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Figure 1 (Color online) Global demand for power batteries by
different regions from 2016 to 2023 (Source: IEA).
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Figure 2 (Color online) Development of the different cathode chemistries in lithium-ion batteries [3]. Copyright©2019, Nature.
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Figure 3 (Color online) Chemical discharge method. (a) The fluctuation of residual voltage of waste lithium batteries soaked in different solutions
over time [10]. Copyright©2022, Elsevier. (b) The reaction mechanism of batteries discharge in MnSO, solution [11]. Copyright©2020, Elsevier.
(c) Analysis of discharge efficiency and discharge products for waste lithium in different salt solutions (NaCl, MnSO, and FeSO, solutions) and
conductive metal powders (graphite and copper) [12]. Copyright©2019, Elsevier. (d) Discharging curve of external battery discharge in NaSO, solution
and schematic diagram of the experimental setup for measuring battery voltage [13]. Copyright©2018, Elsevier.
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Figure 5 (Color online) Thermodynamics analysis of the carbothermal reduction of LiCoO, cathode material [35]. Copyright©2018, Elsevier.
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Figure 6 (Color online) The calculated distribution of reaction products of reduction roasting (a) with Al and (b) without Al at different temperatures

[54]. Copyright©2021, Elsevier.
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Figure 8 (Color online) Flowchart of lithium pre-leaching for spent
NCM material based on controlled reduction method [85]. Copy-
right©2020, American Chemical Society.
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Figure 9 (Color online) Shrinking-core model for metal ions leaching
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Copyright©2017, Elsevier.
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Figure 10 (Color online) (a) Schematic representation of the structural repair of NCM through lithium supplementation calcination in an oxygen
atmosphere [106]. Copyright©2021, Royal Society of Chemistry. (b) Process diagram showing the staged calcination of NCM with eutectic molten
salts (LiOH-Li,CO;) to achieve lithium replenishment and reconstruction of the layered structure [107]. Copyright©2020, American Chemical Society.
(c) Schematic of the hydrothermal relithiation process for LFP [108]. Copyright©2020, Joule.
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Table 1 Electrochemical performance of various cathode materials regenerated through different relithiation processes

BT JELIBs Y D4y IS P S AL 22 2R
LFP 650°C; 1 h 100PEI 531 J5 FL 25 & PR 7 26 095.32% [110]
i AH e &t % NCM 850°C; 5h 100 753 J5 b A R AR TR N 94.74% [111]
LCO 900°C; 12 h SOPE B = LL 75 2 IR FF 2 999.08% [112]
LFP 90°C; 6 h 100FETEFE 5 LL 25 B IR 729 98.9% [109]
VLA S NCMI111 220°C; 4 h 100FEJE IR 5 LL 25 S AR 2 N T77.4% [113]
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Figure 11 (Color online) Economy and environmental comparison of three recycling processes across different common cathode material
chemistries. (a) GHG and SO, reductions for different cathode materials recovered from pyrometallurgical, indirect physical, and direct physical as
compared to producing them from virgin materials [138]. Copyright©2015, Royal Society of Chemistry. (b) Comparison of energy consumption for
different LCO cathode regeneration methods with production in virgin materials [139]. Copyright©2020, John Wiley and Sons. (¢) Comparison of
cathode cost to constituent element cost [140]. Copyright©2018, Elsevier. (d) Effectiveness of different recycling methods in reducing energy
consumption in battery production [140]. Copyright©2018, Elsevier.
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Research progress on green recovery technologies of valuable metals
from waste lithium batteries

XU JinMei & GAO YanFeng

School of Materials Science and Engineering, Shanghai University, Shanghai 200444, China

With the rapid growth in new energy electric vehicles, the usage and disposal of lithium-ion batteries have surged, creating an urgency
to recover valuable metals such as cobalt, nickel, and lithium. This study reviews various recovery methods for waste lithium
batteries, discussing the latest research advancements in pretreatment, pyrometallurgy, hydrometallurgy, and direct regeneration
techniques for recovering valuable metals from cathodes. The analysis examines the key factors influencing pyrometallurgical and
hydrometallurgical recovery technologies from both thermodynamic and kinetic perspectives. It explores optimal strategies to
enhance environmental sustainability and cost efficiency while maintaining high recovery rates. Particular attention is devoted to the
advantages of direct regeneration processes using deep eutectic solvent systems, which enable mild leaching and regeneration of
active cathode materials. These systems are evaluated for their economic feasibility and environmental impact, demonstrating their
potential as sustainable recovery solutions. Finally, the paper summarizes the challenges in waste lithium battery recovery and
utilization, envisioning advancements toward green and efficient closed-loop recycling systems.

pyrometallurgy, hydrometallurgy, direct regeneration, deep eutectic solvents (DESs), green closed-loop recycling
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