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Abstract : Traditional lithium-ion batteries (LIBs) offer high energy density and charging
efficiency, however, they are significantly limited by safety concerns, particularly the risk of
thermal runaway leading to potential fires and explosions. To overcome these challenges, all-
solid-state batteries (ASSBs) have emerged as a next-generation battery technology. By uti-
lizing non-flammable solid electrolytes, ASSBs can significantly reduce the risks of fires and
explosions. Unlike conventional LIBs, ASSBs face unique challenges in the recycling process
due to the strong bonding between solid electrolytes and electrodes, which makes recycling
more complex and challenging. This review analyzes the latest advancements in recycling
technologies for ASSBs, focusing on methods such as direct recycling, pyrometallurgy, and
hydrometallurgy for solid electrolytes. A comprehensive review of these approaches provide
to identify optimal strategies for efficiently recycling ASSBs. The findings highlight path-
ways for the sustainable use and large-scale commercialization of ASSBs, addressing critical
challenges in their recycling process.
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Table 1. Development progress of solid-state batteries with different solid electrolytes'”

Type Chemistry Characteristics Developers Improvement strategies

. e Easy process, . Multi-layer separator,

Polymer Li, PEO-LIFSI, Operates at 60-80 °C Prone to short-circuit, SEEO, USA; Composite electrolyte,

LiFeP04, V205

Bollore, France

<40V Surface modification on electrode
Li. LIPON Long cycle, Oak Ridge National Roll-to-roll process,
Thin film L C’ o LNI\;I Adapts to high voltage cathode, Laboratory, USA; Surface modification
’ Low energy density, High cost Sakit, USA on electrode
. . High Li* conductivity, Toyota, Japan; Hitachi, Doping, Composite electrolyte,
Li, graphite, . = .
- High voltage cathode, Japan; Samsung, Liquid phase coating,
Sulfide LPS, LPSCI, Lo .- . . e
LCO. NMC Contact deterioration, Sensitive to air, Republic of Korea; Surface modification,
’ Hard for manufacturing NIMTE, China Dry electrode process
Li, LLZO, Stable at high voltage, Ohara. Japan: Composite electrolyte,
. NASICON,  High thermal stability, Prone to fracture, . > Japan, Gel interphase, Solid electrolyte
Oxide . L. . . Mie Univ., Japan; .
LiFePO,, High interface resistance, Tulich. German coating on cathode,
LCO,NMC Hard for manufacturing ’ Y Amorphous oxide film
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Table 2. Battery components for conventional lithium-ion batteries all solid-state batteries and their price for the

conventional LIBs'?

Component Conventional LIB All Solid-State LIB Materials Cost
Anode current collector Cu foil Cu foil $13 /kg
Cathode current collector Al foil Al foil $6 /kg
Separator Polyolefin N/A $1.4 /m?
Cathode active material NMC, LFP, LMO NMC, LFP, LMO $14-33 /kg
Anode active material graphite, silicon graphite, silicon, Li metal $£§ S/I;Eg(%;?l]??(l)f)) ’
Conductive additive carbon black carbon black $7.15 /kg
oxide/polymer-SSE: PVDF, other
Binder PVDF, other polymers polymers; sulfide-SSE: NBR, $10-28 /kg

LiPF salt dissolved in organic
solvents, such as EC/EMC/DEC
solutions

Electrolyte

Form factor prismatic, pouch, cylindrical

other low-polarity polymers

oxide-SSE: LLTO, LLZO,

LISICON; sulfide-SSE: LGPS, $12 /kg (LiPFs in organic solvent),
LPS, LPSX; polymer-SSE: PEO  $50 /kg (sulfide-based SSE)

based with oxide fillers

prismatic, pouch N/A
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Fig. 1. Schematic illustration of various recycling methods, detailing the processes involved and highlighting the specific
challenges associated with each step in the context of ASSB systems.'” [Reproduced with permission from Cell press Ref.
12, Matter (2020)].
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Fig. 2. Analysis of economic and energy efficiency for the targeted recovery process. Flow diagrams illustrating (a) the
synthesis of a fresh garnet pellet and (b) the targeted recovery of a shorted garnet. (c¢) The overall process time is
significantly reduced by directly regenerating a shorted garnet. (d) The energy usage for an R-garnet is only 7.1% of that
required for a P-garnet. (¢) Comparison of economic costs between an R-garnet and a P-garnet. (f) Diagram of the
targeted recovery method: Li dendrites formed within garnet SSEs during plating/stripping cycles can serve as lithium
sources to in-situ restore the garnet through a one-step annealing process.*” [Reproduced with permission from Elsevier

Ref. 40, Energy Storage Materials (2022)].
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Fig. 3. (a—d) Photographs depicting the sequential process of leaching the LTO/LLZTO/NMC mixture using a 0.2 M
citric acid solution. The initial leaching yields a purple filtrate (b), which upon drying forms a purple powder (c),
eventually turning into a black mass (d) after heat treatment at 900 °C. (e) X-ray diffractogram comparing the pristine
NMC with the recycled NMC, demonstrating structural retention after the recycling process. (f) Rietveld refinement of
X-ray powder diffraction data for the residue after the first leaching step, indicating the crystallinity of the recovered
materials. (g) Filtrate with a yellow tint after a second leaching using 1.5 M citric acid solution. (h) The resulting powder
after solvent drying and subsequent heat treatment at 1000 °C. (i) X-ray diffractogram comparing the pristine and
recycled LLZTO, showing the preserved crystal structure after recycling.*’ [Reproduced with permission from Wiley-

VCH GmbH Ref. 41, ChemSusChem (2023)].
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