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of Chemistry The increasing use of nickel-rich (Ni = 0.6) layered oxide cathodes in lithium-ion batteries creates an urgent
need for recycling, for which existing elemental-recovery methods are not well suited. Unlike process-
based classifications, the present framework evaluates recycling routes by whether they recover only the
elemental inventory, preserve the layered crystal framework, or restore and intentionally improve
electrochemical function. Here, we reconceptualize cathode recycling as three progressive levels of
material circularity: elemental recovery, structural preservation, and functional restoration. The specific
degradation modes of Ni-rich cathodes, including surface rock-salt reconstruction, cation disorder, and
intergranular fracture, not only limit the effectiveness of conventional pyrometallurgical and
hydrometallurgical processes but also define the precise materials science targets that higher-level
recycling strategies must address. Against this framework, we critically assess advances in direct

recycling and upcycling, highlighting relithiation chemistry, molten-salt recrystallization, and Atrtificial
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functional circularity at scale. Closing the loop for Ni-rich cathodes requires more than just incremental

DOI: 10.1039/d6sc02626e improvements to existing recovery methods. It calls for a strategic shift in recycling research to preserve

Open Access Article. Published on 18 May 2026. Downloaded on 6/10/2026 5:20:29 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/chemical-science

1 Introduction

The rapid adoption of electric vehicles (EVs) and renewable
energy technologies has driven unprecedented demand for
high-energy lithium-ion batteries (LIBs)." Among available
cathode chemistries, Ni-rich layered oxides have emerged as the
dominant choice for long-range EV applications. These mate-
rials are typically classified as layered transition-metal oxides,
with a nickel mole fraction in the transition-metal layer of at
least 0.6. Commercially significant examples include Nickel
Manganese Cobalt Oxide (NMC), such as LiNiy¢Mn, ,C0q,0,
(NMC 622), LiNiggMn,1C0010, (NMC 811), LiNigoC0g 10,
(NMC 90). Nickel Cobalt Aluminum Oxide (NCA) is another
important class of layered oxides that generally feature high
nickel content, though specific formulations may vary.> The
importance of this threshold is discussed in Section 2. Below
a nickel mole fraction of 0.6, structural and thermal instabilities
that would arise at higher nickel contents are mostly sup-
pressed by residual Co and Mn. In contrast, above this
threshold, these failure modes dominate the performance
limitations.® Consequently, increasing the nickel content in this
chemistry leads to exceptional gravimetric energy density, rising
from approximately 160 mAh g~ for NMC 111 to around 200
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and restore the cathode's crystal structure.

mAh g~ for NMC 811, but at the cost of structural fragility, with
direct and often underappreciated implications for end-of-life
recyclability.**

As depicted in Fig. 1, the widespread use of Ni-rich cathodes
enhances performance but also poses sustainability challenges,
underscoring the need for closed-loop recycling. The features
that make these materials excellent for energy storage also
make their end-of-life management more challenging. This
perspective concerns Co-containing Ni-rich compositions (NMC
622, NMC 811, NCA, and related materials) specifically.
Although Co-free, high-Ni cathodes such as LiNiO,-based
materials are an active area of development,® their recycling
challenges differ in important ways from those of Co-bearing
compositions and lie outside the scope of the present discus-
sion. Therefore, this perspective emphasizes the coupling
between cathode chemistry and recyclability: recycling strate-
gies for Ni-rich cathodes should aim to retain material value
rather than simply convert structurally complex electrodes into
elemental feedstocks.

1.1 From cobalt to nickel: composition, performance, and
the origins of structural fragility

Understanding why Ni-rich cathodes present a distinct recy-
cling challenge requires tracing their compositional evolution
from earlier LiCoO, (LCO)-dominated chemistries. In LCO, Co
stabilizes the layered R3m crystal structure through strong Co-O
bonding, which resists phase transformation, and provides

Chem. Sci.


http://crossmark.crossref.org/dialog/?doi=10.1039/d6sc02626e&domain=pdf&date_stamp=2026-05-17
http://orcid.org/0000-0003-2685-7048
http://orcid.org/0000-0002-1978-2976
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc02626e
https://pubs.rsc.org/en/journals/journal/SC

Open Access Article. Published on 18 May 2026. Downloaded on 6/10/2026 5:20:29 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

Drivers & Deployment

Performance
Advantages

View Article Online

Perspective

Sustainability Challenges
(Negative Externalities)

Increasing > - —
EV Adoption \ N|—In.te.ns1ve Environmental
/ Mining Burden
High Specific Reduced Cobaltl:>
l Ni-Rich Cathode Capacity Dependence
Energy Density Deployment
Requirements . .
Geopolitical Supply Risks
Decoupling Material Recycling
Performance from Recovery @ Process
Raw Material Extraction @9 <
Secondary Material
Raw Materials Recovery

Closed-loop Material Recovery Pathway

Fig.1 System-level rationale for closed-loop recycling of Ni-rich cathodes. The rapid growth of EV deployment is increasing the volume of end-
of-life LIBs, while the shift toward Ni-rich cathodes raises energy density and lowers cobalt intensity but also amplifies structural and interfacial
degradation. Together, these trends create a need for closed-loop recycling routes that recover not only critical elements, but, where possible,

the structural and functional value embedded in the spent cathode.

high electronic conductivity within the transition-metal layer,
enabling fast charge/discharge kinetics. Despite these struc-
tural merits, Co carries severe drawbacks. It is costly, geopolit-
ically concentrated (over 70% of global supply originates from
the Democratic Republic of Congo), and raises serious toxicity
and ethical sourcing concerns.””® These pressures drove the
battery industry toward partial Co substitution with Ni and Mn.

In LiNi,Mn,Co,0, (NMG; x, y, z are mole fractions of Ni, Mn,
Co; x +y + z = 1) compounds, Ni>*/Ni* redox couples deliver the
majority of usable capacity, Mn"" acts as a structurally inactive
electrochemical pillar that suppresses phase transformations,
and Co®" primarily maintains electronic conductivity and
orderly Li" extraction kinetics.® Increasing the Ni fraction from
NMC 111 (x = 0.33) to NMC 532 (x = 0.50), NMC 622 (x = 0.60),
and NMC 811 (x = 0.80) generally increases practical capacity.
At the same time, it reduces cobalt content and lowers the cost
per unit energy.*>'* The parallel NCA family achieves similarly
high capacity through AI** doping, which reinforces structural
integrity in the absence of Mn. As shown in Fig. 2a, the trajec-
tory toward higher Ni fractions in the LiCoO,-LiNiO,-LiMnO,
ternary space consistently moves compositions into the high-
capacity but reduced-safety region.' Fig. 2b quantifies the
underlying trade-off. Across the NMC series, practical capacity
rises from approximately 160 to over 200 mAh g~ ' as Ni content
increases, while thermal stability drops from above 300 °C to
below 230 °C, and capacity retention deteriorates markedly."
The nickel content that maximizes energy density also increases
the severity and spatial heterogeneity of degradation during
cycling. This connection is especially important for recycling,
but it remains underexplored. As illustrated in Fig. 2c, spent
NCMS811 accumulates three compounding structural deficits,
namely particle cracking, lithium loss with Li/Ni cation mixing,
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and surface rock-salt impurity formation, each of which must
be addressed by any credible recycling strategy.** Fig. 2d
contrasts the responses of regeneration and upcycling to these
deficits: while regeneration restores the layered framework
through lithium supplementation alone, upcycling introduces
structural modifications that produce a closed-loop output
exceeding the performance of the original material.”

1.2 A framework for cathode circularity: three levels of
material recovery

The field of Ni-rich cathode recycling has, until recently, been
organized almost entirely around elemental recovery, which
means extracting nickel, cobalt, manganese, and lithium as
metal salts to re-enter the supply chain. Existing LIB recycling
categorizations are commonly process-centered, distinguishing
pyrometallurgy, hydrometallurgy, and direct recycling/
regeneration by their unit operations or product forms. By
contrast, the framework proposed here is value-centered: it
classifies recycling routes by the degree of electrochemical value
retained in the spent cathode, from elemental recovery to
structural preservation to functional restoration. Here, func-
tional restoration is defined as the recovery and deliberate
optimization of electrochemical performance, such as capacity,
rate capability, cycle life, and interfacial stability. Therefore, the
recycled cathode matches or exceeds the performance level of
the original material, rather than merely preserving its
elemental composition or crystal structure. We propose that
a more productive organizing framework distinguishes three
ascending levels of material circularity, as illustrated in Fig. 3.
Material circularity is therefore used here differently from
conventional recycling-efficiency metrics. Recovery yield,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(@) Ternary phase diagram of the LiCoO,-LiNiO,-LIMnO, system, showing that progression toward higher Ni fractions increases

discharge capacity while narrowing safety margins. (b) Quantitative trade-off between discharge capacity, thermal stability, and capacity
retention across the NMC series: as Ni content rises, capacity exceeds 200 mAh g%, but thermal stability drops below 230 °C, rendering spent
Ni-rich cathodes both more valuable and more structurally compromised than lower-Ni counterparts. Panels (a) and (b) reproduced with
permission from ref. 6. Copyright 2024 Korean Chemical Society. Compositional landscape of Ni-rich cathodes and the motivation for structural
recycling. (c) The three principal degradation modes in spent NCM811: particle cracking, lithium loss with Li/Ni cation mixing, and surface rock—
salt phase formation, which collectively define the material-science targets for Level Il and Level lll recycling. (d) Comparison of direct
regeneration (Level Il) and upcycling (Level Ill) strategies applied to spent NCM811, illustrating how lithium supplementation alone restores the
layered framework, while additional La doping and LiLaO, surface coating yield a closed-loop product exceeding the performance of the original

material. Panels (c) and (d) reproduced with permission from ref. 12. Copyright 2024 Wiley-VCH.

product purity, reagent consumption, energy input, and cost
describe how efficiently a process recovers material mass or
elemental value. Material circularity, by contrast, asks what
level of electrochemically valuable information is retained or
restored in the recycled cathode: only the elemental inventory,
the layered crystal framework, or the battery function itself. In
this sense, two processes with similar metal recovery efficien-
cies may represent very different levels of circularity if one
destroys the cathode lattice, whereas the other preserves or
upgrades it.

Level I (elemental recovery) includes pyrometallurgy and
traditional hydrometallurgy. These methods dissolve or burn
away the cathode structure completely, thereby retrieving
metals in ionic or elemental form. The cathode crystal struc-
ture, which holds the material's electrochemical value, is
permanently destroyed. Level II (structural preservation)
involves direct recycling methods aimed at maintaining or

© 2026 The Author(s). Published by the Royal Society of Chemistry

restoring the R3m layered structure of the used cathode,
replenishing lithium, and fixing cation disorder without full
breakdown. Level I1I (functional restoration, or upcycling) refers
to recycling routes in which the spent cathode is not only
structurally repaired but intentionally engineered so that its
electrochemical function matches or exceeds that of the original
material. This functional improvement may be achieved
through strategies such as single-crystal conversion, dopant
introduction, compositional retuning, or surface architecture
redesign. In this sense, functional restoration is distinguished
from Level II structural preservation by the deliberate optimi-
zation of the recycled product's future battery performance,
rather than by lattice restoration alone. Fig. 3 should therefore
be read not as a conventional process-flow comparison, but as
a value-retention map across three distinct recovery objectives:
recovering elements, preserving structure, and restoring or
upgrading function.

Chem. Sci.
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Fig. 3 Value-retention map of lithium-ion battery recycling strategies,
comparing conventional elemental recovery with higher-level struc-
tural preservation and functional restoration in terms of recovery
objective, energy intensity, and retained electrochemical value.

This framework is used throughout to evaluate existing
recycling methods (Section 2), assess the state of emerging
technologies (Section 3), and identify the scientific bottlenecks
that must be resolved to make Level II and Level III recycling
economically viable at scale (Section 5). Accordingly, the central
question is not only whether critical metals can be recovered,
but which degradation features must be repaired if higher-value
circularity is to be credible. Section 2, therefore, maps the
dominant failure modes of Ni-rich cathodes—surface rock-salt
reconstruction, cation disorder, and intergranular fracture—
onto the material-repair targets required for Levels II and III.

1.3 Why Ni-rich cathodes specifically demand a structural
recycling approach

Within the broader field of nickel-containing cathode materials,
the case for prioritizing structural and functional recycling
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hinges on three main arguments that are less applicable to
lower-Ni compositions. First, Ni-rich cathodes currently domi-
nate EV cell production and will constitute the vast majority of
the end-of-life stream reaching recyclers by 2030."* Recycling
infrastructure and process chemistry must therefore be opti-
mized specifically for high-Ni chemistry. Second, the elevated
nickel content in spent Ni-rich cathodes represents a far greater
per-tonne recoverable value than lower-Ni compositions.
Selectively recovering and directly reusing structurally intact
high-Ni active material, rather than dissolving it into generic
metal salts, unlocks economic returns that are unavailable for
LCO or low-Ni NMC.* Third, the specific degradation modes of
Ni-rich cathodes, namely surface rock-salt reconstruction,
intergranular cracking, and cation disorder, are substantially
more severe than those observed in lower-Ni counterparts.***
These degradation modes are not just barriers to recycling, but
also the specific advanced recycling targets that Level II and
Level III strategies must address, as discussed in the following
section.

2 Degradation mechanisms and the
limits of elemental recovery

2.1 The three principal degradation modes and their
recycling implications

2.1.1 Surface reconstruction and rock-salt phase forma-
tion. As schematically summarized in Fig. 4, degradation in Ni-
rich cathodes is a progressive, multiscale process in which
chemical, structural, and mechanical failure mechanisms
evolve concurrently over repeated electrochemical cycling.

Lattice expansion and contraction during cycling drive
lithium loss and transition-metal migration at the cathode
particle surface, triggering the reconstruction of the electro-
chemically active R3m layered phase into a rock-salt-type
(Fm3m) surface layer with poor Li" conductivity.'*” As shown
in Fig. 5c, this transformation proceeds via rate-dependent
pathways. Low cycling rates favor extensive Li vacancy accu-
mulation and disordered rock-salt formation, whereas high
cycling rates drive an intermediate spinel phase.”® The
progressive nature of this reconstruction is directly visualized in
Fig. 5d, where atomic-resolution High-Angle Annular Dark-Field
Scanning Transmission Electron Microscopy (HAADF-STEM)
imaging of NMC76 confirms that the Fm3m phase dominates
the near-surface region after 200 cycles while bulk R3m ordering
is retained.” Fig. 5a further demonstrates the competing
layered-to-spinel transition at higher cycling rates, with fast
Fourier transform (FFT) analysis confirming Fd3m spinel
formation and transition-metal occupancy of Li layer positions
after 200 cycles."®

This rock-salt layer thickens progressively with cycling and
cannot be reversed by any Level I recovery process. Pyrometal-
lurgy destroys it through smelting, and hydrometallurgy
dissolves it along with the bulk material, but neither process
restores the layered structure in the recovered product. Surface
impurities, including LiOH and Li,CO;, further accelerate
degradation by promoting parasitic reactions and CO,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The three principal degradation modes of Ni-rich cathodes and their implications for recycling strategy. (a) HAADF-STEM images of the
competing layered-to-spinel transition at 2C, with FFT analysis confirming Fd3m spinel formation and transition-metal occupancy of Li sites after
200 cycles. (b) Focused ion beam-scanning electron microscopy (FIB-SEM) cross-section of a cycled NMC secondary particle showing inter-
granular crack networks that create electrically isolated domains and accelerate capacity decay. Together, these three mechanisms, surface
phase reconstruction, cation disorder, and mechanical fracture, define the structural targets that Level Il and Ill recycling strategies must address.
(c) Schematic of rate-dependent phase transformation pathways from the pristine R3m structure: high cycling rates favour spinel formation,
while low rates drive disordered rock-salt phase development. (d) HAADF-STEM images of NMC76 showing progressive surface rock—salt
reconstruction with increasing cycle number, from intact R3m in the pristine state to a dominant Fm3m surface layer after 200 cycles. Panels (a,
b and d) reproduced with permission from ref. 15. Copyright 2023 Royal Society of Chemistry. Panel (c) reproduced with permission from ref. 14.
Copyright 2020 MDPI.

evolution.® This mechanism defines the primary target for Level convert the rock-salt surface layer and re-establish a coherent

II direct recycling. Any process that claims to restore electro- R3m surface termination.

chemical performance must demonstrate that it can dissolve or 2.1.2 Cation disorder and lithium deficiency. Progressive
lithium depletion during cycling is accompanied by the

© 2026 The Author(s). Published by the Royal Society of Chemistry Chem. Sci.
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migration of transition-metal cations, particularly Ni**, whose
ionic radius closely matches that of Li', into lithium sites (i.e.,
3b Wyckoff positions).!® The resulting cation disorder blocks Li*
diffusion channels and reduces ionic conductivity. Recent
operando neutron diffraction and four-dimensional scanning
transmission electron microscopy studies further show that Li/
Ni disordering contributes to heterogeneous structural evolu-
tion within Ni-rich cathodes, linking local defect distributions
to non-uniform delithiation and degradation.*® This disorder is
invisible to Level I recovery processes: a hydrometallurgical
product containing the correct stoichiometric ratio of nickel,
cobalt, manganese, and lithium does not necessarily reconsti-
tute into an ordered R3m phase upon re-synthesis unless pro-
cessing conditions are carefully controlled.*® Cation disorder,
therefore, imposes a composition-control requirement on Level
II strategies that is more stringent than the simple stoichio-
metric recovery that Level I achieves.*

2.1.3 Intergranular and intragranular The
repeated anisotropic volume change of Ni-rich cathode particles
during cycling generates mechanical stress that propagates as
intergranular cracks along grain boundaries and, in severely
degraded particles, as intragranular cracks through primary
crystallites.®>** As shown in Fig. 5b, these cracks create electri-
cally isolated domains that increase internal resistance and
expose fresh surfaces to electrolyte attack, accelerating capacity
decay.? This mechanical legacy poses a distinct challenge for
Level II recycling. Cracked secondary particles cannot simply be
relithiated and annealed back to their original morphology.
Level III strategies that convert polycrystalline secondary parti-
cles into single-crystal cathodes address this problem most
directly, because single-crystal morphologies eliminate grain
boundaries and are therefore intrinsically resistant to inter-
granular fracture.”® Temperature accelerates all three of these
mechanisms. Studies by Cha et al. document that cycling at 60 °©
C markedly thickens the cathode electrolyte interphase (CEI)
layer and intensifies surface reconstruction, while voltage
excursions above 4.35 V drive additional rock-salt phase
formation in NCA through an HF-mediated dissolution
pathway.>

These three degradation modes establish a clear hierarchy of
material-science challenges for recycling. Restoring lithium stoi-
chiometry alone is necessary but insufficient if cation disorder
persists;* correcting cation disorder is necessary but insufficient if
rock-salt surface reconstruction remains;*” and even a composi-
tionally and structurally restored particle may underperform if its
polycrystalline morphology retains crack-susceptible grain
boundaries.” This hierarchy directly motivates the organization of
recovery strategies as Levels I, II, and III.

fracture.

2.2 Level I strategies: pyrometallurgy and hydrometallurgy

As summarized in Fig. 3, pyrometallurgy and hydrometallurgy
represent the two dominant industrial recycling routes today.
Pyrometallurgy processes mixed-chemistry battery feeds at
temperatures exceeding 1000 °C, recovering nickel and cobalt
as alloys while consigning lithium to the slag phase.>* Its
main advantage is robustness and feedstock flexibility. The
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main limitation, from a structural circularity perspective, is that
it does not retain any part of the cathode's crystal structure, and
its high thermal output results in a notable carbon footprint. A
lightly cycled NMC 811 particle and a heavily degraded one with
extensive rock-salt reconstruction are processed the same way,
erasing the structural differences that Level II and III strategies
aim to exploit.

Hydrometallurgy dissolves spent cathode materials in
aqueous acid solutions and selectively precipitates or solvent-
extracts the constituent metals as high-purity salts.** It oper-
ates at far lower energy intensity than pyrometallurgy and
recovers lithium efficiently, a critical advantage given tightening
supply constraints. However, the dissolution step necessarily
destroys the cathode lattice, and the reprecipitation of
transition-metal hydroxide precursors for re-calcination into
new cathode active material constitutes a full synthesis cycle
rather than a recycling cycle. The quality of the re-synthesized
material, therefore, depends on the purity and stoichiometry
of the recovered precursor, not on the electrochemical quality of
the original cathode.””?** The use of strong acids also introduces
environmental concerns regarding waste management and
hazardous by-products. Innovations in green chemistry,
including organic acid leachants and environmentally friendly
solvents, are reducing the ecological footprint of hydrometal-
lurgical recycling. Still, these represent incremental improve-
ments to a process that remains fundamentally Level I in its
recovery logic.

2.3 Level II strategy: direct recycling

Direct recycling departs from the Level I paradigm by seeking to
preserve the cathode's layered oxide framework intact
throughout the recovery process, restoring electrochemical
performance through targeted relithiation and thermal treat-
ment rather than dissolution and re-synthesis.** By operating at
the phase level rather than the elemental level, direct recycling,
in principle, retains all the crystallographic information
embedded in the spent cathode, reducing energy consumption
relative to full resynthesis.” The decisive challenge is that direct
recycling must address all three degradation modes described
in Section 2 simultaneously. Relithiation corrects lithium defi-
ciency; annealing above the cation-ordering temperature rein-
states R3m symmetry, but neither step reliably heals rock-salt
surface reconstruction or mechanically cracked particle
morphologies.** The variability of degradation state across
a real end-of-life battery pack, reflecting heterogeneous usage
histories, further complicates the uniform restoration of
electrochemical properties.*® Direct recycling thus represents
a genuine advance in circularity over Level I approaches. Still,
its practical effectiveness is bound by the severity of the
morphological and surface-chemical damage it cannot fully
reverse.

2.4 Level III strategy: upcycling

Upcycling is defined here as any recycling process that not only
restores but also deliberately enhances the electrochemical
properties of the recovered cathode material relative to its as-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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manufactured specifications. This distinction matters: a direct
recycling process that achieves 98% of original capacity oper-
ates at Level II; a process that converts recycled polycrystalline
NMC 811 into single-crystal NMC 811 with superior cycling
stability operates at Level III, because the recycled product
outperforms a conventionally manufactured equivalent.*
Upcycling strategies include single-crystal conversion from
recycled polycrystalline precursors, compositional modification
through dopant introduction into the relithiated lattice, and
morphological redesign through molten-salt recrystallization.
By targeting the grain-boundary fracture and surface instability
mechanisms that limit the performance ceiling of poly-
crystalline Ni-rich cathodes, upcycling addresses the degrada-
tion modes that Level II approaches leave unresolved.
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Significant research is still needed to demonstrate that the
performance enhancements achieved in laboratory studies can
be maintained at the kilogram scale required for industrial
validation.*®

Substantial progress has been made over the past five years
in developing Level II and Level III recycling strategies for Ni-
rich cathodes.>** These strategies should be understood not
as isolated process options, but as targeted responses to the
degradation modes identified above: lithium deficiency and
cation disorder, near-surface rock-salt reconstruction, and
intergranular fracture. Rather than cataloging all recent tech-
nical developments, Section 3 focuses on advances that most
directly address these repair targets and critically assesses what
each approach has demonstrated and where fundamental
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Fig. 6 Emerging regeneration and upcycling strategies for degraded Ni-rich cathodes across multiple length scales.
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limitations remain. As illustrated in Fig. 6, these advances
cluster around four mutually reinforcing themes: relithiation
chemistry, molten-salt recrystallization, surface and interface
engineering, and intelligent process control.

3 Advances toward structural and
functional circularity

3.1 Relithiation chemistry: restoring stoichiometry and
lattice order

Correcting lithium deficiency and reversing cation disorder are
the two Level II targets most amenable to chemical intervention,
and they have driven a diverse body of relithiation research.
Conventional thermal lithiation using Li,CO; or LiOH sources
above the cation-ordering temperature reinstates R3m
symmetry and has been demonstrated to recover a substantial
fraction of the original capacity.' This approach relies on solid-
state diffusion at elevated temperatures, however, which limits
throughput and can introduce new surface impurities. Repre-
sentative relithiation windows already span a wide range. Low-
temperature aqueous relithiation of spent Ni-rich NMC has
been demonstrated at approximately 90 °C,** whereas chemi-
cally relithiated NMC 622 may still require post-annealing near
720 °C to fully restore the layered structure when deeper crys-
tallographic reconstruction is needed.* This wide temperature
window highlights why relithiation should be evaluated not
only by average lithium recovery, but also by the depth of lattice
repair required for a given degradation state.

More mechanistically refined approaches have begun to
address these constraints. Redox mediator chemistry, employ-
ing compounds such as benzoquinone derivatives, enables
solution-phase delivery of both electrons and lithium ions to
lithium-deficient cathode lattices, restoring stoichiometry and
surface oxidation states without high-temperature treatment.**
A related topochemical strategy utilizes benzoate-lithium coor-
dination complexes to transport lithium across degraded
cathode surfaces via a quasi-Grotthuss hopping mechanism,
achieving phase uniformity at low temperatures without
generating surface impurities.*> These low-temperature
solution-phase approaches are significant because they
demonstrate, in principle, that relithiation can be decoupled
from high-temperature annealing, a key step toward energy-
efficient Level II recycling. Their limitation is that they have
so far been demonstrated predominantly on model systems or
lightly cycled cathodes; their efficacy on heavily degraded
particles with thick rock-salt surface layers and extensive grain-
boundary cracking has not yet been systematically established.

Three-in-one solid-phase regeneration, which combines
lithium supplementation, dual-anion doping, and lattice repair
in a single annealing step, represents a practical approach for
simultaneously addressing multiple degradation targets.”
Artificial Intelligence (AI)-driven matching of degradation
signatures to optimized regeneration protocols, based on early-
cycle impedance data, provides a data-guided route to tailoring
relithiation conditions to the specific degradation state of
individual cathode batches.** Recent examples show that Al can
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support recycling at both the diagnostic and process-
optimization stages. At the diagnostic stage, federated
machine learning has been used to sort 130 retired lithium-ion
batteries across five cathode material classes and seven manu-
facturers, achieving sorting errors of 1% and 3% in homoge-
neous and heterogeneous recycling settings, respectively.’® At
the process stage, machine-learning-guided multi-objective
optimization has been applied to spent-battery black-mass
recycling, where a machine learning (ML)-experimental frame-
work identified redox drivers for sulfur/carbon co-roasting and
achieved 92.54% selective lithium extraction. These examples
suggest that future relithiation and regeneration protocols
should move from uniformly applied recipes toward diagnosis-
informed, batch-adaptive workflows.** The combination of
these diagnostic and treatment tools points toward a future in
which relithiation is prescribed based on real-time chemical
and structural characterization of incoming spent material,
rather than applied uniformly across heterogeneous feeds.

3.2 Molten-salt recrystallization: from structural
preservation to single-crystal upcycling

Molten-salt processing has emerged as the most powerful
demonstrated platform for addressing all three degradation-
mode targets, and it is the approach that most clearly bridges
Level II and Level III recovery. By dissolving surface rock salt
and providing a lithium-rich liquid medium for simultaneous
relithiation and lattice recrystallization, low-melting eutectic
salt systems can achieve structural restoration at substantially
lower temperatures than conventional dry annealing. For
example, LiOH-LINO; and related nitrate-based eutectic
systems have been reported to repair NCM cathodes at
approximately 300 °C, whereas other molten-salt systems
require higher-temperature steps depending on the salt chem-
istry and the depth of structural reordering required.*® Impor-
tantly, these conditions also enable the conversion of
polycrystalline secondary particles into single-crystal cathodes
by dissolving grain boundaries and reprecipitating material as
micrometer-scale single crystals,*** which is the only currently
demonstrated strategy that directly resolves the intergranular
fracture problem. Typical molten-salt processing windows are
therefore broad rather than fixed: low-melting LiOH-LiNO;
systems have been used near 300 °C for several hours, LiOH-
Li,CO3 eutectic systems have been reported around 440 °C,***¢
and some two-step regeneration protocols combine an inter-
mediate molten-salt treatment with high-temperature anneal-
ing near 850 °C to complete compositional replenishment and
structural reordering.*”

Single-crystal Ni-rich cathodes (Ni over 90%) produced from
recycled polycrystalline precursors via this route exhibit capac-
ities exceeding 220 mAh g~ " and a markedly reduced suscepti-
bility to microcracking®® properties that represent a genuine
Level III outcome, where the recycled product outperforms
a conventionally manufactured polycrystalline equivalent.
Additional process innovations within the molten-salt platform
further extend its capabilities. Boric acid-etched precursors
generate in situ LiBO, surface layers that passivate the cathode
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against electrolyte decomposition at elevated voltage."*
Hydrogen reduction before molten-salt processing selectively
reduces Ni**/Co®" to divalent states, preventing the formation of
rock-salt and spinel byproducts during recrystallisation.*® Mild
eutectic mixtures, such as LiNO;-NaNO;, can achieve surface
restoration at ambient pressure without inert atmospheres,
thereby lowering the technical barriers to scale-up.*

Molten-salt upcycling still faces significant challenges on the
path to industrial deployment, however. Process yield and
single-crystal size distribution are sensitive to salt composition,
temperature profile, and the morphological heterogeneity of the
input material, all parameters that are difficult to control when
processing real end-of-life battery black mass with variable
degradation states. The cost of lithium salts at the quantities
required for industrial-scale molten-salt processing also
requires careful techno-economic justification, particularly if
the recovered lithium from the spent cathode does not fully
offset the process lithium demand. These constraints indicate
that molten-salt recrystallization should be treated as a high-
value but condition-dependent Level III route rather than
a universally applicable solution. Its practical viability will
depend on whether salt recovery, lithium-source utilization,
corrosion management, product-size control, and battery-grade
qualification can be maintained at scale. This limitation is
particularly important for real black-mass feedstocks, where
impurity levels, cathode chemistries, and degradation histories
vary substantially across cells and packs.?**%3°

3.3 Surface and interface engineering: protecting the
restored architecture

Bulk relithiation and recrystallization can restore average stoi-
chiometry and long-range structural order, but, by themselves,
they do not guarantee durable electrochemical behavior. A
structurally restored Level II or Level III cathode may still fail
prematurely if its surface remains vulnerable to electrolyte
attack, oxygen release, transition-metal dissolution, or imped-
ance growth. Surface and interface engineering, therefore,
serves as a necessary complement to relithiation and recrystal-
lization rather than a standalone recycling approach.

Atomic Layer Deposition (ALD) of nanoscale coatings, such
as Al,O; and ZrO,, yields conformal films under 5 nm thick that
reduce interfacial resistance while maintaining electrolyte
access to the active material.** Amorphous LiBO, coatings serve
as chemically inert barriers against HF attack and oxygen
evolution during aggressive cycling.'* Core-shell architectures
with Ni-rich cores and LiMn,0, or LiCoPO, shells promote
structural reversibility and mitigate thermal instability under
high-voltage operation.> At the electrode level, polyimide-
siloxane binders that capture dissolved transition metals
prevent cathode fading and structural delamination,*® while
lattice doping with W®* strengthens MOg octahedra and resists
collapse during deep charging.>*

The evaluative question for these surface strategies is
whether the protection they provide is durable enough to justify
the additional processing steps and cost relative to simply
producing a new cathode particle. The answer depends critically
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on the baseline performance of the recycled core: a surface
coating applied to a thoroughly relithiated, single-crystal core
operating at Level III has a very different value proposition from
the same coating applied to a barely treated Level I hydromet-
allurgical output.

3.4 Selective metal recovery: enabling high-purity inputs for
structural recycling

The effectiveness of Level II and Level III strategies depends on
the purity and compositional precision of the feeds they
process. Selective transition-metal recovery therefore functions
as a critical upstream enabler for structural recycling, not
merely a standalone Level I objective. Ligand-assisted leaching
with chelating agents such as pyrophosphates or phosphonic
acids achieves over 95% recovery of Ni, Co, and Mn with
minimal cross-contamination, providing precursor streams
suitable for direct reprecipitation into compositionally accurate
NMC or NCA precursors.> Sulfated-reduction roasting followed
by stage-wise selective leaching enables sequential high-purity
metal separation.®® Solvent-assisted stripping with tailored
extractants, such as di-(2-ethylhexyl) phosphinic acid (P227),
achieves over 90% recovery of critical metals while preventing
lithium loss.®® Deep eutectic solvent-based co-precipitation
streamlines precursor synthesis, eliminating filtration steps
and enabling over 90% purity in recovered Ni-Co-Mn
mixtures.*®

These advanced separation methods are currently used
primarily as higher-selectivity alternatives to conventional
hydrometallurgy, that is, still as Level I tools. Their potential to
serve as precision feed preparation for Level II or III processing
represents an underexplored integration opportunity.
Combining selective leaching and reprecipitation with direct
relithiation or molten-salt upcycling could allow a two-stage
process that recovers the structural value of lightly degraded
particles and the elemental value of heavily degraded ones from
the same battery feed.

4 Feasibility of scaling up structural
and functional recycling
4.1 Techno-economic considerations

The scalability of Level II and III recycling hinges on bridging
the gap between demonstrated laboratory performance and
industrially viable economics. As summarized in Fig. 7, feasi-
bility is governed by coordinated progress across technology
readiness, process economics, regulatory compliance, and
market integration. With EV adoption driving LIB recycling
demand forecast to exceed 5 million metric tons by 2030,** the
economic case for structural recycling is strengthening. Direct
recycling methods employing molten salts and solid-state reli-
thiation are emerging as candidates for scalable solutions:
reciprocal ternary molten salt (RTMS) systems can regenerate
cathodes such as NMC 622 with performance metrics rivalling
those of pristine materials.***”*® In contrast, low-temperature
solvated-electron processes regenerate cathode material under

Chem. Sci.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc02626e

Open Access Article. Published on 18 May 2026. Downloaded on 6/10/2026 5:20:29 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

View Article Online

Perspective

;

[ Coordinated Advancement Across All Dimensions
for Successful Industrialization

~

alale
Dwld
Proof-of-Concept,

Materials Characterization,
Bench-scale Optimization (TRL 1-4)

£
ki

@
o
=
5
1
&

1

1
3
2
i
K

ress in‘tegratinn,
Pilot Plant Operation,
Continuous Process Validation (TRL 5-7)

®
:i ! 0/

1) B o ]
gHEn , ©ooccod
Full-scale Implementation,

Commercial Deployment,
High-Throughput Operations (TRL 8-9)

o
JL»

Alighment
Feedback Loop

>

High Unit Cost,
Research Funding,
Initial Investment Analysis

Economic
Feasibility
&Viability

4

B

Cost Reduction,
Business Model Development,

Integrated
Progress

Profitable Operation,
Economies of Scale,

s

Alignment
Feedback Loop

Q

Policy &
Regulatory
Alignment

}

Market Analysis & Pre-commercial Trials -;i‘ ﬁ Competitive Pricing & Market Share
g ¢
£ © PN\
\{ v
AN\
= L
dards & Certifications, blished lations & C i

Early-Stage Environmental Permits,
Safety Guidelines

R&D Support & Grants, ing S
Pilot Program Incentives,
Regulatory Engagement

Circular Economy Mandates,
Extended Producer Responsibility (EPR) Schemes

Stage 1: Laboratory-Scale Demonstrations

Stage 2: Pilot-Scale Integration

Stage 3: Industrial Deployment

DA

Increasing Scale & Capacity

Fig. 7 Multidimensional pathway for scaling up Ni-rich cathode recycling from laboratory demonstration to industrial deployment.

ambient conditions within minutes, dramatically reducing
energy demand.*

Techno-economic assessments indicate that Level II recy-
cling economics are most compelling when material value
retention is maximized, and reagent consumption is mini-
mized. Hydrometallurgical co-extraction of Mn-Co-Ni and
lithium, achieving over 98% recovery while enabling reuse
without full separation, reduces both reagent use and opera-
tional steps relative to conventional approaches.®*** Integrating
electrodialysis for lithium extraction has reduced reagent costs
and emissions,** and vacuum membrane distillation has
demonstrated up to 32% lower energy usage for lithium
recovery.®® Transforming polycrystalline cathodes into single-
crystal NMCs improves cycling stability, achieving 94% reten-
tion after 500 cycles, while also improving per-kilogram cost
metrics.* Laser-assisted Ni-doping regeneration and nano-
bubble-enhanced leaching have also delivered cost and perfor-
mance improvements,®*® with economic analyses suggesting
potential gains of up to $20,000 USD per ton from optimized
upcycling integrated into upstream battery production work-
flows.™ At the route level, recent cost-modeling reviews report
indicative profit margins of approximately US $0.4-3.3 kg™ for
hydrometallurgy, US $0.5-4.0 kg~* for pyrometallurgy, and US
$2.0-14.4 kg~ " for direct recycling, although these values vary
strongly with chemistry, scale, process assumptions, cost cate-
gories, and recovered product type.”” These data support the
economic promise of Level II and III routes, but also reinforce
the need for transparent and scale-sensitive cost models when
comparing them with established Level I pathways.

Chem. Sci.

4.2 Policy and regulatory context

While a detailed policy analysis lies outside the scope of
a chemistry perspective, the regulatory environment is shaping
which recycling technologies receive development investment
and therefore warrants brief consideration. The EU Battery
Regulation's minimum recycled-content mandates for cobalt,
lithium, and nickel from 2030 directly incentivize closed-loop
structural recycling over open-loop elemental recovery,
because meeting these thresholds with battery-grade material
requires the compositional precision and structural quality that
only Level II and III processes can reliably deliver.®® China's
extended producer responsibility framework has already
increased LIB collection rates and raised the market value of
recycled metals,* creating commercial pull for advanced recy-
cling at scale. The emerging “3L” policy standard (less energy,
less emissions, less cost) in both the EU and Asia aligns regu-
latory incentives with the low-temperature,”® structure-
preserving processes this perspective identifies as scientifically
most promising. What remains absent from current policy
frameworks is a mechanism for rewarding the electrochemical
quality, rather than merely the mass, of recovered cathode
material; establishing such a quality-based standard would be
a powerful instrument for accelerating the transition from Level
I to Level I and III recycling. At the same time, policy incentives
should not imply that Level III recycling is always the preferred
route.”* Higher-value recovery generally requires additional
diagnostic, relithiation, recrystallization, compositional tuning,
and quality-control steps, which increase process complexity
and cost. Recent cost-modeling studies suggest that direct
recycling can be economically attractive under favorable
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assumptions, but reported outcomes remain highly sensitive to
system boundaries, product assumptions, and whether trans-
portation, pack disassembly, labor, and capital expenditure are
included.?**° Therefore, the transition from Level I to Level II or
III should be evaluated not only by the nominal value of the
recovered cathode, but also by scale-aware techno-economic
performance and battery-grade qualification.

5 Unsolved problems and future
directions

5.1 The heterogeneity problem: recycling real end-of-life
material

The advances described in Section 3 demonstrate genuine
progress toward structural and functional circularity for Ni-rich
cathodes, but they also expose the inherent limitations of the
three-level framework. The framework is intended as a value-
retention map rather than a universal process hierarchy: Level
II and Level III routes are scientifically attractive only when the
additional complexity of diagnosis, defect repair, recrystalliza-
tion, and qualification is justified by a measurable gain in
cathode value.*®*”*” Therefore, the unresolved problems in this
field can be organized into three high-impact priority direc-
tions. The first is adaptive sorting and diagnosis for heteroge-
neous end-of-life feedstocks. The second is spatially uniform
defect repair, including quantitative control of lithium redis-
tribution, cation ordering, and the removal of surface recon-
struction. The third is the integration of structure-preserving
regeneration with scale-aware process control, quality assur-
ance, and battery-grade qualification.

The first priority, adaptive sorting and diagnosis, arises from
the gap between current laboratory demonstrations and the
heterogeneity of real end-of-life cathode material. Laboratory
studies of direct recycling and upcycling are almost invariably
performed on homogeneous model samples, cathodes cycled
under controlled conditions to a defined state of health,
whereas a real battery pack contains particles spanning a wide
distribution of degradation states, degradation modes, and
even cathode chemistries.”” Adaptive recycling protocols that
can sort and treat incoming material based on real-time char-
acterization of its degradation state are, therefore, a critical
unsolved problem. Internet of Things (IoT)-enabled monitoring
systems that track individual cell histories and pre-sort end-of-
life material by degradation profile offer a promising direc-
tion.” Federated machine learning provides a more concrete
example of how such a diagnosis could be implemented across
distributed stakeholders: one recent study classified 130 retired
lithium-ion batteries spanning five cathode material classes
and seven manufacturers without requiring collaborators to
share proprietary operating data, achieving cathode-sorting
errors of 1% and 3% under homogeneous and heterogeneous
recycling settings, respectively.' This result is important
because Level II and Level III recycling are cathode-specific;
inaccurate sorting can send chemically incompatible or exces-
sively degraded material into a treatment route for which it is
not suited. Nevertheless, no study has yet demonstrated that

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

a single Level II or III process can reliably restore electro-
chemical performance across the full distribution of degrada-
tion states present in a commercial EV pack, and this remains
arguably the most important unresolved question in the field.

5.2 The relithiation and defect-uniformity problem

The second priority is spatially uniform defect repair. Existing
relithiation techniques, whether thermal, solution-phase, or
molten-salt-mediated, can restore average lithium stoichiom-
etry but do not necessarily guarantee uniform lithium redistri-
bution within and across cathode particles.*”** Lithium-
deficient regions that are not fully reactivated by the relithia-
tion reagent exhibit local capacity heterogeneity, which accel-
erates subsequent degradation. This problem is compounded
by the spatially variable thickness of the rock-salt surface layer
across a real particle surface,® whose dissolution is a prerequi-
site for effective relithiation. Future research should prioritize
combining hydrothermal relithiation with defect management
to enhance lithium distribution and bolster structural
stability,** alongside phase-selective recovery approaches that
remove inactive phases while preserving the active layered
domains.” Piezoelectric coatings that mitigate stress accumu-
lation during relithiation offer a complementary route to
stabilizing cathode surfaces throughout the restoration
process.”

5.3 Scale-aware Level III upcycling and battery-grade
qualification

The third priority is to translate Level III upcycling from proof-
of-concept material redesign into scale-aware, battery-grade
cathode manufacturing. The most ambitious frontier is the
use of recycled Ni-rich cathode material not merely as a feed-
stock for reproducing the original composition, but as a basis
for synthesizing next-generation cathode architectures. Recent
studies have shown that NCM811 synthesized from spent
NCM111 can outperform commercial counterparts in energy
capacity and cycling stability.” Other studies have further
shown that recycled battery-derived metal streams can be
redirected toward alternative high-voltage cathode chemistries,
such as LiFe,.sMn,.sPO,4, when additional compositional sour-
ces are introduced.”” These results establish a proof of concept
but also highlight a fundamental tension: designing toward
a target composition requires precise control of input elemental
ratios, which, in turn, requires the kind of selective separation
currently most reliably achieved by Level I hydrometallurgical
processing. Resolving this tension, that is, developing hybrid
processes that preserve structural value where possible while
enabling compositional redesign where desired, is one of the
most important integration challenges facing the field. For
industrial implementation, this integration challenge must be
evaluated against qualification-relevant metrics rather than
solely laboratory half-cell performance. A Level III product must
meet reproducible specifications in composition, residual
impurity content, particle-size distribution, tap density, mois-
ture sensitivity, electrode-processing compatibility, full-cell
performance, and safety. Future studies should therefore
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report not only the electrochemical performance of the upcycled
cathode, but also process yield, reagent recovery, batch-to-batch
reproducibility, impurity tolerance, and qualification-relevant
full-cell data.

5.4 Life-cycle and sustainability implications

Life-cycle assessment (LCA) studies generally suggest that Level
II and Level III recycling can reduce energy use, carbon emis-
sions, and secondary waste relative to full elemental recovery
and resynthesis, particularly when the recovered cathode
structure or function can be directly reused. Direct cathode
regeneration avoids the intensive thermal or chemical treat-
ments required for full resynthesis, reducing greenhouse gas
emissions and secondary waste.” A comprehensive LCA of LIBs
found that most environmental impacts arise from production
and end-of-life (EoL) treatment, both of which are significantly
mitigated when upcycling is applied.””® Electrochemical-
impedance-based state-of-health diagnostics can further
support this decision-making process by identifying cells whose
degradation profiles are suitable for higher-value regeneration
or upcycling, thereby avoiding unnecessary high-intensity pro-
cessing of severely damaged materials.*® Upcycling degraded
cathode material instead of refining raw minerals also reduces
the embedded energy and emissions associated with mining
and high-temperature synthesis.*® Data-driven models now
enable prediction of battery cycle life from as few as 10 early
cycles with under 12% error,® creating opportunities to route
batteries with the most favorable structural profiles toward
Level III upcycling while directing those with extensive
morphological damage toward Level I or second-life
applications.

5.5 The collaboration imperative

None of the scientific advances described above will translate
into industrial impact without structural changes in how
battery value chains are organized. Achieving true structural
circularity requires that recyclers receive end-of-life batteries
with reliable provenance data, that manufacturers design cells
for disassembly, and that cathode producers accept recycled
active material as a direct input rather than a commodity
precursor. Human-robot collaborative disassembly systems
being piloted for EV battery recycling represent one enabling
technology,® but the deeper need is for standardized battery
designs and passports that encode the electrochemical history
of individual cells.®* Partnerships across the value chain, from
mining through cathode production to recycling, are essential
for securing sustainable material flows in a rapidly growing EV
market,** and academic-industry collaboration is accelerating
the translation of advanced Al, machine learning, and green
chemistry insights into practical applications.*® Coordinated
policy, standardization, and corporate commitment to circular
design are all necessary to make structural and functional
cathode recycling mainstream and scalable.®” In this context, AL
is most useful when heterogeneous feedstocks make fixed
treatment recipes unreliable and when recycling performance
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depends on rapid mapping from degradation signatures to
repair protocols.

6 Conclusions

This Perspective argues that Ni-rich cathode recycling cannot be
fully addressed through elemental recovery alone. Surface rock-
salt reconstruction, cation disorder, and intergranular fracture
progressively destroy the crystal architecture that gives these
materials their electrochemical value. Level I processes can
recover metal inventory, but they do not recover this architec-
tural information. The transition to Level II structural preser-
vation and Level III functional restoration is therefore not an
incremental improvement. It is a necessary reorientation of
recycling research and industrial practice.

The most important advances toward this reorientation
include molten-salt recrystallization, redox-mediated relithia-
tion, surface and interface engineering, and Al-guided process
control. Molten-salt routes can couple surface repair, lithium
replenishment, and recrystallization, and in some cases enable
single-crystal conversion. Redox-mediated and solution-phase
relithiation methods offer lower-temperature routes to stoi-
chiometric repair. Surface and interface engineering protects
the restored architecture from renewed electrolyte attack. Al-
guided diagnosis and process optimization provide a route
toward batch-adaptive treatment of heterogeneous end-of-life
feedstocks. Together, these approaches show that cathode
recycling is evolving from a primarily metallurgical operation
into a materials-science and chemical-engineering discipline.

Several barriers still limit this transition. Real end-of-life
cathode streams are chemically and structurally heteroge-
neous. Lithium redistribution during relithiation remains
difficult to control uniformly across particles and batches. Level
III upcycling also requires precise compositional control,
battery-grade qualification, and techno-economic justification
at scale. Addressing these challenges will require new chem-
istry, but it will also require better institutional infrastructure,
including standardized cell designs, digital material passports,
and quality-based regulatory standards that reward electro-
chemical performance rather than mass recovery alone.

The broader opportunity is to treat the crystal architecture of
a spent cathode as a resource to be repaired or upgraded, not as
an ore to be dissolved. Recycling success should therefore be
measured not only in tonnes of metal recovered, but also in the
electrochemical quality of the cathode materials returned to
productive use.
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