle [USA], Umicore [BE], Glencore [CH], Samsung [KR] etc).
· Demand from governments and companies that require critical metal resource security (Lithium, Nickel, Cobalt, Manganese etc).
As well as providing a further research stepping stone in the area of waste LIBs recycling and deep eutectic solvent processes.  
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