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1. Introduction

The expanding deployment of lithium-ion batteries in portable electronics, electric vehicles, and stationary
energy-storage systems is creating a rapidly growing and chemically diverse stream of spent batteries [1-3]. In
parallel, the persistence of organic contaminants in municipal and industrial effluents continues to motivate the
development of efficient advanced oxidation and electrochemical treatment processes [4,5]. Conventional
recycling routes primarily recover lithium and transition metals as purified salts or regenerate electrode materials
for renewed battery use. Although these strategies are essential for critical-material recovery, they commonly
require extensive dismantling, separation, and reprocessing, and may overlook the chemically active features
retained in aged electrodes [1-3]. Catalytic upcycling provides a complementary perspective by redirecting spent
lithium-ion battery electrodes towards water-treatment functions, including oxidant activation, in situ H,O,
production, and electro-Fenton treatment (Figure 1). This opportunity arises from the complementary properties
of the two electrode streams: redox-active transition metals in spent cathodes and conductive, defect-rich carbon
in spent anodes. Service-related structural and interfacial changes may further modify site accessibility and
electron-transfer kinetics, allowing spent electrodes to be regarded as functionally altered catalytic feedstocks
rather than only sources of recoverable metals [4].

Growing evidence supports the use of spent cathodes, anodes and black mass in peroxide activation,
persulfate-based oxidation and electrochemical water treatment [6—12]. Directly reused or mildly activated
LiCo0,, Ni-Co-Mn oxides, LiMn,O4 and LiFePOj4 can activate peroxymonosulfate, H>O» or peracetic acid through
transition-metal redox cycling and defect-mediated electron transfer [6—8,11,12]. In parallel, spent graphite can be
tailored for the two-electron oxygen reduction reaction, H>O, electrosynthesis, electro-Fenton treatment, and as a
conductive support for metal-based catalysts. More intensive chemical conversion and material-reconstruction
routes further enable the preparation of oxides, hydroxides, ferrites, and metal-carbon composites with tunable
composition and morphology [3,8]. However, the reported literature remains fragmented across battery chemistries,
conversion methods and reaction systems. Many studies emphasize pollutant removal in single-compound batch tests,
whereas the effects of feedstock variability, residual binders and electrolyte species, metal leaching, catalyst ageing,
transformation-product toxicity and realistic water matrices are less consistently addressed. High catalytic activity alone
also does not establish that an upcycling route is environmentally preferable to conventional metal recovery, electrode
regeneration or catalyst synthesis from virgin precursors. A meaningful assessment must therefore integrate conversion
intensity, reagent and energy inputs, catalyst lifetime, metal mass balance, treatment performance in complex water
matrices, and life-cycle environmental and economic implications [4,12].

This review develops an ageing-to-function framework for understanding the catalytic upcycling of spent
lithium-ion battery electrodes for water treatment. It first relates the service-induced structural and interfacial
characteristics of representative cathode and anode materials to their catalytic potential. It then compares direct reuse
and mild activation with chemical conversion and material reconstruction, highlighting the trade-offs between preserving
ageing-derived active structures and achieving compositional control, reproducibility and stability. The subsequent
sections synthesize water-treatment applications in peroxymonosulfate activation, H,O, electrosynthesis, electro-Fenton
treatment and other emerging catalytic processes. Particular attention is given to the interconnected challenges of
feedstock heterogeneity, metal release, catalyst durability, real-wastewater performance, and environmental and
economic feasibility. Finally, future directions are proposed for low-energy conversion, safer catalyst design,
continuous-flow operation, and data-driven optimization. Rather than presenting catalytic upcycling as a universal
substitute for established battery-recycling routes, this review identifies the conditions under which it can provide a
credible and environmentally defensible pathway for linking battery ageing with water-pollution treatment.
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Figure 1. Ageing-to-function framework for LIB electrode upcycling in water treatment.
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2. Ageing-Derived Catalytic Attributes of Spent Lithium-ion Battery Electrodes

The catalytic potential of spent lithium-ion battery electrodes arises from non-equilibrium structures and
interfacial features generated during extended service. This section focuses on the resulting structure-property
relationships, whereas application-specific reaction conditions and performance metrics are compared in Section 4.
Spent cathodes provide redox-active transition-metal sites, while spent graphite retains a conductive carbon
framework with tunable defects and surface functionalities. Battery ageing can further generate lithium-deficient
domains, cation disorder, oxygen vacancies, reconstructed interfaces and microcracks that modify site
accessibility, adsorption and electron-transfer kinetics [4].

2.1. Cathode-Derived Active Motifs Across Chemistries

Across lithium cobalt oxide (LCO), lithium nickel-cobalt-manganese oxide (NCM), lithium manganese oxide
(LMO) and lithium iron phosphate (LFP) cathodes, catalytic behavior reflects the combined effects of transition-
metal composition and ageing-derived structural changes. Lithium loss, cation disorder, oxygen vacancies, surface
reconstruction and micro cracking can expose coordinatively unsaturated sites and shorten diffusion pathways.
However, the consequences of these features are chemistry dependent because each cathode family provides a
different redox environment [4—7,13—15].

LCO primarily provides Co*/Co*" redox centers for peroxide activation, whereas NCM combines Ni, Co
and Mn sites whose coupled valence changes can broaden redox pathways but also create composition-dependent
activity-stability trade-offs. In LMO, the Mn*/Mn*" couple supports oxidant activation, although Jahn-Teller
distortion and Mn dissolution constrain long-term use. LFP instead supplies Fe-centered Fenton-like activity and
offers a comparatively low-toxicity, earth-abundant metal basis. These distinctions define the expected catalytic
roles of the four cathode families; their reported treatment performance is evaluated in Section 4 [5-7,14,15].

Ageing-derived defects are beneficial only when they remain accessible without causing excessive structural
collapse, loss of conductivity or accelerated metal release. The relevant design question is therefore not whether a
spent cathode contains more defects, but which defects are accessible, stable and compatible with the intended
catalytic pathway. This conditional view also helps distinguish transferable structure-activity relationships from
effects that are specific to a particular battery chemistry or waste batch.

2.2. Spent Graphite Anodes as Defect-Rich Carbon Platforms

Spent graphite differs from cathode materials because its principal catalytic functions arise from carbon
defects, surface oxygen groups and retained electrical conductivity. Repeated Li* intercalation and deintercalation,
solid-electrolyte interphase evolution and particle fracture can generate edge sites, vacancies, turbostratic domains
and micro cracks. These features alter O, adsorption and electron transfer, providing a material basis for the two-
electron oxygen reduction reaction and related electrochemical water-treatment processes [8,9,16].

Post-use treatment determines how these ageing-derived attributes are expressed. Acidic or oxidative treatment
can expose or introduce carboxyl, hydroxyl and ether groups, whereas stronger purification can remove residual
metals and substantially change the surface chemistry. Spent graphite may therefore function as an H>O,-generating
cathode, an electro-Fenton interface or a conductive support for metal-based catalysts. The corresponding application
metrics and case studies are retained in Section 4 to avoid repeating them here [8,9,17,18].

2.3. Cross-Electrode Design Principles from Ageing to Catalytic Function

Across cathodes and anodes, the ageing-to-function relationship is primarily kinetic and interfacial:
microcracks can expose previously inaccessible sites, vacancies can alter adsorption configurations, multivalent
metal centers can mediate redox cycling, and defective carbon can facilitate interfacial charge transfer. Catalysts
do not alter the Gibbs free-energy change or equilibrium position of the overall reaction; instead, ageing-derived
features may lower activation barriers and alter reaction pathways or selectivity. These effects are chemistry- and
condition-dependent, and their practical value remains contingent on feedstock consistency, structural integrity
and control of metal or particulate release. This framework separates the material basis of catalytic activity
discussed in Section 2 from the conversion routes in Section 3 and the application-specific evidence in Section 4.

3. Catalytic Upcycling Strategies: Direct Preservation Versus Material Reconstruction

Processes for preparing water-treatment catalysts from spent electrodes can be grouped into two routes: direct
reuse or mild activation, which preserves the native electrode architecture through low-damage pretreatment; and
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chemical conversion or material reconstruction, which reorganizes the material through leaching, mechanochemistry,
microwave treatment, doping or related methods to control composition and morphology.

3.1. Direct Reuse and Mild Electrode Activation

Direct reuse and mild activation employ disassembly, cleaning, acid/alkali etching, low-temperature heat
treatment or particle-size screening without fully dismantling the electrode architecture. These steps remove
impurities or tune accessible sites while limiting compositional reconstruction.

3.1.1. Separation, Cleaning and Interfacial Defect Regulation

After thorough short-circuit discharge of spent lithium-ion batteries, mechanical crushing combined with
manual sorting is employed to separate the cathode and anode sheets, followed by rinsing with N-methyl-2-
pyrrolidone organic solvent to remove residual electrolyte and polyvinylidene fluoride (PVDF) binder from the
electrode surface. The electrolyte and organic binder coat the metal active sites, directly blocking the electron
transfer pathways for catalytic oxidation; the cleaning process eliminates the shielding effect of impurities and
prevents the decomposition of organic contaminants into toxic byproducts during water treatment. Wang et al. [6]
demonstrated that LiMn,O, electrode sheets after simple cleaning and impurity removal, without the need for deep
purification, can be directly utilized as recyclable heterogeneous peroxymonosulfate (PMS) catalysts.

Controlled acid/alkali etching is the core modification method for the simple activation of spent electrodes,
enabling precise regulation of interfacial structure and functional groups. Through the differentiated effects of acid
washing and alkaline washing, it can simultaneously achieve defect construction in the cathode, functional group
reconstruction on the anode, and impurity removal, serving as a key process for cost-effectively enhancing the
water-treatment catalytic performance of spent electrodes. For graphite anodes from retired batteries, acid washing
can selectively etch inert sites at carbon edges, directionally enriching oxygen-containing active functional groups
such as carboxyl, hydroxyl, and C-O-C, effectively reducing the energy barrier for the two-electron oxygen
reduction reaction and promoting the efficient directional conversion of O, to H>O, making it suitable for electro-
Fenton water treatment systems. Cao et al. [8] investigated the electro-Fenton performance of three types of spent
graphite anodes: raw powder (RP), acid-leached (AL), and acid-alkali leached (AAL). Acid leaching significantly
increased the carboxyl group content (35.83% for AL vs. only 7% for AAL), which enhanced the interfacial
adsorption of Fe ions on the electrode surface, established a heterogeneous iron redox cycle, and accelerated the
Fenton reaction. The AL electrode achieved complete BPA degradation within 70 min and 87.4% Chemical
Oxygen Demand (COD) removal within 240 min, with no performance decay after 10 reuse cycles, outperforming
conventional carbon felt. Although alkali leaching effectively removed metal impurities, excessive reduction of
carboxyl groups compromised the degradation efficiency.

Low-temperature heat treatment ranging from 300 to 500 °C is recognized as an eco-friendly mild activation
strategy for spent electrode catalysts, which has been systematically validated by Lin et al. [19] via nitrogen
calcination of waste LiCoO; cathodes at 500 °C. Such mild thermal treatment fully retains the inherent metal-
carbon composite framework and layered crystal structure formed during battery cycling; moderate thermal
stimulation expands lattice microcracks and enriches surface oxygen/metal vacancies simultaneously, which
optimizes interfacial charge transfer kinetics, lowers electron transfer resistance in catalytic cycles, and greatly
elevates the mineralization efficiency of organic contaminants. Unlike high-temperature calcination (>800 °C) that
causes severe metal agglomeration, erases service-generated intrinsic defects and destroys conductive carbon
networks, low-temperature thermal pretreatment achieves a favorable trade-off between catalytic activity,
processing cost and operational controllability.

In summary, a series of mild pretreatment methods including disassembly and cleaning, controlled acid/alkali
etching, low-temperature thermal activation, and particle size classification can, without destroying the native
metal-carbon composite structure of spent electrodes and while preserving the natural defects derived from battery
cycling, precisely optimize surface functional group distribution, amplify active sites, and reduce interfacial mass
transfer impedance, thereby achieving efficient enhancement of the intrinsic catalytic activity of spent electrodes.
After this short-process mild modification, the spent electrodes and black powder materials, without the need for
complex steps such as deep metal leaching, recrystallization, or material reconstruction, can be directly applied as
heterogeneous PMS activators and electro-Fenton cathodes in various organic wastewater treatment systems. The
entire process features low chemical and energy consumption, simple unit operations, strong engineering feasibility,
and a small carbon footprint, representing the most cost-effective, highly adaptable, and atom-economical shallow-
level catalytic resourceization approach for retired lithium-ion battery electrodes at the current stage.
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3.1.2. Advantages: Short Process Chains and Defect Preservation

The principal engineering advantage of direct reuse and mild activation is the preservation of the original
electrode architecture with fewer conversion steps. This can retain delithiation vacancies, interlayer microcracks,
metal-carbon interfaces and the conductive graphite framework without separately synthesizing a support.
Nevertheless, solvent washing, acid or alkali treatment, repeated rinsing, drying and thermal activation up to
approximately 500 °C may still dominate the environmental burden. Claims of lower cost or emissions therefore
require measured electricity, heat, water and reagent inventories, conversion yield, catalyst lifetime and end-of-
life recovery, rather than qualitative labels such as green or low-energy.

3.1.3. Limitations: Feedstock Heterogeneity and Constrained Compositional Control

Although the simple activation process offers numerous advantages including low cost, low energy
consumption, and easy implementation, this technical system still suffers from unavoidable inherent limitations
that greatly constrain its large-scale engineering applications [20]. Retired lithium-ion batteries encompass
multiple cathode systems including LCO, NCM, LMO, and LFP, with significant differences in metal element
molar ratios across different systems. In addition, variations in battery cycle life, state of charge, and thermal
failure modes further alter the metal valence distribution and defect density of the electrodes, resulting in strong
intrinsic heterogeneity in industrial mixed black powder feedstocks and prominent batch-to-batch fluctuations in
catalytic performance. Ji et al. [21] highlighted this industrial recycling bottleneck and compared conventional
recovery routes with their deep eutectic solvent (DES) upgrading strategy. Pyrometallurgical and
hydrometallurgical recycling can generate secondary pollution and low-value Fe/Mn products. Direct regeneration
may not sufficiently rearrange transition metals because LFP and LMO have mismatched crystal structures. The
ChCl-oxalate DES process requires prolonged leaching at 110 °C and additional water-dilution steps. Its reported
raw-material cost was US$2.01 kg ! of feedstock, the highest among the mainstream recycling technologies
considered. Moreover, the process has been demonstrated only at gram scale and has limited adaptability to mixed
cathode waste containing NCM and other impurities. It also does not establish a complete closed-loop pathway
for the secondary recycling of regenerated lithium-iron-manganese phosphate (LFMP). These limitations leave
feedstock heterogeneity, reagent cost and industrial scale-up as unresolved barriers to practical deployment.

3.2. Chemical Conversion and Catalyst Reconstruction

Chemical conversion and material reconstruction comprise deep-deconstruction routes that transform spent
electrodes through component recovery, controlled precursor formation and reconstruction into functional water-
treatment catalysts. Hydrometallurgical leaching, mechanochemical processing, sol-gel synthesis and
hydrothermal treatment can separate or redistribute metal and graphite components while controlling composition,
morphology and interfacial defects. Compared with direct reuse, these routes offer greater compositional control
but require more processing steps and chemical or energy inputs.

3.2.1. Reconstruction Routes and Physicochemical Regulation

Hydrometallurgical leaching coupled with material reconstruction represents a mainstream upcycling
strategy to transform waste lithium-ion cathode materials into heterogeneous PMS activators. In this integrated
technical route, mineral acids or green deep eutectic solvents (DES) are adopted as leaching media to extract target
metals from spent cathodes; subsequent solid-liquid separation removes Al foil fragments, PVDF binder and
graphite impurities to obtain purified metal-bearing solution. By adjusting solution pH or regulating chelation
reactions, material reconstruction can be precisely controlled to fabricate precursors with abundant redox-active
sites. Xu et al. [22] adopted citric acid-assisted sol-gel reconstruction based on acid leachate of waste NCM
cathodes, and the derived ternary SG-NCM catalysts exhibited a 4-fold higher PMS activation kinetic constant
than unprocessed spent electrode scraps. The strong orbital coupling between multivalent Co and Mn generates
synergistic catalytic centers, facilitating the production of singlet oxygen and sulfate radicals to achieve efficient
mineralization of organic pollutants.

Solvent-free mechanochemical solid-phase reconstruction relies on the mechanical force of high-energy ball
milling to break metal-oxygen bonds, induce lattice disordering, and simultaneously generate abundant oxygen
vacancies and valence distortions, without the need for large quantities of acid/alkali solvents throughout the process,
representing a solid-phase green reconstruction route. This is well exemplified by the work of Chen et al. [17], who
employed mechanochemical ball milling pretreatment to process spent lithium-ion battery anode scraps for
fabricating graphite-supported zero-valent iron-copper bimetallic catalysts (ZVI-Cu/C) coupled with mill scale
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steel waste. During this ball milling mechanochemical activation process, intense mechanical collision, friction
and extrusion completely stripped the graphite coating from copper foil and shattered the layered anode composite
structure, achieving uniform mixing of graphite and copper microparticles while introducing structural defects and
lattice disorder on carbon matrix. After subsequent carbothermal reduction at 1000 °C under nitrogen atmosphere,
the iron oxides in mill scale were reduced to zero-valent iron, and the mechanically induced defects and vacancies
on graphite support further promoted interfacial electron transfer between ZVI and Cu bimetallic sites. This
mechanochemical pretreatment strategy realized valence transformation of iron species (Fe**/Fe?"/Fe® cycling) and
produced abundant surface oxygen vacancies on the bimetallic composite, which significantly boosted both
reductive dechlorination and heterogeneous Fenton oxidation catalytic performance for refractory 4-chlorophenol
water pollutant degradation.

Microwave-assisted field-enhanced leaching was adopted to strengthen hydrometallurgical metal recovery
from retired lithium-ion battery cathodes. Kotkar et al. [23] introduced microwave-enhanced sulfuric acid leaching
with H,O; as a reductant. Under optimized conditions (60 °C, 30 min, 0.5 M H2SO4, 50 W microwave power, and
3 vol% H»0,), nearly complete leaching of Li, Co, Ni and Mn was achieved, with leaching efficiencies of Li:
89.07%, Co: 94.57%, Ni: 94.25%, Mn: 100%. After leaching, NaOH was added at ambient temperature for co-
precipitation to harvest Co(OH), doped with trace Ni/Mn, which acts as high-performance electrocatalyst for
oxygen evolution reaction (OER). Though microwave treatment only worked on leaching unit, the recycled
hydroxide catalyst delivered far lower charge transfer resistance (5.5 Q) than commercial Co(OH), (14.6 Q) and
benchmark IrO; electrocatalysts (20.8 Q), demonstrating accelerated interfacial electron transfer and superior OER
reaction kinetics.

Phosphidation treatment of metal hydroxide or oxide precursors serves as an effective anion doping strategy,
introducing P~ species to modulate the electronic structure and d-band center position of transition metals. This
modification facilitates the construction of metal phosphide or sulfide active sites with enhanced intrinsic activity,
while also promoting charge transfer kinetics and improving the activation capability toward oxidants. In a
representative study, Wang et al. [24] successfully converted leachate from spent NCM cathodes into multimetallic
phosphide catalysts. Through P doping, the electron cloud distribution around Co, Ni, and Mn was effectively
regulated, leading to optimized intermetallic synergistic effects. As a result, the obtained phosphide materials
demonstrated significantly superior OER performance compared to their hydroxide counterparts. Notably, the
phosphidation treatment also played a crucial role in stabilizing the metal species, substantially mitigating the risk
of metal ion dissolution during electrochemical operation.

3.2.2. Advantages: Controllable Composition and Tailored Catalytic Architectures

The core advantages of the chemical reconstruction route are manifested in four aspects. Metal composition
is highly controllable, as leaching and purification achieve complete removal of impurities, allowing on-demand
regulation of Ni/Co/Mn/Fe molar ratios, eliminating batch-to-batch performance variations in industrial black
powder from the source, and resulting in catalytic materials with excellent reproducibility. Microstructures can be
precisely engineered artificially, enabling the directed construction of special morphologies such as ultrathin
nanosheets, porous hollow structures, heterojunctions, phosphides, or sulfides, generating high-density unsaturated
active sites, with the upper limit of catalytic performance far exceeding that of native simply activated materials.
Impurities can be thoroughly separated, as leaching and impurity removal processes completely eliminate PVDF,
Cu/Al debris, and electrolyte residues, significantly suppressing metal leaching during catalytic operation,
facilitating the distinction of pure solid-phase heterogeneous catalytic contributions, and avoiding homogeneous
leaching interference. The application scope is broader, as the route enables the directed preparation of multiple
types of functional catalytic materials for electro-Fenton, persulfate activation, photocatalysis, electroreductive
denitrification, and heavy metal adsorption, making it suitable for challenging and complex industrial wastewater
treatment systems.

3.2.3. Limitations: Multistep Processing and Environmental Burdens

Chemical reconstruction routes also suffer from inherent limitations. The process entails a lengthy workflow
consisting of multiple unit operations, such as leaching, impurity removal, precipitation, thermal treatment and
doping modification. A full set of hydrometallurgical equipment requires considerable capital investment,
hindering the practical deployment of small- and medium-scale resource recovery projects. Large quantities of
acids, alkalis, reducing agents, as well as phosphating and sulfiding reagents are consumed throughout the process,
concurrently producing massive amounts of high-salinity acidic wastewater. Subsequent wastewater treatment via
neutralization and membrane separation greatly diminishes the environmental merits of solid waste recycling. In
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addition, substantial separation loss occurs for the graphitic carbon substrate. Graphite dissolves together with
target metals during hydrometallurgical leaching, resulting in the inefficient utilization of carbon resources.

4. Water-Treatment Applications of Spent-Electrode-Derived Catalysts

Building on the structure-property framework established in Section 2, this section focuses on application-
specific evidence rather than repeating material descriptions. The literature is organized by treatment platform:
cathode-derived oxidant activation, graphite-enabled H,O, electrosynthesis and electro-Fenton treatment, and
emerging pathways such as photocatalysis and reductive dechlorination. Within each platform, studies are
compared using reaction conditions, treatment performance, mechanistic assignments, stability and reported metal
release where available.

Because Co, Ni, Mn and Fe released from spent electrodes can also activate oxidants in solution, the
mechanistic labels used below require caution. A heterogeneous surface pathway is considered well supported
only when catalytic activity remains associated with the retained solid and cannot be reproduced by dissolved-
metal controls at the measured leachate concentrations. Where time-resolved leaching, filtrate activity and colloid
separation were not reported, the surface assignment is treated as provisional rather than definitive.

4.1. Oxidant Activation by Cathode-Derived Catalysts: PMS as a Model Platform

Among these platforms, peroxymonosulfate activation has the largest comparative evidence base. The
subsections below therefore compare LCO, NCM, LMO, LFP and mixed black mass using their reported treatment
performance and operational constraints, while their underlying ageing-derived attributes are discussed in Section 2.

4.1.1. LiCoO»-Derived Catalysts: Cobalt-Mediated Radical and Non-Radical Pathways

LCO is among the most frequently studied spent cathodes for PMS activation. Its reported activity is
commonly attributed to interfacial electron transfer involving Co?" and Co**. Zhao et al. [5] first used recovered
LCO cathode material (containing 94% LiCoO; and 6% Co0304) directly as a heterogeneous catalyst for PMS
activation to remove antibiotics from wastewater. Their mechanistic analysis indicated that Co?'/Co*" redox
cycling facilitates PMS activation, while sulfate radicals (SO4 *) and non-radical singlet oxygen ('O,) were
identified as the principal reactive species contributing to levofloxacin degradation under the tested conditions.
Under optimized conditions (catalyst 0.4 g L™, PMS 0.5 mM), the levofloxacin removal reached 94% within 60
min, with a pseudo-first-order rate constant of 0.07597 min™'. The catalyst exhibited excellent activity over a wide
pH range of 3-9 and still maintained 80% degradation efficiency after four cycles. Moving beyond the direct reuse
of recovered LCO, Dang et al. [7] introduced oxygen and metal vacancies into spent LCO through
mechanochemical activation, thereby enhancing electron-transfer kinetics and PMS affinity. They found that
superoxide radicals (O, -) generated during PMS oxidation can break Li-O bonds to achieve 96.6% lithium
leaching, while simultaneously inducing partial reduction of Co*" to Co?" accompanied by the formation of oxygen
vacancies. Density functional theory (DFT) calculations indicated shifts in the surface charge density and d-band
center of the obtained product (Figure 2a), together with a lower calculated PMS adsorption energy than that of
pristine LCO. Guo et al. [10] proposed a cascade utilization strategy for spent LCO electrode sheets, first using
them as PMS catalysts to degrade organic pollutants, then recovering valuable metals from the spent catalyst with
deep eutectic solvents. Compared with pristine LiCoO,, the spent cathode sheets exhibited higher catalytic
performance. The authors associated this improvement with vacancies and electronic-structure changes generated
during repeated de-lithiation; the material achieved over 98% removal of o-phenylphenol within 60 min and
maintained >95% removal after 10 cycles.

LiCoO; extracted from spent mobile-phone batteries can also effectively activate peracetic acid (PAA): Lin
et al. [19] directly used uncrushed spent LCO electrode sheets as PMS catalysts; under conditions of 0.2 g L™!
catalyst and 2 mM PMS, the degradation of benzalkonium chloride exceeded 99% within 40 min, with a rate
constant of 0.149 min !, 1.9 times higher than that of fresh Co30..

4.1.2. NCM-Derived Catalysts: Multimetal Redox Synergy and Immobilized Catalysis

The multi-metal synergy of Ni, Co and Mn in ternary cathode materials is also fully reflected in PMS
activation. Zhao et al. [25] used spent NCM (LiNig sCo>Mng30,) cathode material to prepare NCM-650 catalyst
via simple calcination, achieving 100% removal of Rhodamine B (RhB) within 25 min in PMS activation, with a
rate constant of 0.179 min"!. Mechanistic studies revealed that the redox cycles of Co?"/Co*" and Mn?"/Mn**/Mn**
on the catalyst surface dominate PMS activation, and SO4 -, OH, O, - and 'O all participated in RhB degradation,
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with 'O, playing the dominant role. The catalyst exhibited excellent activity over a wide pH range (4-10) and
retained 98.2% RhB removal after four cycles. Dang et al. [26] treated spent NCM material by electrochemical
oxidation to simultaneously recover lithium and obtain a delithiated NCM catalyst with abundant oxygen vacancies
(Figure 2b). This catalyst showed excellent performance in PMS-activated degradation of sulfamethoxazole, with
100% removal within 30 min and sustained high activity after five cycles. Liang et al. [27] synthesized magnetic
CoFe,0;4 catalyst from spent ternary LIBs; by regulating the precipitation separation process with organic acids,
they achieved efficient separation of Li and Co (Li recovery >96%, Co precipitation efficiency >99%). This catalyst
achieved 94% removal of bisphenol A within 25 min in PMS activation, with a rate constant of 0.119 min™!, 1.7 times
that of pure CoFe,Os, and could be easily recovered by an external magnetic field. It was found that surface-bound SO4 ™
was the main active species; the higher Co(II)/Co(I1I) and Fe(II)/Fe(IIl) ratios, larger specific surface area, and more
acidic sites together contributed to the excellent catalytic performance. Xu et al. [22] used a citric-acid-assisted sol-gel
method to synthesize SG-NCM400 catalyst from spent NCM leachate, with a specific surface area of 85.6 m? g !,
The catalyst achieved over 90% removal of methylene blue within 30 min in PMS activation; 'O, was the dominant
active species, while SO4 -, -OH and O, - also participated. Hu et al. [28] synthesized CoFe,O4@CNTs composite
catalyst from spent ternary LIBs; the introduction of carbon nanotubes effectively improved the dispersion and
electron-transfer ability of CoFe,Os. In PMS-activated degradation of chloroquine phosphate,
CoFe;04@4.4%CNTs achieved 98.7% removal within 25 min, with a rate constant of 0.215 min ™!, far exceeding
that of pure CoFe,Oa. Radical quenching experiments and EPR analysis indicated that SO4 -, ‘OH, Oy and 'O
all participated, with SO4- and 'O, playing dominant roles. The catalyst retained over 80% degradation efficiency
after five cycles.

External electric-field polarization can promote surface enrichment of Co and Ni in spent NCM and
reconstruct the electronic structure, significantly increasing oxygen-vacancy content. The degradation rate of
sulfamethoxazole with the polarized catalyst was enhanced to 1.61 times that of the untreated sample, with SO,
and 'O, playing dominant roles [29]. Loading spent ternary cathode material onto a PTFE membrane to construct
a catalytic membrane (LNCM-PTFE) achieved 96.4% removal of 2,4,6-trichlorophenol within 20 min at neutral
pH, demonstrating the potential of coupled membrane catalysis technology. DFT calculations showed that the
adsorption energy of defective LNCM with oxygen vacancies for PAA (=7.32 eV) is stronger than that of defect-
free LNCM (—6.85 eV), indicating that oxygen vacancies promote the adsorption of peroxide molecules and
cleavage of the O-O bond [30]. Chen et al. [31] integrated spent LIB cathode and anode materials to prepare
CoO@C catalyst, in which graphite acts as a stable support for CoO. This catalyst achieved complete degradation
of atrazine within 15 min in PMS activation, with a rate constant of 0.185 min!. The CoO@C/PMS system is
dominated by -OH as the active species and shows good adaptability over a wide pH range (5.0-11.0). DFT
calculations indicated that the adsorption energy of PMS on CoO@C (—3.72 eV) is significantly higher than on
pure carbon (—1.86 eV), and the O-O bond length of PMS in the CoO@C/PMS system (1.508 A) is longer than
that in the C/PMS system (1.468 A), demonstrating that CoO loading effectively promotes the activation and
cleavage of the O-O bond in PMS. Zhou et al. [32] co-pyrolyzed spent LCO and biomass to prepare CoO-C
catalyst, which showed excellent performance in PMS-activated degradation of ciprofloxacin; the carbon coating
effectively reduced Co leaching and improved electron distribution. It is worth noting that the Ni content in ternary
materials has a marked effect on catalytic performance; high-Ni systems (e.g., NMC811) show better activity but
relatively lower stability, while low-Ni systems (e.g., NMC111) show the opposite. This “activity-stability trade-
off” is a key factor to be carefully considered in the design of spent ternary-material catalysts [12].

4.1.3. LiMn,O4-Derived Catalysts: Direct Electrode Use and Manganese Retention

The catalytic activity of spinel-type LMO depends mainly on the Mn*/Mn*" redox couple. Wang et al. [6]
directly used spent LMO electrode sheets as PMS catalysts for the degradation of o-phenylphenol (Figure 2c).
They found that structural changes during battery cycling—such as surface reconstruction caused by Mn
dissolution and re-deposition—can actually enhance catalytic performance. The catalyst maintained 94.8%
degradation efficiency after 10 cycles, and the spent LMO electrode sheets could be used directly without complex
pulverization, greatly simplifying the recovery process. Notably, the sulfate radicals generated during PMS
activation can effectively suppress Mn dissolution, making LMO exhibit better stability in the PMS system than
in pure water.
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Figure 2. (a) Mechanochemical activation of spent LCO. Reproduced with permission. Ref. [7] Copyright 2021,
American Chemical Society. (b) Electrochemical activation of spent NCM.; Reproduced with permission. Ref. [26]
Copyright 2022, Elsevier. (¢) Direct reuse of spent LMO cathodes. Reproduced with permission. Ref. [6] Copyright
2020, American Chemical Society. (d) Fenton-like activation by spent LFP. Reproduced with permission. Ref. [33]
Copyright 2022, Elsevier. (e) Direct PMS activation by spent black mass. Reproduced with permission. Ref. [11]
Copyright 2026, Elsevier.

4.1.4. LiFePO4-Derived Catalysts: Iron-Centered Fenton-Like Activation

The Fe site in the olivine-structured LFP has a natural affinity for Fenton-like reactions. Wang et al. [33]
found that, compared with well-ordered fresh LFP, retired LFP, rich in lithium defects and oxygen vacancies,
exhibited stronger PMS activation capability, with a degradation rate for sulfamethoxazole much higher than that
of the fresh-LFP-based control system (Figure 2d).

4.1.5. Spent Black Mass: Integrated Feedstocks and Compositional Heterogeneity

Kowalkinska et al. [11] directly used recovered spent black mass (mainly containing LCO and LMO) as a
PMS catalyst; the smallest size fraction (LCO_L1) achieved rapid degradation of sulfamethoxazole within 2.5 min
(kapp = 1.815 min™") and efficiently removed 21 micropollutants from municipal wastewater effluent (Figure 2¢).
The reaction was dominated by a non-radical pathway ('O.). This study demonstrates that spent black mass can
be used directly as a multifunctional catalyst without complex separation, providing a new approach for large-
scale, high-value utilization of spent battery materials.

4.1.6. Cross-Chemistry Lessons for Oxidant Activation

Overall, the performance of spent cathode materials in PMS activation is distinctly material-dependent. LCO
shows the most stable PMS activation performance because of its reversible Co?"/Co’*" cycle. NCM exhibits the
most comprehensive behavior through electronic synergy among Ni, Co and Mn. LMO is limited by Mn
dissolution, although sulfate radicals provide some stability by inhibiting this process. LFP, which relies on the
Fenton affinity of Fe, offers distinct value in specific applications. In terms of reaction mechanisms, PMS
activation by spent cathode materials usually involves both radical pathways (SO4 -, -‘OH) and non-radical
pathways ('O,, surface-mediated electron transfer); their relative contributions depend on material composition,
surface defect state and reaction conditions. Among these, 'O, has been confirmed as an important reactive species
in many spent-cathode/PMS systems, and its generation pathways mainly include PMS self-decomposition,
conversion of O, -, and oxygen-vacancy-mediated electron-transfer processes. Apparent pseudo-first-order rate
constants reported across individual studies cannot be directly compared, because they are strongly sensitive to
experimental variables including catalyst loading, PMS dosage, target pollutant identity, and pollutant
concentration. To facilitate more meaningful cross-study evaluation of intrinsic catalytic performance, Table 1
summarizes key reaction parameters together with normalized kinetic metrics, including the surface-area-
normalized rate constant and the PMS-concentration-normalized rate constant, for representative spent-cathode-
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derived PMS activators. Here, knorm 1s calculated as knorm = £/(Cat. loading x BET), where & is the apparent pseudo-
first-order rate constant, catalyst loading is the catalyst dosage in g L ™!, and BET denotes the specific surface area
(m? g"). These normalized descriptors partially offset differences in reaction conditions. Nevertheless, direct
performance comparison remains valid only for identical target pollutants; material rankings derived from mixed-
pollutant datasets should be interpreted with caution. Raw experimental conditions are retained alongside
normalized values so readers can inspect the original test boundaries.

Table 1. Normalized performance comparison of representative spent cathode—derived PMS catalysts.

Cat. -
Catalyst P‘"'““"‘t(cnr(:;l ci-l):oa]‘j_i{;g melxi) ?min“) ?n];:l];;-‘) :{ﬁo;:llin" m_z)flllifnl\jslle_l) (Sltlilt)::lrﬁiyon/Cycles)Ref'
Spent LCO (CM-850) LFX 10 og.4 0.5 0076 147  0.129 0.152 80%/4 cycles  [5]
zgg?‘ NEM(NCM- pig 20 05 1 0.179 2906 0.123 0.179 98.2%/4 cycles  [25]
CoFe,0,-LIBs BPA 20 0.2 0325 0119  78.19 0.0076 0.366 50.5%/3 cycles  [27]
?l‘mk mass (LCOLL e g 1 0.5 1815 65 0.279 3.63 ~60-70%TOC/S 45
ine) cycles
CoO@C (cathode + ;5 0.05 0.5 0.185 26553 0.139 0.37 >90%/5 cycles  [21]

anode)

Note: knom = k/(Cat. loading x BET); k = apparent pseudo-first-order rate constant (min™!); catalyst loading (g L™'); BET =
specific surface area (m? g'!); k/[PMS] denotes rate constant normalized by initial PMS molar concentration.

4.2. Graphite-Anode-Enabled H;O; Electrosynthesis and Electro-Fenton Treatment

This subsection focuses on application-specific evidence for spent graphite in H,O; electrosynthesis and
electro-Fenton treatment. The studies below evaluate spent graphite as a cathode, an electro-Fenton interface and
a conductive support for metal-based catalysts, complementing the material-attribute discussion in Section 2. Wei
et al. [9] used nitric acid activation to treat graphite recovered from spent batteries, increasing oxygen-containing
surface groups such as -COOH and C-O-C. The resulting catalyst achieved a Faradaic efficiency of approximately
80% for H,O, electrosynthesis and removed approximately 92% of COD in high-COD wastewater, linking surface
regulation to two-electron oxygen-reduction performance.

In electro-Fenton systems, the surface functional group composition of spent graphite directly determines its
performance orientation. Cao et al. [8] systematically compared the influence of different recovery processes on
the reuse of spent anode graphite in electro-Fenton. They found that acid leaching (AL) and combined acid-alkali
leaching (AAL) treatments significantly changed the surface functional group composition of graphite powder,
the AAL-treated graphite, having higher 2e” ORR activity and H,O, selectivity, outperformed the untreated
powder and AL samples in H,O; yield. However, when these graphite samples were used as electro-Fenton
cathodes, the AL electrode exhibited the best degradation performance, achieving 100% removal of bisphenol A
(BPA) within 70 min and 87.4% COD removal within 240 min. Mechanistic analysis indicated that the carboxylic
acid content in AL powder was as high as 35.83% (far higher than 7% in AAL); these carboxyl groups can
effectively adsorb ferric ions from solution, forming a heterogeneous iron redox system on the cathode surface,
thereby promoting efficient Fenton reactions. More importantly, the AL cathode maintained 100% BPA removal
after 10 cycles at low current density, demonstrating excellent reusability and environmental friendliness.

The high electrical conductivity of spent graphite also makes it an efficient support for supported catalysts.
Chen et al. used graphite and copper recovered from spent LIB anodes, combined with iron oxides from steel-scale
waste, to successfully prepare graphite-supported zero-valent iron-copper bimetallic catalyst (ZVI-Cu/C) via
carbothermal reduction. By adjusting the mass ratio of steel-scale waste to spent anode powder (1:1 to 1:4), a series
of catalysts were synthesized; among them, ZVI-Cu/C-2 showed the highest 4-chlorophenol removal in both
reductive and heterogeneous Fenton reactions, with the degradation process following pseudo-first-order kinetics.
The catalyst maintained high 4-CP removal activity after four cycles, with low leaching of iron and copper ions,
confirming its good stability [17]. In addition, Guan et al. [34] prepared expanded-graphite-supported zero-valent
iron (ZVI/EQG) catalyst using spent LIB anode graphite and ferric chloride via carbothermal reduction; in the
ZVI/EG/H,0; heterogeneous Fenton system, 4-chlorophenol removal reached 97% within 1 h, with a degradation
rate constant of 0.0527 min"!, and still retained 82% removal after six cycles.

It is noteworthy that the study by Cao et al. [8] reveals a key design principle: the pretreatment strategy for
spent graphite must match the target application scenario, for efficient H,O, electrosynthesis, combined acid-alkali
leaching should be chosen to enrich 2e” ORR active sites; for rapid degradation of pollutants at the cathode surface,
acid washing should be chosen to enrich carboxyl groups and promote surface Fenton cycling. This principle has
important guiding significance for the design of spent-graphite-based catalytic materials.
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4.3. Emerging Catalytic Pathways beyond Oxidant Activation and Electro-Fenton

Beyond the two main application categories above, the potential of spent-electrode-derived catalytic
materials in water treatment extends to other directions, including photocatalytic degradation, reductive
dechlorination, heavy-metal adsorption, and electrocatalytic nitrate reduction, but the relevant studies are relatively
scattered, and their systematicity needs further strengthening.

In photocatalysis, Niu et al. [35] converted spent LiCoO, with melamine and NH4Cl via one-pot sintering
into Li-doped g-C3N4/Co304 composite photocatalyst; the photocatalytic H, production rate and Rhodamine B
degradation rate were 8.7-fold and 6.8-fold higher than that of g-CsNy, respectively. Dhiman et al. [36] synthesized
Co304 nanoparticles from spent LIBs, achieving 86% degradation of methyl blue within 45 min under sunlight.
In reductive dechlorination, Chen et al. [17] used spent-graphite-supported ZVI-Cu/C bimetallic catalyst to
simultaneously achieve reductive dechlorination and heterogeneous Fenton oxidation of 4-chlorophenol.

Overall, the application of spent-electrode-derived catalytic materials in water treatment has already covered
persulfate activation, electro-Fenton, H>O, electrosynthesis, photocatalysis and other directions, preliminarily
forming a complete research chain from “material characterization-catalytic application-mechanistic elucidation”.
Table 2 summarizes the representative studies of these systems, illustrating the compatibility of different spent
electrode materials with specific catalytic processes. Among these, PMS activation is currently the most
thoroughly studied and most mature system, with the redox cycling of transition metals in spent cathode materials
showing the highest mechanistic compatibility with PMS activation; electro-Fenton, on the other hand, fully exploits
the unique advantage of spent graphite as a conductive substrate, forming a complementary application pattern to the
cathode-based approaches. However, most current studies are limited to batch experiments under ideal conditions;
extension to real wastewater and continuous-flow reactors remains a critical challenge to be addressed.

5. Translational Challenges for Catalytic Upcycling

Promising pollutant-removal performance under laboratory conditions does not by itself establish the
practical value of spent electrode-derived catalysts. Their catalytic properties depend on variable waste feedstocks,
while their long-term use may introduce metal release, structural degradation, and performance losses in complex
water matrices. Moreover, converting a waste material into a catalyst is not necessarily environmentally or
economically preferable to metal recovery or direct electrode regeneration. The practical viability of catalytic
upcycling therefore depends on four interconnected challenges: feedstock reproducibility, catalyst stability,
realistic treatment performance, and system-level sustainability.

5.1. Feedstock Heterogeneity and Cross-Batch Reproducibility

Feedstock heterogeneity is an intrinsic feature of spent lithium-ion battery electrodes. At the chemistry level,
commercial batteries contain layered LiCoO» and Ni-Mn-Co oxides, spinel oxides, LiFePOs, and various graphite-
based anodes. Even within the same nominal chemistry, elemental ratios, particle coatings, conductive additives
and binder formulations vary among manufacturers. These differences are further amplified by battery ageing,
which depends on cycling depth, operating temperature, charging rate, storage history and failure mechanism.
Consequently, spent electrodes with similar labels may exhibit substantially different lithium contents, defect
densities, surface compositions and residual capacities. Recycling and pretreatment introduce another source of
variability. Mechanical separation, thermal treatment, solvent washing, and acid leaching can alter surface
functional groups, remove residual metals, or create new defects. Black mass may also contain mixed cathode
chemistries, graphite, Cu, Al, binders, and electrolyte decomposition products. Some of these components act as
catalytic promoters, whereas others block active sites or increase environmental risks. Therefore, bulk elemental
composition alone is insufficient to predict catalytic behavior. The spatial distribution, chemical state, and
accessibility of these components must also be considered. Current reproducibility tests commonly use repeated
experiments from a single catalyst batch. Such technical replicates assess experimental precision but do not establish
reproducibility across waste sources. Future studies should include independently collected electrode batches with
different ageing histories and should report the distribution, rather than only the average, of catalytic performance.

Standard reference materials would further improve comparability. Pristine electrode materials, compositionally
matched synthetic catalysts and representative black-mass mixtures could serve as complementary controls. Catalytic
results should also be normalized using several descriptors, including catalyst mass, transition-metal content,
accessible surface area and electrochemically active area. As illustrated in Table 1, such normalization reduces bias
originating from divergent experimental set-ups across literature reports. These practices would help distinguish
general structure-activity relationships from effects that are specific to a particular waste batch.
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Table 2. Representative spent lithium-ion battery materials for advanced oxidation and electrochemical water treatment.
g;sttaell)ll:/l,:pplica tion Key Material/Precursor Reaction Conditions & Parameters Performance Results Catalytic Mechanism/Strategy Reference
P 21 /a3t B
PMS Activati Spent mobile LIB cathode (CM-  Catalyst 0.4 g L™', PMS 0.5 mM, LFX 94% (60 min); TOC 32%; Wide ~Caicination forms Co™/Co™ valence cycling to
ctivation _ ) . o . activate PMS; synergy of radical (SO4*) and non- [5]
850) pH=4.65, LFX 10 mg L™!, 60 min pH adaptability (3-9) . 1
radical ('O2) pathways.
PMS Activation Spent LiMmnsOs cathode scra git;ll}:i:() gplif,el Sg;g’zo mo L1 OPP 94.8%; 94.8% after 10 cycles; Utilizes intrinsic “sandwich” structure and defects [6]
P s P T=25°C ' 60gmin’ gL Low metal leaching from lithiation/delithiation cycles to enhance activity.
. . MCA activation, catalyst 0.2 g L™, o . o Al foil acts as in-situ reductant; MCA induces
PMS Activation Spent LiCoO; cathode + Al foil PMS02gL !, pH=7, OPP IPOA) (30 min); >96% after 3 aluminothermic reduction, converting Co*" to Co?* [7]
(MCA) 3 . cycles; Rate constant doubled . . .
OPP 20 mg L™, 30 min and increasing oxygen vacancies.
_ . Utilizes intrinsic Li defects and oxygen vacancies
1 0, . o/ .
PMS Activation Spent LiCoO2 (SLCO-CM500) Catallyst 0.2gL"7, PM,S, 2 me BAC 100% (60 min); TOC 90.4%; 1.9 (OVs) in spent cathode; electron transfer pathway [19]
pH=7,BAC 10 mg L', 60 min x fresh Co304 .
(ETP) participates.
. Structural disintegration after catalytic cycles
L . Catalyst = 1 piece scrap, Oxone = 0.2  OPP 98%; 95% after 10 cycles; . . .
+ . .
PMS Activation Spent LiCoO:z scrap + DES gL pH=7,0PP20 mg L\, 60 min  Recovered 95% Co, 86% Li via DES promotes iubseque;nt DES leach:ng for efficient Co/Li [10]
recovery (“catalysis & recovery” loop).
_ . CNTs enhance electron transfer and inhibit Co
PMS Activation Spent LIB cathode Catalyst 35 mg L™!, PMS 2.0 mM, CQP 98.7% (25 min); TOC Jeaching; SO4—, OH, O, and '05 synergistically 28]
(CoFe204@CNTs) pH=6.5, CQP 10 mg L™!, 25 min 33%; >80% after 5 cycles degrade ’ ’ ’ ’
_ . Synergistic preparation using Co source and defective
1 0, . 0,
PMS Activation Spent LIB cathode & anode Cata;lyst S0mg L™, Iill\/IS O.S.mM, ATZ. 100% (15 min); >90% graphite; DFT confirms strong PMS adsorption and [31]
(CoO@C) pH=7,ATZ5mg L™, 15 min continuous flow
charge transfer.
PMS Activation Spent graphite (SNGO-2 N-doped ~ Catalyst 0.3 ¢ L', PMS 0.3 g L7, RhB 100% (10 min); TOC 83%; 4 Graphitic N is the main active center, achieving rapid [37]
graphene) pH=7,RhB 30 mg L', 10 min cycles stable degradation via non-radical pathway ('02).
_ . Synergistic Co/Mn valence cycling (Co?*/Co*",
1 0, . 0,
PMS Activation Spent ternary cathode (NCM-650) Cﬁtilf%g'sﬁlé zbl:ﬂASLl,lmé\g ’min i{hc?e; 00% (25 min); 98.2% after 4 Mn?"/Mn**/Mn*") activates PMS via radical and non-  [25]
P o gL Y radical pathways.
_ _ . Green leaching with citric acid/glucose; oxalic acid
1 1 0 . )
PMS Activation Spent LIB cathode (CoFe204-LIBs) gﬁtil}:té)ﬁig;{) n’lgll\jlf (; 51 I%l 11;1 ’ ]él(j?e 29(4)46 (25 min); 1.7 pure precipitation. High Co(II)/Co(III) ratio and more acid  [27]
" ? sites.
-1
PMS Activation Spent NCM (SG-NCM400) Cﬁtzlz/;t &%gzgm’ P]IE/LS (3)07nr?111\1/IEMB MB 90%; SMX 55%, LVF 79.5%, Sol-gel reconstruction increases surface area to [22]
p EMX IiVF RhB)g ’ > RhB 98.9% 85.6 m? g1, increasing Co?" and Mn?* active sites.
— Spent LIB black mass (LCO_L1 Direct recycling, catalyst 1 g L', PMS SMX 100% (2.5 min); k = 1.815 Physical fractlongﬂon O.b tains Cq-rlch ﬁn? fraction;
PMS Activation - . N . Low C/metal ratio dominates activation via non- [11]
fine) 0.5 mM, SMX 10 mg L™", 2.5 min min'; Degrades 21 micropollutants radical 105
_ . Acid leaching (AL) retains 35.83% -COOH groups,
2 = 0, . (1)
Electro-Fenton Spent anode graphite (AL treatment) 125 mA em %, pH 3’,1N 22504 . BPA 1904’ (70 min); COD 87.4% promoting Fe ion adsorption and accelerating [8]
0.05 M, BPA 50 mg L™, 240 min (240 min); Stable over 10 cycles . . .
interfacial Fe redox cycling.
Fenton and Fenton- . Synergy with NH20H, pH = 3.5-3.8,  RhB 100% (30 min); TCH, AZY, NH2OH promotes Fe(III)/Fe(IT) cycling and synergy
. Spent LiFePO4 (SULM) 1 between interface and solution Fe; main active species [15]
like processes catalyst 0.1 g L', H202 4 mM ERY > 97% 1
are ‘OH and 'Ox.
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Table 2. Cont.
Catalytic o . Key Material/Precursor Reaction Conditions & Parameters Performance Results Catalytic Mechanism/Strategy Reference
System/Application
Fenton and Fenton- ~ Spent anode graphite + Mill Scale Catalyst 0.2 g L1, H202 0.5 mM, 4-CP 100% (120 min); 92.1% after4  Carbothermal reduction forms Fe-Cu bimetallic [17]
like processes (ZVI-Cu/C) pH=3,4-CP 10 mg L', 120 min cycles synergy, promoting electron transfer.
Fenton and Fenton-  Spent LiFePO4 (Iron Hydrothermal conversion; pH 5-9, Pb adsorption: 43.2 mg g!; MB 100% C;)tr;lv;lr)t StoLtl‘(ljreIIP;(z:a{)OleFle;;g%‘)c‘l‘l(‘c?H) 31;?)?21(121 ;t;eacts 38]
like processes hydroxyphosphate FPOH) catalyst 1 g L1, H202 5 mL (12 h) WIth 5 50 ydaroxyphosp
precipitation.
- oy AW+CT removes impurities, retains surface Mn(II);
Fenton and Fenton- . Catalyst 0.3 g L', Fe** 0.3 mM, H202 k_obs = 0.1225 min™!; Li recovery > . ’
. + . = :
like processes Spent graphite anode (AW+CT) 1 mM, pH = 3.0, BPA 30 min 99.92%; LCA reduced by 20% ggrllgrlztgsmmes Fe(IL)/Fe(II) cycling and -OH [39]
Fenton and Fenton- . ZVI/EG-2 0.4 gL', H202 2.2 mM, 4-CP 97% (60 min); 82% after 6 Chenpcal OX1 dation expands graphite asasup port for
. Spent anode graphite (ZVI/EG) _ 3 . L - ZV1, increasing surface area and Fe dispersion [34]
like processes pH=3,4-CP 10 mg L', 60 min cycles; k =0.0527 min .
for -OH production.
1 1 1 1 . 0/ . _ 3 - _0)-
H202 0x1dat101} and Spent anode graphite (HNO RRDE test, 0.5 M H2SOs, Potential F aradalc efficiency 80-90%; Real T HNOz }ntrodgces COOH and C O' C groups, ' .
electrosynthesis L acid wastewater COD activating adjacent C atoms for a highly selective 2~ [9]
activation) from 0.00 to —0.30 V (vs. SCE)
systems removal > 92% ORR pathway.
H202 0x1dat101} and Spent LiCoO: cathode tape (Li- 0.2 M H202; MB 3 mg L', 150 min Rate; constant increased 200%; Co*/Co?" redox pair oxidizes H202 to superoxide
electrosynthesis Activation energy dropped from 83 to . . . S [40]
BCT) (dark) ) radicals (O27), cleaving aromatic rings.
systems 26 kJ mol
H20: oxidation and CCRD optimization: H202 1.71 M, N L P ]
electrosynthesis Spent mobile LIB cathode (LiCoO2) MB 6 mg L', LiCoO2 32 mg, MB 93.3% Multlvgnate optimization (RSM); Co cate_llyzes OH [41]
P . generation, but excess H20: causes quenching.
systems T =32 °C, 90 min
Other catalytic . Recovered Co used to synthesize spinel nano-ferrite;
pH =3, catalyst 30 mg, H202 MB 87.7% (420 min); Comparable to L ot 3t 34 . ’
systems qnd anode Spent LIB cathode (CoFe204-LIBs) 8 mL (3%), MB 4.8 mg L', 420 min  commercial CoFex0s synergistic Co*"/Co’" and Fe*"/Fe’"catalysis [42]
valorization generates -OH.
. . . . Li-doped g-C3N4/Co304 heterojunction; Li narrows
Other catalytic water- Spent LiCoOz + Melamine + NH4Cl Simulated sunlight; RhB degradation RhB degradation rate: 6.8 > higher bandgap, Co304 builds a built-in electric field for [35]
treatment systems than g-C3Na .
charge separation.
Other catalytic water- Spent LiCoOz + Melamine + NH4Cl . S . RhB degradation rate: Li-ClI-Co regulates n-conjugation; Li/Cl intercalation
treatment systems (LiClCo-C3Ny) Simulated sunlight; RhB degradation 15.3 x higher than g-C3N4 alters spacing, reducing charge transport barriers. [43]
Other catalytic . o 1 Oxygen vacancies (OVs) promote charge transfer and
systems and anode Spent LNCM (LNCM-PTFE) Merilbrane filtration, P,A;A 0.3 m M, TCP 96.4% (20 rpln), High real PAA cleavage; main species: carbon-centered radicals [30]
L pH=7.0, TCP 2 mg L™, 20 min wastewater efficiency |
valorization and 'Oa.
Other catalytic Electrodeposited Co + 0.27 M H202 +  Azo dye 85% (210 min); Rate constant Co is oxidized in-situ to spinel Co304 by H202; UV
. () 5 - 5
systems gnd anode Spent LIB cathode (Co/C0304) UV; Azo dye 0.25 g L', 210 min 12 x H207 alone excitation generates holes (h™) and electrons (¢7). [44]
valorization
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5.2. Metal Release, Active-Phase Evolution and Operational Durability

Pollutant loss in a nominally heterogeneous system should not automatically be assigned to a surface
pathway. Co, Ni, Mn, Fe and Cu may be released through proton-promoted dissolution, ligand-assisted
complexation, oxidant-induced corrosion or surface reconstruction. Dissolved ions can then activate PMS, PDS,
H,O, or PAA homogeneously, whereas metal-containing colloids may pass ordinary filtration and behave
differently from either molecular ions or the parent solid. Operationally, a surface-mediated contribution requires
activity that remains associated with the retained catalyst; a homogeneous contribution is supported when the
catalyst-free filtrate continues consuming oxidant or removing pollutant at a rate reproduced by dissolved-metal
controls prepared at the measured concentrations.

Mechanistic discrimination should combine time-resolved ICP-MS or ICP-OES measurements with hot-
filtration tests, matched dissolved-metal controls, and ultrafiltration, dialysis or membrane-separation experiments
that distinguish ions from colloidal particles. Sampling should cover the initial burst-release period and subsequent
steady operation, while pH, ligands, oxidant concentration and ionic strength are held constant. The recovered
solid should be re-tested and characterized by XPS, XRD and electron microscopy to determine whether activity
loss or retention follows metal depletion, valence changes or formation of a new surface phase. Chelating agents
can provide supporting evidence, but they should not be used alone because they may also alter oxidant chemistry
and surface adsorption.

A complete balance for each metal should account for its initial inventory and its distribution among the residual
catalyst, dissolved fraction, colloidal or nanoparticulate fraction, reactor-wall deposits, recovered catalyst and
intentionally recovered metal stream. Studies should report balance closure, cumulative release as a percentage of the
initial metal inventory, and release normalized to catalyst mass, treated-water volume and pollutant mass mineralized.
Existing studies illustrate the reporting gap: cleaned LiMn,Oy retained 94.8% pollutant removal after 10 cycles but
described leaching only qualitatively as low [6], whereas acid-leached graphite maintained complete BPA removal
over 10 cycles [8]. More recently, AW+CT-treated spent graphite was evaluated in continuous flow and reported
99.92% Li recovery together with a total-metal-ion safety metric of 4.1341 mg L™! [39]. These endpoints are useful,
but they still do not replace a closed balance that partitions dissolved, colloidal and deposited metal fractions.

5.3. Performance Resilience in Realistic Water Matrices

The transition from purified water to real wastewater changes both reaction kinetics and dominant treatment
mechanisms. Laboratory studies commonly use one model pollutant at relatively high concentration in buffered
or ultrapure water. Under these conditions, most generated reactive species are available for target-pollutant
degradation. Real water matrices contain natural organic matter, inorganic ions, suspended particles and mixtures
of contaminants that compete for reactive species and catalyst surfaces. Bicarbonate, carbonate, chloride,
phosphate and natural organic matter can scavenge radicals, coordinate dissolved metals or modify oxidant
activation pathways. Organic matter and suspended solids may also block active sites or foul porous electrodes.
Variations in pH, conductivity and dissolved oxygen can alter electrochemical reactions and H>O, production.
These effects are catalyst- and mechanism-dependent. A matrix component that inhibits radical oxidation may
have a smaller influence on a selective non-radical pathway, whereas chloride may produce reactive chlorine
species and change both degradation efficiency and product toxicity.

Real-water validation should therefore follow a staged testing framework. Initial experiments can use defined
model solutions to identify intrinsic reaction mechanisms. Synthetic matrices containing controlled concentrations
of major ions and organic matter can then isolate individual interference effects. The final stage should use actual
municipal or industrial wastewater, preferably without relying exclusively on artificially spiked target compounds.
Paired tests using the same catalyst in model and real matrices would allow the magnitude and origin of
performance losses to be quantified. Treatment performance should not be assessed solely through disappearance
of the parent pollutant. Relevant endpoints include total organic carbon, COD, oxidant utilization, transformation-
product formation and residual toxicity. For electrochemical systems, energy consumption, current efficiency and
electrode fouling should also be reported. Long-term flow-through operation is needed to evaluate hydraulic
behaviour, catalyst attrition and the accumulation of matrix-derived deposits. Seasonal and batch-to-batch
variations in wastewater composition should ultimately be incorporated because a single real-water sample cannot
represent operational variability.

5.4. Life-Cycle Environmental and Techno-Economic Feasibility

A quantitative sustainability comparison requires a common functional unit and system boundary. For
catalytic upcycling, the primary functional unit should be 1 m? of wastewater treated to a defined removal,
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mineralization and toxicity endpoint, supplemented by 1 kg of spent electrode processed. The boundary should
include battery collection, discharge and dismantling; electrode separation; solvent, acid, alkali and oxidant
production; washing, drying and heating; catalyst-conversion yield; reactor electricity and oxidant demand;
catalyst recovery and lifetime; cumulative metal release; regeneration; and final metal recovery or disposal.
Reporting only catalyst-synthesis energy, or only pollutant-removal efficiency, can reverse the apparent ranking
when catalyst lifetime and treatment-stage inputs are included.

The available quantitative evidence is encouraging but heterogeneous. Directly cleaned LiMn,O, retained
94.8% OPP removal after 10 cycles, although preparation energy and a closed metal balance were not reported [6].
For mild activation, acid-leached spent graphite maintained complete BPA removal over 10 cycles [8]. An acid-
washing-plus-calcination route for spent graphite reported 99.92% Li recovery, an electrical energy per order of
402.44 kWh m™ order !, a total-metal-ion safety metric of 4.1341 mg L' and a 20% reduction in environmental
burden relative to commercial graphite [39]. In another short-process example, LiCoO, recovered through
discharging, dismantling, alkaline washing and calcination was used for PAA activation; its LCA reported reductions
of 67% in carbon emissions, 92% in human toxicity and 75% in cost relative to purchasing LiCoO, [45]. These
comparisons support catalytic reuse against virgin catalyst supply, but they do not yet establish superiority to
conventional battery recycling.

Conventional recycling LCAs provide useful contextual benchmarks. Ciez and Whitacre compared
pyrometallurgical, hydrometallurgical and direct cathode recycling and found that direct cathode recovery can
retain more embodied value, with reported break-even refunctionalization costs of approximately US$15 kg ! for
NMC and US$19 kg ™! for NCA [3]. For NMC111 hydrometallurgy, Iturrondobeitia et al. reported global-warming
potentials of 25.1-95.2 kg CO; eq kg ™! recycled cathode. Most evaluated routes consumed approximately 1-5
kWh kg! cathode, whereas bioleaching required 14 kWh kg™'; reagent demand ranged from 0.78 kg kg™! cathode
for bioleaching to 42.75 kg kg™! for a lactic-acid/H,O, route [46]. These data show that a reagent described as
green does not necessarily produce a lower life-cycle burden. To our knowledge, no direct head-to-head LCA has
yet compared direct reuse, mild activation and deep reconstruction as water-treatment catalysts with conventional
metal recovery using the same feedstock, treatment endpoint and functional unit. Table 3 therefore presents
reported values as evidence benchmarks rather than as a normalized ranking.

Table 3. Quantitative evidence for the process intensity and sustainability of catalytic upcycling routes.

Catalyst Lifetime and Metal-Release
Evidence

Cleaned LiMn,0, retained 94.8% OPP
removal after 10 cycles, but metal
leaching was reported only qualitatively ~—
as low [6].

Route Conversion Intensity and Inputs Reported LCA/TEA Evidence  Ref.

Discharge, dismantling, washing
and/or physical size fractionation; no
intentional phase reconstruction.
Preparation energy and reagent
inventories are generally not
reported.

(6]

Direct reuse No cradle-to-grave LCA was
found for direct reuse as a water-

— treatment catalyst. Conventional  [3]
direct cathode recycling provides

only a contextual benchmark [3].

Acid-leached graphite maintained
complete BPA removal for 10 cycles — [8]
[8].
For acid-washing-plus-calcination route ~Acid-washing-plus-calcination
graphite, Li recovery was 99.92%, the  route graphite reduced
reported total-metal-ion safety metric environmental burdens by 20%  [39]
was 4.1341 mg L', and continuous- relative to commercial graphite
flow stability was assessed [39]. [39].
A four-step recovered
LiCoO,/PAA route reported 67%
o lower carbon emissions, 92% [45]
lower human toxicity and 75%
lower cost than purchasing
LiCoO, [45].

Acid/alkali washing, electrochemical
treatment or thermal activation up to
approximately 500 °C; fewer unit

Mild activation operations than complete dissolution
and resynthesis, but preparation
energy and reagent mass are seldom
reported.

Complete or extensive leaching,
separation, precipitation/sol-gel
reconstruction, washing, drying and

calcination. A conventional NMC111 ?gfr:(rlnfr t(?rlrlluzriyl’ rtzp 90 Srt ;de\élg
hydrometallurgical benchmark — ,% ’ = X8 L [46]
required approximately kg™ cathode and reagent jlrlputs

1-5 kWh kg ™! cathode for most gzhmogg[g 423 4275 kg kg

routes and 14 kWh kg™' for :

bioleaching.

For conventional NMC111

Deep
reconstruction
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6. Future Prospects-Research Priorities for Deployable Catalytic Upcycling
6.1. Developing Simple and Low-Energy Conversion Methods

The environmental value of converting spent lithium-ion battery electrodes into catalysts depends not only
on catalytic activity, but also on whether the conversion process consumes fewer chemicals and less energy than
conventional metal recovery and catalyst synthesis. Many current approaches involve repeated acid leaching,
precipitation, washing, drying, and high-temperature calcination. Although these treatments can produce well-
defined catalytic phases, they may weaken the environmental advantages of using waste-derived feedstocks.
Future research should therefore adopt a process-intensity hierarchy in which direct reuse, mild surface activation,
and partial phase reconstruction are prioritized over complete dissolution and resynthesis. For spent graphite
anodes, simple washing, low-concentration acid treatment, electrochemical activation, or controlled oxidation may
be sufficient to remove unstable surface residues while retaining conductive graphite frameworks. For cathode
materials, selective delithiation may offer a more efficient route than complete metal separation, as it can expose
redox-active transition-metal sites while preserving the multimetallic framework. Electrochemical delithiation,
mechanochemical activation, microwave heating, and flash Joule heating are particularly promising because they
shorten reaction times and can induce defects, phase reconstruction, or elemental redistribution without prolonged
furnace treatment. However, a short treatment time does not necessarily indicate a low-energy process. Future
studies should report the energy and material inputs associated with electrode separation, reagent production,
washing, drying, off-gas treatment, and catalyst recovery. Combining process-level energy analysis with techno-
economic and life-cycle assessments will therefore be necessary to determine whether catalytic upcycling yields a
genuine environmental benefit. The overall research framework for catalytic upcycling of spent lithium-ion battery
electrodes is illustrated in Figure 3.

6.2. Stabilization Strategies for Safe Catalyst Operation

The transition metals responsible for the catalytic activity of spent cathode materials, particularly Co, Ni, and
Mn, can also become secondary contaminants if they are released during water treatment. Catalyst stability should
therefore be treated as a central performance criterion rather than an additional characterization item. Apparent
pollutant degradation may partially originate from dissolved metal ions, especially under acidic conditions or
during persulfate activation. Future studies should distinguish heterogeneous surface reactions from homogeneous
reactions by combining metal-leaching measurements, filtration experiments, dissolved-metal controls, and post-
reaction structural characterization. Material design should balance accessible active sites with structural stability.
Possible strategies include anchoring cathode-derived metal species onto recovered graphite, constructing self-
supported electrodes, producing magnetically recoverable composites, and introducing thin ion-permeable
protective layers. Residual Cu and Al from current collectors should not automatically be classified as unwanted
impurities because they may modify electron transfer, active-site dispersion, or interfacial redox cycling.
Nevertheless, beneficial effects must be evaluated together with the potential release of Cu, Co, Ni, Mn, Li, F, and
particulate carbon. Stability tests should extend beyond several repeated batch cycles. More meaningful protocols
would quantify activity retention, metal release, and structural evolution over prolonged operation under different
pH values and in the presence of chloride, bicarbonate, phosphate, and natural organic matter. Metal release should
be normalized to both the volume of water treated and the amount of pollutant removed. In addition, parent-
compound disappearance should be accompanied by measurements of mineralization, transformation products and
residual toxicity. The eventual regeneration, metal recovery, or safe disposal of the deactivated catalyst must also
be incorporated into the proposed process. Such an end-of-second-life strategy is essential to prevent catalytic
upcycling from creating a new stream of metal-containing waste.

6.3. Real-Wastewater Validation and Continuous-Flow Reactor Engineering

Most spent-electrode-derived catalysts have been evaluated in batch reactors containing a single pollutant in
ultrapure or buffered water. These systems are useful for identifying reaction pathways, but they provide limited
information about practical treatment performance. Real wastewaters contain mixtures of organic contaminants,
inorganic ions, suspended solids and natural organic matter that can compete for reactive species, block active
sites or alter metal speciation. Future studies should therefore progress from single-compound solutions to
pollutant mixtures, simulated complex matrices and, ultimately, untreated or biologically treated industrial and
municipal effluents. Removal efficiency should be complemented by COD, total organic carbon, acute toxicity
and targeted transformation-product analysis. Continuous-flow systems are particularly important because they
reveal limitations associated with mass transfer, catalyst attrition, pressure drop, electrode polarization and long-
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term fouling. Spent graphite can potentially be fabricated into gas-diffusion cathodes, porous flow-through
electrodes, or packed catalytic columns, whereas cathode-derived oxides can be immobilized on conductive
supports, membranes, or monolithic carriers. More broadly, flow-through electro-Fenton studies using
conventional carbon electrodes have shown that electrode arrangement, flow direction, and residence-time
distribution strongly influence H,O, utilization and mineralization in real wastewater. These reactor principles can
guide the engineering of spent-electrode-based systems. A staged validation framework is recommended.
Laboratory studies should initially determine intrinsic kinetics and matrix effects. Bench-scale flow reactors should
then evaluate hydraulic behavior, catalyst retention and energy consumption. Pilot-scale studies should finally
assess fluctuating wastewater composition, maintenance requirements and integration with biological or
membrane treatment. Relevant performance indicators include space-time yield, electrical energy per order,
oxidant utilization efficiency, pressure drop, metal release per cubic meter of treated water, and catalyst lifetime.
Reporting these parameters would enable meaningful comparisons with established advanced oxidation and
electrochemical treatment technologies.

0.4. Al-Enabled Feedstock-to-Reactor Optimization

Artificial intelligence and machine learning could help address a defining challenge of spent-battery-derived
catalysts: the strong variability of the starting materials. Electrode composition, state of health, degradation
mechanism, residual electrolyte, and current-collector contamination vary between manufacturers and battery
histories. Consequently, an identical conversion procedure may generate catalysts with substantially different
structures and activities. Machine-learning models could connect feedstock characteristics with conversion
conditions, catalyst properties and water-treatment performance, thereby supporting feedstock classification and
route selection. A useful database should record battery chemistry and provenance, elemental composition, phase
structure, surface chemistry, defect density, conversion conditions and water-matrix composition. Model outputs
should extend beyond pollutant removal and include mineralization, reaction selectivity, metal leaching, catalyst
lifetime, energy consumption and cost. Multi-objective models could then identify conversion and operating
conditions that balance activity, stability, environmental safety, and process intensity. These studies provide
transferable concepts, although equivalent frameworks have not yet been systematically validated for catalysts
derived from spent battery electrodes. Because available datasets are likely to remain small and heterogeneous,
future work should avoid relying exclusively on complex models. Physics-informed machine learning, transfer
learning, Bayesian optimization, and active learning may be more appropriate because they can incorporate
electrochemical and catalytic knowledge while reducing the number of experiments required. Model uncertainty
should be explicitly reported, and validation should separate battery chemistries, electrode batches, and wastewater
types between training and testing datasets. Ultimately, Al should be integrated into a closed-loop workflow. Rapid
characterization and online water-quality sensors would supply inputs to predictive models. The models would
recommend conversion or reactor conditions, and experimental outcomes would then be used to update them. Such
a framework could link waste-electrode sorting, catalyst preparation, and reactor operation within a single data-
driven platform. However, its success will depend on standardized reporting, open and machine-readable datasets,
and mechanistic constraints that prevent statistically accurate but chemically unrealistic predictions.

TRANSLATION TARGET Low-carbon conversion + stable and safe catalysts + robust continuous treatment

Variable spent m Low-intensity m Catalyst stability m Real wastewater and
electrodes conversion and safety continuous reactors
Preserve catalytic value while Prevent secondary pollution while Move beyond single-pollutant batch
reducing process burden preserving catalytic performance tests toward process relevance
m @ Prioritize direct reuse, mild ® Separate surface catalysis ® Progress from pollutant
activation and selective from dissolved-metal effects mixtures and complex matrices
reconstruction " . to real effluents
®  Use electrochemical, O el Ay X ® Scale batch kinetics — bench flow
Cathodes LCO « NCM mechanical or rapid targeted- phases without blocking sites _, pilot integration
heating activation 5 .
*LFP @  Account for all energy/material ®  Track long-term leaching, S eioctrical ener%y perl ordz_r, oxld:nt
inputs toxicity and end-of-second-life I“feﬂ PBSSHSiopeach ol
Anodes graphite + Lzl e
A A 1
cwa  TEmmmEmmmmmEmo/mEmmmmT ’i """""""""
+ Source variability chemistry m Al/machine learning-enabled closed-loop optimization

Standardized reporting * open machine-readable data « uncertainty quantification « chemistry-constrained models

« ageing electrolyte

« contaminants INPUTS Feedstock + catalyst MODELS Physics-informed machine DECISIONS Sorting + conversion
+ water matrix + sensors ing + ian / active i route + reactor control

y

Figure 3. Future directions for catalytic upcycling of spent LIB electrodes.
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