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This review presents a comprehensive overview of recent advances in synthesizing
catalysts and adsorbents from spent batteries, with a particular focus on their
application in advanced oxidation processes (AOPs) and pollutant adsorption. Key
synthesis methods, catalytic mechanisms, and the roles of material properties—
such as surface area, defect structures, and heteroatom doping—are critically
examined. By bridging materials science and environmental engineering, this work
underscores the potential of battery waste valorization and provides guidance for
scaling these technologies toward real-world wastewater treatment applications.
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1. Introduction

The widespread use of portable electronic devices, electric vehicles, and renewable energy storage systems
has led to an exponential growth in global battery consumption [ 1-5]. Consequently, the disposal of spent batteries,
containing toxic heavy metals, electrolyte residues, and complex material compositions, has posed serious
challenges to both environmental safety and resource recovery [6-9]. However, these spent batteries contain
valuable transition metals (e.g., cobalt, manganese, nickel, zinc) and carbon-based components, offering unique
opportunities for resource valorization [10—18]. Recently, developing effective strategies to convert spent batteries
into functional materials has attracted increasing attention. Under this context, various components of spent
batteries, such as transition metals and carbon-based electrodes, have been converted into functional materials
through methods such as hydrothermal synthesis, sol-gel processes, and co-precipitation [19].

Until now, various types of materials of spent batteries, including lithium-ion batteries (LIBs) (Figure 1a) [20],
such as lithium iron phosphate (LiFePO,), lithium cobalt oxide (LiCoO>) [21,22], lithium manganese oxide
(LiMn,Oy), as well as other battery types such as alkaline zinc—-manganese (Zn—Mn) batteries (Figure 1b), and
carbon—zinc dry cells (Figure 1c), have been successfully converted into functional materials (such as catalysts and
adsorbents) [23-35] for wastewater treatment applications. Although several review papers have addressed the
synthesis of catalysts and adsorbents from various waste sources (such as biomass, industrial residues, and electronic
waste) for applications in adsorption, AOPs, photocatalytic degradation, and electrochemical treatments [36-—41], a
comprehensive review specifically focusing on spent battery-derived functional materials for wastewater
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purification remains lacking. This gap limits our understanding of their full potential in wastewater remediation
and the strategic upcycling of electronic waste.
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Figure 1. (a) The standard components and operation of LIBs. (b) The standard components of alkaline Zn—-Mn
batteries. (¢) The standard components of carbon—zinc dry cells.

This review aims to provide a comprehensive overview of recent advancements in wastewater remediation
using functional materials derived from spent batteries. First, we present key pretreatment methods for processing
spent batteries, followed by a summary of effective strategies to convert battery waste into high-value functional
materials, along with a discussion of relevant experimental parameters. Subsequently, we examine the application of
these materials in AOPs and adsorption, with particular emphasis on designing high-performance catalysts through
the modulation of intrinsic and extrinsic material properties. Finally, this review outlines future perspectives on the
development of next-generation battery waste-derived materials for sustainable wastewater treatment.

2. Methods for Converting Spent Batteries to Functional Materials

2.1. Pretreatment for Spent Batteries

Pretreatment, the initial step in recovering waste LIBs, plays a vital role before further converting spent
batteries into useful materials. Some effective pretreatments can improve recovery efficiency and reduce the
energy consumption of the follow-up steps [42—44]. Based on previous research, pretreatments mainly include
four important steps: discharging, dismantling, crushing, and separation [45,46]. Figure 2 illustrates the
performance comparison of the four pretreatment steps across multiple dimensions in terms of cost level, recovery
efficiency, process complexity, environmental impact, and safety risk.
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Figure 2. The performance comparison of the four pre-treatment steps across multiple dimensions [45,47—49]. (The
maximum score is 9, with higher scores indicating better performance in each respective aspect.)

2.1.1. Discharge

Due to the residual electrolyte and electricity in spent LIBs, discharging is a necessary pretreatment step to
prevent fire or explosion risks caused by short circuits or sparks [S0-52]. Chemical discharge is the most widely
used due to its high efficiency and operational safety by immersing LIBs in salt solutions. However, common salt
solutions like NaCl can cause severe corrosion, leading to electrolyte leakage, reduced metal recovery, and high
wastewater treatment costs [53]. Furthermore, voltage rebound may occur after 48 h, compromising safety and
measurement accuracy [54,55]. Using flake graphite to suppress voltage recovery offers a safer and cleaner
solution [56].

2.1.2. Dismantling and Crushing

After the residual electricity in LIBs is safely discharged, further treatment such as opening the battery shell
can be performed more safely. Common methods include dismantling and crushing [57]. Dismantling usually
involves separating the modules and cells, removing the casing, detaching wires, cleaning off adhesives, and
removing binders. Most dismantling is still done manually because the wide variety of battery types and degraded
components, such as screws, make automation difficult [58—61]. Crushing is another widely used method.
Crushing can be done through dry or wet crushing. To reduce risks, dry crushing is often performed in an inert gas
environment such as nitrogen, argon, or carbon dioxide to prevent fires or toxic gas release [62—64]. Although
crushing is more efficient, it usually results in lower material purity [65,66].

2.1.3. Separation

After dismantling and crushing LIBs, additional separation steps are needed to recover valuable materials such
as plastics, metal casings, copper or aluminium foil, separators, and binders. Common physical separation methods
include sieving, electrostatic separation, gravity separation, flotation, and eddy current separation [57,67—72]. Sieving
uses particle size differences, while electrostatic and gravity methods exploit electrical conductivity and density
contrasts, respectively [73-76]. Flotation separates materials based on surface hydrophilicity, with hydrophobic
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particles attaching to bubbles and being collected [77,78]. Eddy current separation uses magnetic fields to induce
motion in conductive metals, allowing them to be sorted by trajectory [79-82]. Chemical methods focus on
removing metal foils or binders. For example, strong alkaline solutions can dissolve aluminium foil efficiently but
generate waste liquid [83]. A newer method uses water electrolysis to generate gases that help detach electrode
materials from collectors, offering a cleaner recovery option [84].

2.2. Methodologies for High-Value Materials Synthesis

2.2.1. Hydrothermal Synthesis

Hydrothermal synthesis is a chemical technique that utilizes elevated temperature and pressure within a sealed
environment to facilitate the formation of functional materials. The typical process begins with acid leaching [85-88]
or green bioleaching solution [89], enabling the release of valuable metal ions and active components from spent
lithium-ion batteries. The extracted species are then subjected to hydrothermal treatment under controlled
conditions. For instance, the synthesis of MnO, and MnO,-loaded nano-zero-valent iron composites begins by
mixing LiMn,O4 with an H,SO4 solution, followed by hydrothermal treatment at 140 °C for 24 h [90]. Moreover,
graphene oxide (GO) is commonly synthesized via a modified Hummers’ method, using waste graphite or dry cell
carbon rods recovered from spent battery anodes as carbon precursors [91-93], typically followed by hydrothermal
heating (e.g., 180 °C for 24 h) in a Teflon-lined reactor. Subsequently, the synthesized products undergo standard
post-treatment procedures such as washing with deionized water or ethanol, centrifugation, and drying, ultimately
yielding the final functional materials with desired purity and structure. In addition to spent lithium-ion batteries,
carbon powder recovered from spent dry batteries can also benefit from this synthesis methodology, enabling its
transformation into functional materials with tailored surface properties and structure [94].

2.2.2. Sol-Gel Synthesis

The sol-gel method has been widely employed for synthesizing functional materials from spent batteries.
This technique offers a sustainable and effective approach for transforming valuable elements into advanced
materials for water purification. Compared to conventional chemical synthesis methods, the sol—gel process allows
precise control over composition, surface properties, and morphology under relatively mild conditions. For sol-
gel method, metal ions such as Fe3*, Mn?", and Zn?" are first recovered from the anode and cathode materials of
spent batteries via acid leaching or alkaline dissolution, forming metal-rich precursor solutions [29,30,95,96]. These
solutions are then directly utilized in sol-gel synthesis. Chelating agents such as citric acid or ethylene glycol are
typically added to stabilize the metal species and prevent premature precipitation. Controlled hydrolysis and
condensation reactions are subsequently initiated through pH adjustment, leading to the formation of a stable gel
network. The generated gel is first dried and subsequently calcined at moderate temperatures (typically 400—-600 °C),
yielding metal oxide materials with high surface area and abundant reactive sites. Recently, several studies have
demonstrated the successful synthesis of ZnFe;0./g-C3sN4 photocatalysts [30], LaCoO3/Co304 nanocomposites [97],
and Mng 27FeO4 55 bimetallic oxides [98] via the sol-gel method using materials recovered from spent batteries for
wastewater treatment applications. These materials exhibit excellent performance in the removal of heavy metals,
dyes, and even pharmaceutical contaminants. Moreover, carbonaceous components such as graphite or carbon
black can also be incorporated into the sol—gel matrix, resulting in materials with significantly enhanced surface
area and catalytic performance [99].

2.2.3. Co-Precipitation

Co-precipitation is a widely used wet chemical method for synthesizing metal-based functional materials [100].
Co-precipitation typically involves the simultaneous precipitation of two or more metal ions from a homogeneous
solution, achieved by adjusting the pH using precipitants such as NaOH, NH4OH, or Na,COs. In the context of
spent battery recovery, valuable metal ions such as Fe**, Mn2', Co?", Ni**, and Zn?" are first extracted from the
leaching of anode and cathode materials through acid or alternative leaching methods [101-104]. The resulting
metal ion-containing solution then serves as the precursor for co-precipitation. Precipitants are gradually added to
the solution to promote uniform nucleation and minimize particle aggregation. Factors such as temperature, pH,
ion concentration, and stirring speed significantly influence the morphology, crystallinity, and surface properties
of the final material. The resulting precipitates—typically metal hydroxides or carbonates—are purified by
filtration, centrifugation, and successive washing steps. These intermediates are then converted into oxides or
mixed metal oxides by drying and calcination at temperatures typically ranging from 300 to 600 °C. Compared to
other synthesis techniques, co-precipitation is cost-effective, scalable, and environmentally friendly. These
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advantages make it particularly suitable for producing functional materials derived from battery waste, which can be
further applied in environmental remediation, including adsorption, catalysis, and advanced oxidation processes.

2.2.4. Calcination

Calcination is a widely used thermal treatment technique for synthesizing functional materials from spent
batteries, particularly for applications in wastewater treatment. This process involves heating precursor materials
to elevated temperatures, typically between 300 °C and 800 °C, under a specific atmospheric condition, usually
air or oxygen. Calcination induces thermal decomposition, phase transitions, and crystallization, while
simultaneously removing volatile components such as water, carbonates, nitrates, and organic binders. In battery
recycling, calcination can be employed either as a standalone method or as a final step following other synthesis
routes such as co-precipitation, sol-gel, or hydrothermal techniques [105,106]. After discharging, leaching (acidic
or alkaline), and mechanical separation, precursor compounds containing valuable elements like Al, Zn, Fe, Ni,
Co, or graphite can be extracted. These precursors are then subjected to calcination to yield high-purity metal oxides,
such as ZnFe,O4, CuO, and CuFe,O4, or efficient carbon-based catalysts with enhanced surface area, structural
stability, and catalytic activity [95,105,107,108]. These calcined oxides and carbon-supported materials are highly
effective in wastewater treatment due to their strong redox properties, high adsorption capacities, and stability in both
acidic and alkaline environments. For example, zinc ferrite (ZnFe,O,) has been successfully applied for the removal
of bisphenol A (BPA) [95], while a thermally treated graphite catalyst has demonstrated excellent performance in
degrading atrazine (ATZ) [109]. Furthermore, calcination parameters, including temperature, duration, and heating
rate, play a crucial role in determining the final material’s particle size, surface structure, porosity, and crystallinity,
all of which directly impact their efficiency in pollutant removal applications [110].

2.2.5. Flash Joule Heating and Other Methodologies

Flash Joule heating (FJH) is an advanced technique for upgrading iron-rich residues obtained after extensive
lithium extraction from LiFePOj batteries. In the FJH process, an electric current is directly applied to the sample,
rapidly generating extremely high temperatures [111,112]. The electricity also induces both stripping and
quenching effects. The intense heat and electric field break Fe—O bonds, resulting in the formation of zero-valent
iron species, which exhibit strong catalytic activity [113]. Recently, materials synthesized via the FJH method
have been successfully applied in the degradation of antibiotic contaminants, such as chloramphenicol (CAP),
during wastewater treatment [114].

Some researchers have investigated the utilization of waste LIB materials to synthesize catalysts through
alternative methods. Ball milling is a widely used mechanical synthesis method and operates through repeated
impact and shear forces generated by high-speed rotation without high temperature [115-118]. The ball milling
enables the physical crushing and average mixing of materials, while also promoting subsequent chemical reactions,
making it highly effective for preparing nanostructured and composite materials. However, the ball milling also might
produce uneven distribution of product size and introduce some impurities into the product [119,120]), For example,
Waste graphite from LIBs can be mixed with KMnO4 and stainless steel balls in a high-energy ball mill to produce
functional materials capable of adsorbing heavy metals such as Cu’, Pb?*, and Cd*" [121].

Ultrasonic exfoliation is a simple and highly effective physical method commonly used to strip bulk graphite,
graphite oxide, and other layered materials into graphene or GO [122—-124]. The ultrasonic exfoliation relies on
cavitation effects in liquids, which generate localized high temperatures and pressures that break the van der Waals
forces between layers, enabling physical exfoliation [125]. The ultrasonic exfoliation is easy to operate,
environmentally friendly, and does not introduce additional chemicals or contaminants. However, ultrasonic
exfoliation is energy-intensive, has relatively low yield, and is highly sensitive to factors [126,127] such as
ultrasonic duration, power, solvent type, and processing conditions. Notably, it is often combined with other
synthesis techniques [128], such as the Hummers [129] and ball milling methods [130], to produce high-
performance functional materials. For example, after hummers method treatment, the waste graphite can be
oxidized into graphite oxide and subsequently exfoliated ultrasonically to form GO, which also exhibits high
adsorption capacity for heavy metals [131].

Besides these synthetic methods (Table 1), the direct use of untreated LIB powders was also investigated. For
example, two common wastewater pollutants, ammonia nitrogen (NH4"-N) and halogenated phenolic compounds such
as 2,4,6-trichlorophenol, have been effectively removed using LIB powders derived from spent LIB materials [132].
Moreover, zinc-catalyzed glycolysis, though primarily used for PET depolymerization, has shown potential in dye
removal. The reduction capacity of zero-valent zinc (Zn°) plays a key role in converting colored PET bottles into
colorless products, indicating its possible application in the degradation or decolorization of dye pollutants [133].
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Table 1. The comparison of different synthesis methodologies for waste battery-derived materials.

Method Precursors Temperature Advantages Limitations Ref.
Hydrothegnal Leachate (metal'lons), 140-180 °C Mild COIl.dlt‘IOIlS, Time-consuming, [89,94]
synthesis waste graphite low emissions autoclave demand
Good control of
. Metal ion solutions, 400-600 °C morphology and surface, Sensitive to pH
Sol-gel synthesis chelating agents (post-calcination)  eco-friendly, low toxic and gelation [97.98]
byproducts
- - — y — -
Co-precipitation Mixed metal ion 300 6OQ C (post- Low cost, low hazard, lelted particle [100,134,135]
solutions calcination) scalable size control
. . High energy
Cucmaion DRI 080 s go0nc | St conampion, (35,10
Y i Yy v v CO2 emissions
Equipment

Flash Joule heating  Iron-rich residues >1000 °C (instant) Ultra-fast, minimal waste demanding, high [113,114]
energy burst
Particle size
irregularity,

Ball milling Waste graphite, Room temperature ~ Low cost, no solvent  mechanical wear, [119-121]
oxidants/precursors .
potential metal
debris
Ultra§oplc Graphite or layered Room temperature No chemlcgls needed, Low ylelfi, high [125-127]
exfoliation materials eco-friendly energy input

3. Applications of Spent Battery-Derived Materials for Wastewater Treatment

3.1. AOPs for Contaminant Removal

With the rapid accumulation of spent lithium-ion, alkaline, and other types of batteries, increasing attention has
been paid to the reutilization of their recovered materials as catalysts in AOPs for wastewater treatment [37,136,137].
These waste-derived catalysts, either directly reused or synthesized via physicochemical modifications, can
effectively activate common oxidants such as hydrogen peroxide (H»0), peroxymonosulfate (PMS), or
peroxydisulfate (PDS). Upon activation, these oxidants produce a series of highly reactive oxygen species (ROS),
including hydroxyl radicals (-OH), sulfate radicals (SO4 "), and singlet oxygen ('O.). These species play a critical
role in degrading a wide range of organic pollutants, including dyes, pharmaceuticals, halogenated compounds,
and endocrine-disrupting chemicals.

3.1.1. Sulfate Radical-Induced AOPs for Pollutant Removal

Sulfate radical-based advanced oxidation processes (SR-AOPs) have attracted increasing attention owing to
the favorable characteristics of SO4 ™ [138], including their relatively long half-life (3040 ps), high redox potential
(2.5-3.1 V vs. normal hydrogen electrode (NHE)), and rapid reaction kinetics with organic pollutants (rate
constants ranging from 10° to 10° M~!-s™") [139]. Highly reactive SO+~ can be effectively generated through the
activation of PMS or PDS by various approaches, including ultrasonic, ultraviolet (UV) light, thermal treatment,
catalytic activation [140,141]. Currently, a critical challenge lies in the development of cost-effective catalysts for
the activation of PDS/PMS, and spent battery-derived materials have demonstrated great potential owing to their
low cost, high catalytic activity, and environmental sustainability [137]. The characteristics of representative spent
battery-derived materials are concluded in Table 2.

The SR-AOPs materials can be categorized into several types. Catalytic activation by transition metals is the
most widely applied approach. For instance, -MnO> derived from waste LIB cathode materials was found to
effectively activate PMS, achieving 95.2% degradation of sulfadiazine (SDZ), primarily through SO4 -mediated
oxidation [85]. Another example is CM-850, a Co-rich material derived from the cathode of spent LIBs, utilizes
the redox cycling of Co*/Co** to activate PMS and achieve 94% removal of levofloxacin (LFX) within 60 min.
Notably, it also maintains high catalytic stability over four consecutive cycles [106]. Ternary metal oxide catalysts,
such as CM-650 (Ni/Co/Mn oxides), have demonstrated excellent performance in degrading iopamidol (IPM). The
enhanced activity is attributed to the synergistic interactions among multiple redox-active metal ions and efficient
PMS activation through redox pair transitions, including Co(I1I)/Co(II), Mn(IV)/Mn(I1I), Mn(III)/Mn(II), and
Ni(IT)/Ni(1I) [107].

Carbon materials derived from spent battery anodes have also shown excellent performance in PMS
activation. For example, TG-800, a carbon catalyst obtained by calcining waste graphite at 800 °C, shows rapid
degradation of ATZ, achieving 99.2% removal within six minutes. In the TG-800/PMS system, multiple reactive
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species, including SO4~, ‘OH, 'O,, and direct electron transfer, participate in the degradation process. The C=0
functional groups on the carbon surface were identified as the main active sites responsible for PMS activation [142].
These findings demonstrate the potential to transform low-value spent graphite into high-performance
environmental catalysts. In the case of photocatalysis, ZnFe;04/g-CsNs (ZFO-CN), an S-type heterojunction
material prepared from zinc—manganese batteries, achieves over 97.7% removal of BPA under visible light and
PMS activation [30]. The ZFO-CN/PMS system generates a variety of reactive species, including 'O,,
photogenerated holes (h*), SO4~, and -OH, showing strong potential for solar-assisted wastewater treatment. Even
the combination of pure ZnFe,O4 and PDS under light exhibited high degradation performance [95]. Similarly,
zinc—manganese bimetallic oxide (ZMBO), synthesized from spent alkaline zinc—-manganese batteries, activates
PMS efficiently and removes 90.0% of BPA within 120 min [143]. The Mn component contributes to PMS
activation through redox cycling, while the Zn component enhances visible-light responsiveness, further
improving catalytic performance. Lastly, synergistic and mixed activation mechanisms have emerged as promising
strategies. Such results highlight the broader potential of PMS-based systems to go beyond single-contaminant
degradation and target complex pollutant mixtures through cooperative pathways.

Table 2. Summary of representative spent battery-derived catalysts for SR-AOPs.

Catalyst Source Target Pollutant Oxidant Removal Efficiency Ref.
B-MnO2 Spent LIB cathode SDZ 1 mM PMS 95.2%in2h [85]
CM-850 Spent LIB cathode LFX 0.5 mM PMS 94% in 60 min [106]
CM-650 Spent LIBs IPM 0.2 mM PMS 100% in 20 min [107]
TG-800  Spent battery anode graphite ATZ 0.2 mM PMS 99.2% in 6 min [142]
ZFO-CN Spent Zn—Mn batteries BPA 0.5 mM PMS >97.7% under visible light in 60 min  [30]
ZMBO Spent alkaline Zn—Mn batteries BPA 1.00 mM PMS 90.0% in 120 min [143]

3.1.2. Hydroxide Radical-Induced AOPs for Pollutant Removal

In hydroxyl radical-induced advanced oxidation processes (:OH-AOPs), -OH serves as the primary reactive
species. These radicals are highly potent and non-selective oxidants, with a high standard redox potential of
approximately 2.8 V vs. NHE (pH = 0) [144]. Despite their strong oxidative capacity, ‘OH radicals possess an
extremely short lifetime, typically ranging from 107 to 107 s [145], which necessitates their in-situ generation
during pollutant degradation. The -OH can be generated in situ through various methods, including the use of
oxidants like H,O», catalytic agents such as Cu®* and carbon-based materials, and irradiation techniques like UV
light exposure [146,147]. Once generated, -OH initiates pollutant degradation through three main pathways
[145]. -OH can degrade organic pollutants through several mechanisms. One involves the abstraction of hydrogen
atoms, which generates highly reactive radical intermediates. Another pathway is the addition of -OH to aromatic
rings or carbon—carbon double bonds, which destabilizes the molecular structure of contaminants. A third route
relies on electron transfer processes that lead to the breakdown of complex organic compounds. Together, these
mechanisms enable -OH to act as a rapid and non-selective oxidant for a broad spectrum of environmental
pollutants. Representative spent battery-derived catalysts for -OH-AOPs characteristics are concluded in Table 3.

Table 3. Summary of representative spent battery-derived catalysts for -OH-AOPs.

Catalyst Source Target Pollutant Oxidant Removal Efficiency Ref.
° -
CuFe;0s Spent LIBs MB 0.3 M H202 96.1% MB degradation 1,
in 45 min
5 -
CoFe:04 Spent LIBs MB 3% (wv) H20, 8.0mL 5770 MB degradation .
in 45 min
. . Pb%*: 43.203 mg/g, 100%
2+ 9
FPOH Spent LiFePOs batteries Pb**, MB 5 mL H202 MB degradation in 12 h [88]
o -
MnOy/Fe® Spent LIBs SDZ 6 mM H202 98.6% SDZ degradation o,
in 60 min
5 -
SULM Spent LiFePOx batteries RhB 4mM H:0» 99.8% RhB degradation ¢,
in 30 min
0, -
ZVIEG Spent LIBs 4-CP 2.2 mM H:0, 97% 4-CP removal [148]
in 60 min
. . Ozone flow rate: 100 o .
Modified graphlte Spent LIBs Oxalic acid mL/min, ozone 93% OX.ahC .ac:ld [149]
from LIBs residues . degradation in 1 h
concentration: 30 mg/L
. 84% BTB removal
CDs Spent dry batteries BTB 2 mL H202 in 180 min [94]
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Iron-based Fenton catalysts can be synthesized using spent lithium-ion batteries. For instance, cobalt and
copper recovered from these batteries have been used to prepare cobalt ferrite (CoFe,O4) and copper ferrite
(CuFey0y4) catalysts, exhibiting high MB degradation efficiencies (87.7% and 96.1% respectively) under photo-
Fenton conditions, with low metal leaching and good reusability [101,102]. Similarly, the ferric phosphate hydroxy
complex (FPOH), extracted from the cathode material of spent LiFePOy4 batteries, exhibits effective performance
in both heavy metal adsorption and organic dye degradation [88]. It achieves a maximum Pb?* adsorption capacity
0f43.203 mg/g and can degrade methylene blue (MB) within 12 h completely. A MnO/Fe® composite synthesized
from recovered manganese achieves approximately 98.6% degradation of SDZ. This high efficiency is attributed
to the presence of nano zero-valent iron , which provides abundant active sites and shows a synergistic effect with
MnO; and light irradiation [90]. A sea urchin-like LiFePOs-derived material (SULM), combined with
hydroxylamine and H,O,, significantly enhances the generation of ‘OH and 'O, leading to effective organic
pollutant removal [87]. Zero-valent iron supported on graphite (ZVI/EG) also demonstrates strong catalytic
activity toward 4-chlorophenol (4-CP) removal (up to 97%) by facilitating redox cycling of interfacial Fe(III)/Fe(II)
and solution-phase Fe species, with sustained performance over multiple cycles [148]. Additionally, a
Bi;WOg/boron-doped reduced graphene oxide (BWO/BR) nanocomposite, formed by integrating spent LIB-
derived boron-doped reduced graphene oxide (BRGO) with Bi;WOs (BWO), exhibits a narrower band gap
(reduced from 2.73 eV to 2.22 eV), which enhances light absorption and charge separation efficiency. Under
visible light and natural sunlight, the BWO/BR system achieves high degradation efficiencies for antibiotics such
as tetracycline hydrochloride (TCH, 93%) and ciprofloxacin (CIP, 97.5%). The degradation mechanism primarily
involves the generation of ROS, including -OH, superoxide radicals (-O,"), and h*, with a synergistic effect among
them. Moreover, BWO/BR significantly reduces the antimicrobial activity of the treated water, mitigating potential
environmental toxicity risks [93]. In addition, modified graphite (A350-2) derived from LIBs acid-leaching residues
effectively catalyzes the ozonation of oxalic acid about 95% within 1 h, where pyridinic nitrogen and surface defects
were identified as key active sites for -OH generation (Figure 3) [149]. From spent dry batteries, ZnMn,O4
nanoparticles degraded 92% of MB under visible light, primarily through ‘O, and h* pathways [150]. Furthermore,
carbon dots (CDs) synthesized from battery waste achieved 84% degradation of bromothymol blue (BTB) dye under
sunlight in the presence of H,O,, while also exhibiting selective heavy metal detection capability [151].

3.1.3. Singlet Oxygen-Induced AOPs for Pollutant Removal

'0,, a non-radical reactive oxygen species, typically exhibits a relatively longer lifetime of around 24 ps, a
lower redox potential (0.81 V vs. NHE), and a higher concentration in water (107'4-10"!! mol/L) compared to -OH
or SO4 ™ [152,153]. Unlike -OH and SO4~ highly reactive free radicals, 'O, reacts selectively with electron-rich
functional groups such as amines, phenols, and sulfur-containing compounds. Owing to this selective reactivity,
10, plays a critical role in the targeted degradation of specific organic pollutants, making it valuable for AOPs in
complex environmental matrices [154]. Table 4 summarizes the characteristics of spent battery-derived catalysts
for '0,-AOPs.

Transition metal oxides derived from battery cathodes can activate PMS through both radical and non-radical
pathways, with 'O, often serving as the dominant reactive species. For example, MnCO; synthesized from spent
zinc—manganese batteries demonstrates outstanding degradation performance for oxytetracycline hydrochloride
(OTC-HCI), achieving 91.3% removal efficiency and 63.6% TOC reduction within just 10 min [155]. Quenching
tests and electron paramagnetic resonance (EPR) analysis confirmed 'O, as the principal oxidant. Additionally,
NCM-650 (LiNigsC002Mng30;), also derived from spent LIB cathode scraps, achieves complete removal of
Rhodamine B (RhB) within 25 min via PMS activation [156]. In the NCM-650/PMS system, although various
reactive species (e.g., SO47, -OH, -O,") play auxiliary roles, density functional theory (DFT) calculations and
HPLC-MS analysis highlight the dominance of the non-radical 'O, pathway in the degradation mechanism. By
recovering cobalt from spent LIBs using EDTA-2Na and NaNOs, a Co-NC metal-carbon composite was
synthesized with an ultrahigh specific surface area (>3700 m?/g) [157]. In the Co-NC/PMS system, 'O, was
identified as the sole reactive oxygen species, confirmed by quenching experiments and EPR. DFT simulations
revealed the formation mechanism of 'O, through a sequential pathway: PMS — *OH — *O — 'O,. Waste graphite
was successfully upgraded via ammonia treatment to form defect-rich, nitrogen-doped graphene (SNGO-2) [91].
This material exhibits excellent catalytic activity, achieving 100% degradation of RhB within 10 min across
various water matrices. EPR and scavenger assays confirmed 'O, as the main ROS, and the synergistic effect of
nitrogen doping and structural defects enhance the degradation of RhB. N-doped carbon materials, obtained by
calcining battery graphite, also demonstrates efficient PMS activation under a broad pH range. In these systems,
C=0 groups and graphite-N sites were responsible for 'O, generation and the subsequent removal of RhB. In
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another study, a LIB/PMS system simultaneously achieved nearly 100% removal of trichlorophenol (TCP) and
oxidation of coexisting ammonium (NH4") [132]. The dechlorination reaction of TCP is mainly driven by 'O and
the oxidation of NH4* to N, was primarily driven by CIO-, illustrating the versatility of 'O,-based processes for
handling complex or mixed contaminant systems.
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Figure 3. (a) Synthesis process of the modified graphite material. (b) Oxalic acid removal using the A-1 catalyst
and (c) the A-2 catalyst. Identification of the dominant reactive oxygen species (-OH) through (d) quenching
experiments and (e) mass spectrometry [149].

Table 4. Summary of representative spent battery-derived catalysts for !02-AOPs.

Catalyst Source Target Pollutant Oxidant Removal Efficiency Ref.
. . 91.3% OTC-HCI degradation, 63.6%

MnCO; Alkaline Zn-MnO; dry batteries OTC-HCl1 0.4 g/L PMS TOC removal in 10 min [155]

NCM-650 Spent LIBs RhB 1 mM PMS Complete RhB degradation in 25 min  [156]

Co-NC Spent LIB cathodes BPA 0.1 g/L PMS 100% BPA degradation in 10 min [157]

SNGO-2 Spent graphite from spent LIBs RhB 0.3 g/L PMS 100% RhB degradation in 10 min [91]

100% TCP degradation rate, 93.7% NH,4"

LIB material Spent LIBs TCP 4.5 mM PMS N removal rate in 60 min

[132]
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3.2. Pollutant Adsorption

To promote the sustainable recycling of spent batteries, increasing research efforts have been devoted to
converting battery waste into high-performance adsorbents for environmental remediation, particularly in the field
of wastewater treatment [25,38]. Due to the complexity and diversity of battery components, including anode
materials, cathode materials, separators, and electrolytes, various valuable elements can be recovered and utilized
to synthesize functional adsorbents [158]. Such materials exhibit unique physical and chemical properties, such as
high surface area, abundant functional groups, tunable porosity, and redox activity, enabling effective interactions
with a wide range of water pollutants, including heavy metals, dyes, and antibiotics, etc. A summary of the key
characteristics of representative spent battery-derived adsorbents is presented in Table 5.

Porous carbon-based materials, such as nitrogen/oxygen-doped graphene aerogels [159] and urea-assisted
pyrolytic carbon (Figure 4) [160], are typically developed from waste graphite anodes or polymeric separators.
These materials possess a high specific surface area, well-developed porosity, and abundant surface functional
groups, which enable strong interactions with pollutants through mechanisms such as n—= stacking, pore filling,
hydrogen bonding, and electrostatic attraction. They have demonstrated excellent removal capabilities for heavy
metals and organic contaminants, with maximum adsorption capacities of up to 152.70 mg/g for Pb>* and 330.77
mg/g for MB, respectively.
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Figure 4. (a) The MB adsorption performance of urea-assisted pyrolytic carbon, along with its corresponding
adsorption curve. (b) MB adsorption capacity and removal efficiency of PEK, PPK, and PEPPK across five
consecutive cycles [160].
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Table 5. Summary of representative spent battery-derived adsorbents for pollutant removal.

Adsorbent Source Target Pollutant A;d)s(:)s;bgint Adsorption Capacity Ref.
Graphene aerogel  Spent graphite from Spent LIBs Pb?* 50 mg/L 152.7 mg/g [159]
Urea-gss1sted Waste zinc-carbon batteries MB - 330.77 mg/g [160]
pyrolytic carbon
Hydroxyl-
functionalized Waste zinc-carbon batteries Amoxicillin 1g/L 36 mg/g [161]
graphene

Graphite oxide Spent graphite MG - 616.99 mg/g [131]
GO Spent graphite Ni* - 93.19 mg/g [131]
AMO@GO Spent graphite from Spent LIBs Pb>* - 353.13 mg/g [121]
y-MnO> Recycled LiMnzO4 Co? - 0.44 meq/g [162]
AG@MnO: Modified gripll}‘a‘;e from spent Cd? 0.1 gL 135.81 mg/g [163]
MnO2-AG Modified graLpI}]‘;f fromspent  pioe ot Agt 02 gL ; [164]

44.28, 39.54, 25.63

2+ 2+ 2+ 2+ _ 5 5 >
SLFP Spent LIBs Cu*’, Pb*", Cd*", Zn 2734 mglg [165]

32.51,31.83,26.24

2+ 2+ 2+ 2+ _ 5 5 5
SLMO Spent LIBs Cu*', Pb**, Cd**, Zn 2525 mge [165]
AlFePO-Li Spent LiFePOg batteries Pb** - 723.8 mg/g [31]

. . . 71.23, 80.31
2+ 2+ 2+ _ P >

Mm@SiO2 Spent LiFePOu4 batteries Cu*', Cd*"Mn 68.73 mg/e [166]
Al-based adsorbent Spent LIBs Li - 7.44 mg/g [167]

Graphitic oxide-based materials, including graphite oxide and GO [131], and hydroxyl-functionalized
graphene [161], are also derived from waste graphite. These materials feature multilayered lamellar structures and
abundant surface oxygen-containing functional groups, which provide active sites for electrostatic attraction and
surface complexation. As a result, they are effective in capturing heavy metals, antibiotics, and other organic
pollutants from aqueous environments. For instance, graphite oxide exhibits an exceptional adsorption capacity of
over 600 mg/g for malachite green (MG) and GO shows excellent adsorption capacity of about 93.19 mg/g for Ni*'.

Metal oxides and mixed materials represent the dominant class of adsorbents derived from spent batteries,
particularly those based on manganese dioxide (MnQ,) or its composites with carbon matrices. Amorphous MnO,-
loaded GO (AMO@GO), synthesized from spent LiMn,O4 [121], and y-MnO> [162] both exhibit high redox
activity and ion-exchange capacity, enabling efficient removal of heavy metals such as cobalt, lead, and cadmium.
It is worth mentioning that the good adsorption ability of AMO@GO is due to its stable carbon-manganese
composite structure with rich oxygen-containing functional groups, whereas that of y-MnO, depends on an ion
exchange reaction mechanism. Additionally, MnO,-modified graphite materials, such as MnO,-coated amorphous
carbon (AG@MnOy) (Figure 5a) [163] and MnO»-modified artificial graphite (MnO>—AG) (Figure 5b) [164],
significantly enhance Cd*" adsorption via electrostatic attraction and hydroxyl group—mediated ion exchange.
Beyond these composites, direct reuse of cathode powders, such as spent lithium iron phosphate (SLFP) and
lithium manganate (SLMO), further supports the ‘“waste-to-treat-waste” strategy [165]. These materials
demonstrate chemical adsorption capacities exceeding 40 mg/g for Cu?* and Pb?", making them cost-effective and
environmentally friendly alternatives for heavy metal remediation. Zeolite-type adsorbents are represented by
AlFePO-Li, which features a three-dimensional microporous structure and excellent ion-exchange capacity [31].
This material is synthesized from waste LiFePO4 and demonstrates an outstanding adsorption capacity for Pb*",
reaching as high as 723.8 mg/g. The superior performance is attributed to the interaction between protonated amine
groups and suspended phosphate sites within the zeolite framework. Magnetic and core—shell composite materials,
such as tetraethyl orthosilicate (TEOS) coated Mm (Mm@SiO,), combine functional surface chemistry with
magnetic separability, offering practical advantages for reuse and regeneration [166]. These materials have shown
strong removal performance for heavy metals like Cd?>" and Cu?*, with adsorption capacities around 80 mg/g.
Finally, aluminium-based selective adsorbents, synthesized via co-precipitation of Li* and AI** from spent battery
electrolytes, demonstrate high selectivity toward lithium ions even in the presence of competing cations such as
Mg?" and Na™ [167]. These materials also exhibit excellent recyclability, retaining over 96% of their original
adsorption capacity after multiple adsorption—desorption cycles.
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Figure 5. Spent batteries-derived MnOz-modified graphite materials for pollutant adsorption (a) Synthesis process
of AG@MnO: and the effect of ball milling time and rotation speed on its adsorption capacity [163]. (b)
Construction of MnO2-AG and comparison of Pb(Il), Cd(II), and Ag(I) removal efficiencies between AG and

MnO>-AG [164].

4. Conclusions and Perspective

In conclusion, spent batteries, once considered hazardous waste, are now recognized as valuable resources
for manufacturing high-performance functional materials. Various battery components (including electrode
materials, electrolytes, and current collectors) have been successfully converted into catalysts and adsorbents that
demonstrate significant effectiveness in wastewater treatment. Looking to the future, several research aspects
remain important. Firstly, more systematic methodologies are required to clarify the relationship between the
structure of spent battery-derived materials and their catalytic activity, particularly focusing on the roles of defects,
dopants, and heterojunctions in enhancing pollutant degradation. Secondly, scalable, low-energy-consumption,
and environmentally friendly synthesis methods should be prioritized to ensure practical feasibility. Finally, real-
world applications under complex water matrices and long-term stability assessments are essential to bridge the
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gap between laboratory-scale experiments and field-scale deployments. Overall, waste battery-derived functional
materials hold great promise to drive the advancement of sustainable wastewater treatment technologies.
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