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Methods
WEGS Process
The spent batteries and discarded scraps utilized in the WEGS process were sourced from China Shoto Ltd., Yingwang Battery Ltd., and Nanjing Tongning Institute of New Materials Ltd. The initial step involved discharging the spent batteries to 1 V before disassembly in an argon-filled glovebox. Subsequently, the extracted electrode was affixed to different poles of the electrolysis cell. For the counter electrode, a mixed metal oxide mesh (MMO) is chosen due to its oxidation resistance, ensuring stability during the water electrolysis process. An economical 0.5 M ammonium sulfate solution ((NH4)2SO4) serves as the electrolyte, providing both effective ion conductivity and resistance to reactions with the electrode materials. The volume of generated H2 is estimated based on the electricity consumed during the WEGS process. Given that 1 mol of H2 generation requires 2 mol of electrons, equivalent to 53,602 mA h of electricity, and considering the molar volume of H2 as 22.4 L mol⁻1, it can be deduced that 2.39 mA h of electricity is required to produce 1 mL of H2. In the relithiation setup of SP-LFP, a solution containing 0.4 M (NH4)2SO4 and 0.1 M Li2SO4 is utilized as the electrolyte. The SP-LFP electrodes are wrapped with Al meshes to ensure proper contact between the LFP coating layer and the current collector. These Al meshes are coated with varnish to prevent the HER reaction from occurring on their surfaces. In the separation of NCM and LCO electrodes, an electrolyte of 0.5 M Na2SO4 and 0.01 M NaOH is adopted. (NH4)2SO4, Li2SO4, NaOH, and Na2SO4 from Sigma-Aldrich were used as received. Distinct current densities were controlled, and the chronopotentiometry curves during electrolysis were measured using a Gamry 1010E electrochemical workstation combined with a saturated calomel electrode (SCE). As the pH of 0.5 M (NH4)2SO4 is approximately 4.5, the conversion between the reversible hydrogen electrode (RHE) and SCE reference electrode potential was according to the equation: ERHE = ESCE + 0.241 V + 0.059*4.5 = ESCE + 0.506 V. The recycled active materials underwent post-treatment steps, including washing with water, drying in an 80℃ dryer for 8 hours, and pulverization using a mechanical pulverizer.

Double-layer capacitance measurement
The calculation of the double layer capacitance is based on cyclic voltammetry of the LFP and graphite electrode, the voltage for CV measurement used to calculate electrochemical surface area (ECSA) is set to be 206~306 mV vs. RHE for graphite electrodes and 356~456 mV vs. RHE for LFP electrodes. The current density used to calculate capacitance is calculated by half of the integrated area of the CV curve and divided by the voltage scan range (100 mV), the capacitance is determined as the slope of the fitted current density - scan rate plot.

SD-LFP remake
The remake of SD-LFP is conducted by a calcination process under 450℃ for 2 hours in the air with a heating rate of 5℃/min to remove the binders, then ball-milled with 22.5% of lithium carbonate (Li2CO3) and 10% of glucose, and followed by a calcination process under 700℃ for 10 hours in Ar gas with a heating rate of 5℃/min. 

Dry Electrode Preparation
[bookmark: OLE_LINK5]The fabrication of the dry electrode involves a straightforward process of rolling a mixture of recycled materials, Polytetrafluoroethylene (PTFE) binder, and conductive carbon Super P (SP) to achieve the desired thickness. SP is incorporated to compensate for the decrease in conductivity resulting from the addition of PTFE. Recycled LFP powder was mixed with conductive carbon Super P (TIMCAL) and Polytetrafluoroethylene (PTFE, Kejing Star Technology Ltd.) in a mass ratio of 78:7:15 to form a free-standing film. This film was rolled to a designed thickness to control the electrodes' mass loading. Recycled graphite powders underwent the same process with mass ratios of graphite: PTFE = 99:1. Finally, all fabricated electrodes were cut into circular disks with a diameter of 12 mm for cell assembly. LFO electrodes were made by mixing LFO powder (Shenzhen Yanyi New Materials Co., Ltd.) with SP and polyvinylidene fluoride (PVDF 6020, Solvay) in a weight ratio of 70:20:10 using N-methyl pyrrolidone (NMP) as a solvent. The LFO slurry was cast with a thickness of 100 μm on aluminum foil and dried at 80℃ for 8 hours.

Cell Assembling and Electrochemical Tests
All coin cells were assembled in an argon-filled glovebox with oxygen and water content of less than 0.1 ppm. 2025-type coin cells were assembled using 60 µL of electrolyte (1 M LiPF6 in EC: DMC=3:7 vol% with 2 wt.% VC) and a piece of ceramic-coated PP separator with a diameter of 16.5 mm. The coin cells were rested for 8 hours to ensure electrolyte permeation before electrochemical tests. The electrochemical performance was measured at 25 ℃ using a NEWARE Battery Test System (MIHW-200-160, Shenzhen, China). For rate performance tests, LFP cells were charged to 3.9 V and discharged to 2.5 V at the given rate with constant current. In the first cycle of the cycle performance tests, full cells were charged to 3.9 V at 0.1C, then charged to 4.3 V at 0.02C, and discharged to 2.5 V at 0.1C to guarantee the complete decomposition of LFO. Subsequent cycles involved a constant current charge process to 3.9 V, followed by a constant voltage charge process to one-tenth of the given rate at 3.9 V, and a constant current discharge process to 2.5 V at the same rate. EIS measurements were conducted using a Gamry 1010E electrochemical workstation at 0.05 to 1 MHz with an AC voltage amplitude of 10 mV.

Characterization
Crystalline structures were determined via X-ray diffraction (XRD) using a parallel beam instrument (Smartlab, Rigaku, with Cu Kα with a wavelength of 1.542 Å). SEM images were taken by a Thermo Fisher Helios CX G4 dual beam SEM. Metal impurity concentrations were tested by ICP-OES (Perkin Elmer Optima 7300 DV). Peeling strength was measured by an SR-50N tensile testing machine from Shunrei Test Equipment Ltd.

Environmental and Economic Analysis
The environmental analysis of different direct recycling processes was evaluated using an SF-18-022 EverBatt model developed by the Argonne National Laboratory. The data were calculated considering the recycling of 10000 tonnes of spent batteries per year. All data related to waste generation, energy, and water consumption of general direct recycling were extracted from the “CM Rec Par.” and “Output” pages. Data for the WEGS method were calculated based on practical conditions in our experiments and the formulas in the Everbatt model. The energy consumption unit is converted from J cm⁻2 to kJ kg⁻1 cell by assuming 1 kg spent cell contains 457g LFP, with an active material loading of 19.3 mg cm⁻2 (~2.64 mA h cm⁻2) at each side of the electrode and graphite electrodes have a same area as the LFP electrode. Data in the assumption are extracted from the Everbatt model.
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Figure S1. Image of discarded scrap electrodes. 
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Figure S2. Images of separated (a) LFP coating layer and (b) Al current collector surfaces.
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Figure S3. Chronopotentiometry curve of HER on a pure Al foil.
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Figure S4. Schematic of the bubbles generated at interfaces during the WEGS process.
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Figure S5. Peel strengths of LFP electrodes at different process times during the WEGS process under a current density of 10 mA cm⁻2.
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Figure S6. Chronopotentiometry curves of SP-LFP at the cathodic side during the WEGS process.
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Figure S7. Cyclic voltammetry curve of LFP electrodes (a) before and (b) after separation process at 10 mA cm⁻2, and (c) Al foil.
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Figure S8. Images of separated LFP electrodes from disassembled stacking-type batteries.
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Figure S9. Chronopotentiometry curves of cathodic half reaction during LFP separation utilizing WEGS process at different current densities.
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Figure S10. Linear fit of Energy consumptions and the logarithm of current densities during LFP separation utilizing the WEGS method.
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Figure S11. Initial charge/discharge curves of SP-LFP||Li before and after relithiation in the water-based electrolyte.
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Figure S12. Chronopotentiometry curves of SD-LFP separation after Li extraction using cathodic WEGS separation.
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Figure S13. XRD pattern of SD-LFP before and after solid-state remake.
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Figure S14. Initial charge/discharge curves of C-LFP and remade SD-LFP.
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Figure S15. Photographs of (a) NCM and (b) LCO electrodes before and after the WEGS process. Chronopotentiometry curves of the overall reaction of (c) NCM and (d) LCO during the WEGS process at different current densities.
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Figure S16. Images of separated (a) graphite coating layer and (b) Cu current collector surfaces.
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Figure S17. Contact angle between 0.5 M (NH4)2SO4 solution and (a) SC-Gr, (b)SC-LFP.
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Figure S18. Chronopotentiometry curve of HER reaction on pure Cu foil.
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Figure S19. Cyclic voltammetry of graphite electrodes (a) before and (b) after separation at 10 mA cm⁻2, and (c) Cu foil.
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Figure S20. Photographs of graphite electrodes from (a) winding-type batteries, (b) stacking-type batteries, and (c) with crumpled-up configurations before and after separation.
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Figure S21. Chronopotentiometry curves of cathodic half reaction during graphite separation utilizing the WEGS process at different current densities.

[image: ]
Figure S22. Linear fit of Energy consumptions and the logarithm of current densities during graphite separation utilizing the WEGS method.
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[bookmark: _Hlk159434803]Figure S23. Metal impurities in the graphite from different separation methods. Data are extracted from ref. 22, 25, 26, 29-31, respectively.
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Figure S24. Chronopotentiometry curves of graphite at the anodic side during the WEGS process.
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Figure S25. Schematic of the dry electrode fabrication process

[image: ]
Figure S26. Images of (a) SP-Gr and (b) SC-LFP dry electrodes.
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Figure S27. Image of a dry electrode made from new graphite powders.
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Figure S28. (a) Top-view and (b) cross-sectional SEM images of SP-LFP dry electrode.
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Figure S29. (a) Top-view and (b) cross-sectional SEM images of SP-Gr dry electrode.
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Figure S30. EIS data of LFP||LFP symmetrical cells.
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Figure S31. EIS data of Gr||Gr symmetrical cells.
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Figure S32. Initial charge/discharge curves of LFO||Li half cell at 0.02C.
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Figure S33. Second charge/discharge curves of SC-LFP||SC-Gr and SP-LFP@LFO||SP-Gr full cells at 0.1C.
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Figure S34. Procedures of (a) pyrometallurgy, (b) hydrometallurgy, and (c) general direct recycle method. 

Table S1. EverBatt analysis data for different recycling approaches
	Methods
	Pyro
	Hydro
	General direct
	WEGS direct

	Cost
	
	
	
	

	Battery fee
	2.00 
	2.00 
	2.00 
	2.00 

	Materials
	0.10 
	0.09 
	0.06 
	0.06 

	Utilities
	0.03 
	0.06 
	0.19 
	0.02 

	Other variable costs
	0.05 
	0.04 
	0.04 
	0.04 

	Labor
	0.03 
	0.07 
	0.03 
	0.03 

	Maintenance
	0.23 
	0.16 
	0.10 
	0.06 

	Plant overhead
	0.07 
	0.09 
	0.10 
	0.00 

	Other fixed costs
	0.33 
	0.23 
	0.17 
	0.06 

	Annualized capital cost
	1.41 
	0.99 
	0.63 
	0.22 

	Revenue
	
	
	
	

	LFP
	0.00 
	0.00 
	4.11 
	4.55 

	graphite
	0.00 
	0.06 
	0.04 
	0.04 

	iron
	0.02 
	0.02 
	0.00 
	0.00 

	Copper
	0.67 
	0.62 
	0.62 
	0.68 

	Aluminium
	0.00 
	0.06 
	0.06 
	0.07 

	Lithium carbonate
	0.00 
	1.17 
	0.00 
	0.00 

	Energy consumption
	
	
	
	

	Material input
	0.55 
	1.40 
	0.14 
	0.00 

	Energy input
	3.73 
	4.69
	19.26 
	1.80 

	Water consumption
	
	
	
	

	Material input
	0.44 
	0.09 
	0.13 
	0.00 

	Energy input
	1.50 
	1.16 
	8.63 
	0.90 

	Process
	3.79 
	7.57 
	3.79 
	0.20 

	GHG emission
	
	
	
	

	Material input
	0.11 
	0.16 
	0.04 
	0.00 

	Energy input
	0.29 
	0.34 
	1.51 
	0.14 

	Process
	1.13 
	0.00 
	0.00 
	0.00 
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