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Abstract: The increasing number of spent lithium-ion batteries has raised growing concerns regarding resource supply and envi-
ronmental  impacts,  making the  efficient  recycling of  high-value  cathode materials  an  important  issue in  battery  research.  This
review  examines  the  relationship  between  material  degradation  and  recycling  strategy,  highlighting  that  the  recycling  route
should be selected according to the actual failure features of the cathode. Major degradation modes, including lithium loss, sur-
face/interface deterioration, transition-metal dissolution, structural disorder, and phase reconstruction, are first summarized, fol-
lowed by discussion of their effects on different recycling approaches. On the basis of these analyses, a mechanism-guided frame-
work for strategy selection is proposed. The review also briefly discusses the possible role of artificial intelligence and digital twin
technologies in improving failure diagnosis, process design, and recycling optimization, with the aim of promoting efficient and
sustainable closed-loop recycling of spent cathodes.
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 1.  Introduction

The  global  energy  transition  has  promoted  the  unprece-
dented  deployment  of  lithium-ion  batteries  (LIBs).  According
to the sustainability scenarios described in the Shared Socioeco-
nomic  Pathways  (SSP1),  the  demand  for  LIBs  is  expected  to
reach 10,000 GWh in 2040[1,2]. However, such large-scale deploy-
ment  will  inevitably  lead  to  a  sharp  increase  in  decommis-
sioned batteries. For electric vehicle LIBs alone, up to 8 million
tons of waste are estimated to be generated by 2040[3]. Under
China's  carbon neutrality  (CN60)  goal,  46 million tons (46 Mt)
of spent LIBs are projected by 2060[4], posing serious resource
and environmental challenges (Figure 1a). Among battery com-
ponents, the cathode materials act as the main carriers of cost
and value[5], containing high amounts of critical metals. Mean-
while,  in  response  to  the  demand  for  high  capacity,  layered
oxide  cathode  materials  have  become  the  dominant  compo-
nent[6] (Figure  1b).  Therefore,  the  efficient  recycling of  spent
cathode materials is not only necessary for environmental pro-
tection  and  sustainable  development,  but  also  important  for
easing the supply  pressure of  strategic  metal  resources  (such

as  lithium,  cobalt,  nickel,  and  manganese)[7,8].  Their  effective
recycling is  therefore highly important for achieving resource
circulation and improving economic value. Furthermore, predic-
tions based on the lithium cycle computable general  equilib-
rium  (LCCGE)  model  indicate  that  by  2060,  consumption-ori-
ented  recycling  will  reduce  the  global  emission  intensity  by
16.30%[9] (Figure 1c).

Ideal recycling protocols for cathode materials aim to maxi-
mize the recovery and circular use of valuable materials while
reducing energy consumption and environmental impacts. At
present,  the  main  recycling  technologies  can  be  divided  into
five  types:  pyrometallurgical,  hydrometallurgical,  direct  recy-
cling/upcycling  and  emerging  strategy[10–12].  These  methods
show clear significant carbon- reduction advantages, decreas-
ing greenhouse gas  emissions across  the full  battery  lifecycle
by about 17%, 51%, and 61%[13],  respectively,  and thus effec-
tively  reducing  the  carbon  footprint  of  the  whole  supply
chain.

Although recycling technologies have made considerable
progress,  current  recycling  strategies  still  often  depend  on
rough  sorting  and  processing  approaches[14,15].  As  a  conse-
quence,  this  not  only  affects  the  efficient  recovery  of  high-
value materials but also restricts the technical and economic fea-
sibility of a closed-loop material system. Therefore, increasing
attention has been given to the accurate identification and tar-
geted  matching  of  recycling  methods  for  cathode  materials
under real  failure conditions[6,16,17].  While several  recent high-
quality  reviews  have  provided  valuable  insights  into  lithium-
ion  battery  recycling,  they  predominantly  focus  on  general
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material  degradation  phenomena,  technological  progress,
and sustainability analyses. For example, previous works have
systematically  discussed  failure  mechanisms  across  different
scales[6], detailed mainstream recycling technologies and their
environmental  impacts[11,14],  and  comprehensively  evaluated
the cascading utilization of retired batteries[16]. However, com-
prehensive discussions explicitly linking specific cathode degra-
dation  states  with  the  most  suitable  recycling  strategies
remain  remarkably  scarce.  To  fill  this  critical  gap,  this  review
introduces  a  novel “mechanism-to-strategy  matching” frame-
work.

In this review, the focus is placed on the “matching of mate-
rial failure mechanisms and recycling strategies.” First, the typi-
cal  failure  mechanisms  of  lithium-ion  batteries  are  systemati-
cally examined, particularly for cathode materials, including lay-
ered  oxides  (such  as  NCM  and  LCO),  olivine-type  materials
(lithium  iron  phosphate),  and  spinel-type  materials  (lithium
manganese  oxide).  Subsequently,  a  comprehensive  overview
is  provided  of  the  current  major  battery  recycling  strategies,
together with their basic principles, advantages, and disadvan-
tages. On this basis, how the specific failure states of cathode
materials  can be considered together  with the characteristics
of  different  recycling strategies  to  realize  optimized selection
and targeted matching of strategies is further discussed. Next,
the compatibility between cathode materials with different fail-
ure  characteristics  and  various  recycling  schemes  is  analyzed
through case studies. Finally, with attention to future technolog-
ical frontiers, the application of advanced multimodal artificial
intelligence in battery recycling is discussed, and how artificial
intelligence  and  digital  twin  technology  may  support  intelli-
gent diagnosis of failure states, precise design of recycling pro-
cesses, and dynamic optimization is proposed, ultimately pro-
moting  the  establishment  of  a  closed-loop  system  for “non-

destructive/micro-destructive failure analysis - intelligent deci-
sion-making - precise recycling.”

 2.  Material degradation mechanisms

The  degradation  of  lithium-ion  batteries  (LIBs)  is  a  com-
plex and irreversible process driven by coupled electrochemi-
cal,  thermal,  and  mechanical  stresses,  resulting  in  perfor-
mance decay from atomic to macroscopic scales[17–19].  Under-
standing these failure mechanisms is essential for developing
efficient, precise, and green recycling strategies[6,10,16]. As illus-
trated in Figure 2a, multiple of physical and chemical mecha-
nisms  jointly  contribute  to  cell  failure,  affecting  all  compo-
nents, including electrodes, electrolyte, separator, and current
collectors. Common degradation mechanisms can be systemati-
cally classified into structural degradation (e.g.,  particle crack-
ing,  irreversible  phase  transitions),  chemical/compositional
degradation  (e.g.,  transition  metal  (TM)  dissolution,  oxygen
release,  and  lithium  inventory  loss),  and  interfacial  degrada-
tion  (e.g.,  CEI  (cathode  electrolyte  interface)  thickening,  elec-
trode/electrolyte  side  reactions)[19].  The  diversity,  interdepen-
dence,  and  different  evolution  rates  of  these  mechanisms
make  degradation  modeling  highly  challenging.  Therefore,  a
detailed  understanding  of  LIB  degradation  mechanisms  is
important  for  enabling  safe  and  efficient  recovery  and  selec-
tive resource reclamation.

The  degradation  behavior  of  LIBs  is  closely  associated
with the properties of cathode material. Figure 2b shows typi-
cal intercalation-type cathode materials widely used in commer-
cial power batteries, together with their crystal structures. Cur-
rently,  the  main  cathode  materials  include:  layered  metal
oxides  (e.g.,  LiCoO2-LCO,  LiNixCoyMn1-x-yO2-NCM,  lithium-rich
manganese-based layered oxides-LMR)[20–24], olivine-type mate-
rials  (LiFePO4-LFP)[25–27],  and  spinel-type  materials  (LiMn2O4-

 

Fig.  1. Market  and  environmental  landscape  of  LIBs.  (a)  Electric  vehicle  (EV)  adoption  trends  from  2010  to  2060  and  overall  LIBs  scrappages;
reprinted from Ref.[4].  (b)  Market  shares of  five typical  commercial  cathodes in 2016 and 2025;  reprinted from Ref.[6].  (c)  The rate of  change in
global greenhouse gas emission intensity during the period from 2030 to 2060; reprinted from Ref.[9].

Environmental Chemistry and Safety   doi: 10.26599/ECS.2026.9600053

(2 of 18) Environmental Chemistry and Safety 2026, 2: 9600053
 



LMO)[28–30].  Throughout  their  lifecycle,  these  cathode  materi-
als undergo complex and structurally dependent failure mecha-
nisms[19]. For layered oxide cathodes, the degradation is domi-
nated  by  severe  structural  degradation —specifically,
anisotropic  lattice  expansion and contraction (i.e.,  a-axis  con-
traction  and  c-axis  expansion)  during  cycling,  which  induces
severe microcracking between primary particles. Concurrently,
they  suffer  from  profound  interfacial  degradation,  where
highly  oxidative  species  (e.g.,  Ni4+)  catalyze  continuous  elec-
trolyte  decomposition,  forming  a  thick  and  resistive  cathode
electrolyte  interphase  (CEI)[31,32].  In  contrast,  for  olivine-type
LFP cathodes, the dominant failure mode is chemical/composi-
tional degradation, which predominantly manifests as an irre-
versible loss of active lithium inventory rather than bulk struc-
tural collapse[33]. Finally, for spinel-type LMO cathodes, the pri-

mary  mechanism  involves  severe  chemical/compositional
degradation closely coupled with structural distortion, primar-
ily  driven  by  manganese  dissolution  initiated  by  the  Jahn-
Teller effect[34].

As shown in Figures 2c-i, the degradation of cathode mate-
rials occurs through several atomic- and particle-scale mecha-
nisms. Various theories have been proposed to explain the fail-
ure  mechanisms  of  cathode  materials  caused  by  oxygen
release[35–39].  Using computational tools such as density func-
tional  theory  (DFT)  and  dynamical  mean  field  theory  (DMFT),
Morris et al.[40] successfully captured singlet oxygen formation
on the cathode surface and analyzed the spontaneous release
of oxygen (O2) from the (012) surface of delithiated nickel-rich
cathode materials (Figure 2c). LMR layered cathode materials,
such  as  Li1.2Ni0.13Mn0.54Co0.13O2,  have  received  considerable

 

Fig. 2. Degradation mechanisms. (a) Schematic illustration of the degradation mechanisms of LIBs, such as cathode phase transitions, transition
metal dissolution, and particle cracking. (b) Schematic diagram of the crystal structures of three typical oxide cathode materials (layered, olivine,
and spinel); adapted from Ref.[28]. (c) Mechanistic analysis of the observed route of O2 evolution and the formation of [1]O2; adapted from Ref.[40].
(d)  Schematic  illustrating  how  lattice  strain  fundamentally  lowers  the  formation  energy  of  oxygen  vacancies,  thereby  accelerating  oxygen
release; adapted from Ref.[41]. (e) Illustration of lattice distortion (expanding, twisting, bending) leading to severe macroscopic particle degrada-
tion; adapted from Ref.[47]. (f) TEM images of SC-NMC after 100 cycles, showing intragranular cracks; adapted from Ref.[49]. (g) ADF-STEM image of
a  delithiated  NMC-811  cathode  showing  the  formation  of  continuous  (C-type)  and  abrupt  (A-type)  O1–O3  interfaces  as  well  as  TDs;  adapted
from Ref.[50]. (h) Schematic of lithium inventory loss, in which the porous irreversible Li layer the containing residual active Li0 is composed of SEI-
encapsulated  inactive  Li0;  adapted  from  Ref.[53].  (i)  Mn3+ octahedrons  in  normal  LMO  distort  along  the z axis  and  generate  large  structure
changes because of the cooperative Jahn–Teller effect; adapted from Ref.[34].
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attention  owing  to  their  high  energy  density.  Amine  et  al.[41]

demonstrated that the evolution of lattice strain leads to struc-
tural  degradation  and  oxygen  loss,  thereby  inducing  voltage
decay  (Figure  2d).  During  charge  and  discharge  processes,
lithium  (de)intercalation  in  layered  oxide  cathode  materials
causes anisotropic lattice strain, leading to intragranular crack
formation and particle fracture[42] (Figure 2e and 2f). This degra-
dation  becomes  more  serious  under  high-voltage
conditions[43–46].  Lu et al.[47] introduced a coherent perovskite
phase  that  acts  as “rivets,” thereby  stabilizing  the  structure.
Amine  et  al.[48,49] systematically  investigated  the  relationship
between stress evolution and failure mechanisms in both sin-
gle-crystal and polycrystalline layered nickel-rich cathode mate-
rials. As illustrated in Figure 2g, Xin et al.[50], using artificial intel-
ligence-enhanced  super-resolution  electron  microscopy,
found that the coupling between confinement and phase transi-
tions induced by interlayer  shear  aggravates the degradation
and  failure  of  layered  cathodes.  During  delithiation,  a  com-
plex O1-O3 mixed phase forms on the surface of cathode parti-
cles (NMC811). Furthermore, Lu et al[47]. tracked the H1-M-H2-
H3 phase transition in P-NCM by combining in-operando syn-
chrotron XRD with ex-situ high-resolution XRD, revealing that
this  phase  transition  is  accompanied  by  significant  lattice
strain.  Distinguishing  reversible  lithium  from  irreversible
lithium  is  essential  for  assessing  the  reversibility  of  lithium
metal  batteries[51,52].  Liu  et  al.[53] quantitatively  evaluated
reversibility  in  practical  lithium  metal  batteries  by  determin-
ing the mass  of  active  and inactive  lithium after  cycling (Fig-
ure 2h).  In LMO cathode particles,  Jahn-Teller distortion (Fig-
ure  2i)  promotes  manganese  dissolution[34,54,55] and  irre-
versible  phase  transformation  (from  cubic  to  tetragonal
phase)[56–58]. Based on an in-depth analysis of the failure mecha-
nisms  of  cathode  materials,  targeted  recycling  strategies  can
be designed for spent materials with specific aging characteris-
tics.

 3.  Recycling strategies for spent cathodes

Taking a typical pouch cell as an example (Figure 3a), the

basic structure of a LIB mainly consists of metal casing compo-
nents,  electrode active materials,  a  separator,  and electrolyte,
all  of  which  have  recyclable  value  and  require  disassembly
before recycling[59–61]. The casing components include the tab,
laminated  film,  current  collectors  (copper  foil  for  the  anode
and  aluminum  foil  for  the  cathode),  and  the  battery  can[62].
Regarding electrode active materials, the cathode mainly con-
sists  of  lithium-containing  transition  metal  oxides  with  high
recycling value, such as LCO, NCM[63,64],  LMO, or LFP[25,28,62,65].
The anode is  generally  composed of  graphite[66–68] or  lithium
metal[69–71].  The  separator  is  a  porous  polymer  membrane
(e.g.,  polyethylene,  polypropylene)  positioned  between  the
cathode and anode[72,73]. The electrolyte is prepared by dissolv-
ing  a  lithium  salt[74,75] (e.g.,  lithium  hexafluorophosphate,
LiPF6)  in  organic  solvents  (e.g.,  a  mixture  of  ethylene carbon-
ate and dimethyl carbonate), serving as the medium for ion con-
duction[76,77].  Therefore,  the  central  objective  of  the  recycling
process is to safely, efficiently, and economically separate and
regenerate  high-value  materials  from  these  complex  compo-
nents.

At present,  according to the treatment methods used for
spent  battery  materials  and  the  corresponding  target  prod-
ucts,  recycling  technologies  are  mainly  classified  into  five
major categories: pyrometallurgy, hydrometallurgy, direct recy-
cling,  upcycling  and  non-destructive  direct  regeneration.  A
detailed comparison of different recycling strategies is shown
in Table  1.  As  shown  in Figure  3b,  pyrometallurgical  recy-
cling  is  a  high-temperature  treatment  process  usually  carried
out at temperatures above 1000°C[78,79].  This method involves
feeding  spent  batteries  into  high-temperature  furnaces  such
as electric arc furnaces or rotary kilns for smelting, commonly
in the presence of reducing agents such as coke. During this pro-
cess, organic components such as electrolytes, binders, and sep-
arators  are  thermally  decomposed  and  combusted,  while
metal oxides are reduced. This finally produces a molten alloy
mainly  composed  of  cobalt,  nickel,  copper,  etc.,  and  slag
enriched  with  elements  such  as  lithium,  aluminum,  man-
ganese, and phosphorus[80,81]. The alloy can be further refined

 

Fig. 3. Recycling schemes. (a) Components and structure of a pouch cell. (b-e) Different recycling strategies: (b) pyrometallurgy, (c) hydrometal-
lurgy, (d) direct recycling /upcycling, and (e) non-destructive direct regeneration.
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and  purified.  This  technology  has  advantages  such  as  a  rela-
tively simple process flow and low requirements for feedstock
pretreatment;  it  can  directly  process  whole  batteries  without
prior discharging and dismantling. However, it also has limita-
tions, including high energy consumption and the production
of  hazardous  exhaust  gases,  requiring  complicated  exhaust
gas treatment systems[82,83].

As illustrated in Figure 3c, hydrometallurgical recycling is
a  solution-based  chemical  processing  method  performed
under  mild  conditions,  generally  below  200°C[78,84].  This
method  starts  with  leaching  the  preprocessed  cathode  black
mass using acids (e.g., sulfuric acid, hydrochloric acid) or alka-
line  solutions,  thereby  dissolving  valuable  metals  into  ionic
forms  to  produce  a  leachate  containing  metal  chlorides,
nitrates,  sulfates,  or  phosphates[85–87].  Subsequently,  through
a  series  of  chemical  separation  steps  such  as  solvent  extrac-
tion[88,89],  precipitation,  crystallization,  and
electrodeposition[90–92],  target  metal  ions  such  as  nickel,
cobalt,  manganese,  and lithium are separately  recovered and
purified from the complex leachate. Finally,  high-purity metal
salts or precursors are obtained, which can be directly used to
resynthesize cathode materials. The advantages of hydrometal-
lurgy  include  relatively  high  metal  recovery  rates,  especially
for  lithium,  and  high  product  purity,  making  it  a  mainstream
technology  in  both  current  research  and  industrial  applica-
tions.  However,  this  method  also  has  disadvantages,  includ-
ing  long  processing  steps,  high  consumption  of  chemical
reagents,  and  the  generation  of  large  amounts  of  waste
leachate and residues that require further treatment[93–95].

The core of direct recycling and upcycling lies in repairing
the  structural  defects  of  degraded  cathode  materials  (Figure
3d), rather than breaking them down into their constituent ele-
ments or simple compounds. This technology directly restores
the stoichiometry, crystal structure, and electrochemical perfor-
mance  of  preliminarily  separated  and  purified  spent  cathode
materials  through  a  series  of  post-treatments  such  as  solid-
state  sintering[96,97],  hydrothermal  methods[98,99],  eutectic  salt
methods[100],  or  electrochemical  methods[10,101].  At  the  same
time,  stabilizing  the  lattice  structure  of  the  recovered  cath-

odes remains critical for direct recycling strategies to yield mate-
rials with prolonged operational lifespans[102,103]. Furthermore,
the non-destructive direct regeneration shown in Figure 3e rep-
resents  a  more “in situ” repair  strategy.  It  aims to recover the
performance  of  degraded  batteries  without  damaging  their
original device structure. This method is a highly promising sus-
tainable route, as it avoids the need for complex disassembly,
separation, and remanufacturing steps[10]. However, this tech-
nology  is  still  at  the  laboratory  exploration  stage.  It  places
extremely  high  requirements  on  the  understanding  of  mate-
rial  failure  mechanisms,  and  the  stability  of  its  repair  efficacy
effect  as  well  as  the  general  applicability  of  the  process  still
need further validation.

 4.  Selection of recycling strategies

As illustrated in the flowchart of Figure 4, this review pro-
vides  a  comprehensive  framework  for  the  systematic  evalua-
tion and selection of recycling strategies for spent lithium-ion
batteries.  With  the  failure  state  of  cathode  materials  used  as
the core criterion,  this  framework aims to guide the selection
of the most efficient and cost-effective recycling pathway. The
main  process  begins  with  spent  lithium-ion  batteries,  which
first undergo a standardized pretreatment stage. This pretreat-
ment usually includes the following steps: electrochemical per-
formance evaluation (to preliminarily assess the overall health
status and remaining value of the battery)[110,111], safe discharg-
ing (to remove residual charge and ensure the safety of subse-
quent operations)[112–114], and disassembly and sorting (where
battery components such as the casing, electrodes, and separa-
tor are dismantled, with fine sorting specifically applied to cath-
ode materials  of  different chemical  compositions)[115,116].  Cru-
cially,  during  these  dismantling  and  pretreatment  steps,  vari-
ous impurity elements are inevitably introduced into the recy-
cling  stream.  These  impurities  are  conventionally  considered
detrimental; if not effectively removed during direct recycling,
they  will  continuously  accumulate  over  multiple  recycling
cycles, thereby severely impairing the electrochemical perfor-
mance of the regenerated materials[117]. However, some impuri-
ties, such as Al3+, Cu2+, and F−, can actually enhance the perfor-

 

Table 1.   Systematic comparison of different recycling strategies[16,79,104–109]

Indicator Pyrometallurgy Hydrometallurgy Direct recycling Upcycling
Non-destructive direct

regeneration

Metal recovery rates

Co, Ni: >95% (to
alloy); Li: <10% (to

slag); Mn: 30–50% (to
slag)

Li: 85–95%; Co, Ni:
90–98%; Mn: 85–95%
(all as battery-grade

salts)

Li: 90–98%
(supplemented); Co,

Ni, Mn: >97%
(retained in
structure)

Li: 85–95%; TM: >95%
(reincorporated into
upgraded product)

Li: 98–100% (in-situ
replenished)

All other elements
100% retained in intact

electrode structure
Energy consumption

(kWh/kg cathode) ~15–30 ~8–20 ~2-10 ~5-12 ~0.5–2

GHG emissions (kg
CO2-eq/kg cathode) ~1–3 ~0.5–2 ~1–3 ~1–3 ~0.3–1.5

Operational
complexity Low–moderate Moderate–high Moderate–high High Low–moderate

Industrial maturity
(TRL)

Commercial (TRL
8–9) Commercial (TRL 8-9) Lab to pilot (TRL 4–6) Lab to pilot (TRL 3-5) Lab scale (TRL 1–3)

Economic feasibility
($/kg net) −4 to +0.5 −2 to +1.5 +3 to +8 +5 to +12 +8 to +15

Note: Regarding metal recovery rates, the values for non-destructive direct regeneration, direct recycling, and upcycling refer to the fraction
of metal retained in the regenerated cathode material relative to the spent input, rather than elemental extraction yields. For pyrometallurgy
and hydrometallurgy, the values represent the final yield of separated metals or metal salt products.
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mance of cathode materials when present at appropriate con-
centrations and in specific chemical states[118].

After  pretreatment,  the core decision point  of  the frame-
work is the evaluation of the performance of the separated cath-
ode materials. Furthermore, we introduce a quantifiable evalua-
tion framework. As proposed in Table 2, we establish a six-fac-
tor quantitative scoring system (on a scale of 1 to 5) that inte-
grates  intrinsic  material  degradation  metrics  (i.e.,  degree  of
lithium loss, structural collapse severity, and transition-metal dis-
solution  extent)  with  extrinsic  techno-economic  parameters
(i.e.,  recovery  efficiency,  energy  consumption,  and  economic
value).  Building  upon  these  quantitative  indicators, Table  3
presents a comprehensive decision framework that systemati-
cally translates complex degradation fingerprints into standard-
ized  numerical  scores.  Through  detailed  characterization  of

their physicochemical properties - such as structural integrity,
compositional  consistency,  and  failure  mechanisms - and
guided by this scoring matrix,  the materials are then directed
toward two fundamentally different recycling routes.

Route 1, termed traditional recycling, is designed for cath-
ode materials  that have undergone severe structural  damage
and  contain  mixed  compositions - typically  corresponding  to
material health scores of ≤ 2 in Table 3 - such as those experi-
encing  significant  phase  transformations,  particle  pulveriza-
tion, or extensive multi-metal dissolution[11,14]. Its primary goal
is to efficiently extract metal resources rather than restore the
original  structure  of  the  materials.  The  main  methods  used
include pyrometallurgy, which produces metal alloys and slag
through  high-temperature  smelting  but  suffers  from  high
energy  consumption  and  lithium  loss  (Figure  3b),  and

 

Fig. 4. Comprehensive evaluation of recycling strategies.

 

Table 2.   Quantitative scoring framework for the degradation states and recycling viability of spent cathodes

Score
Lithium loss
degree (Li
deficiency)

Structural collapse
severity (I(003)/I(104) or

rock-salt phase)

TM dissolution extent
(in electrolyte or on

anode)

Recovery efficiency
(target product

yield)

Energy
consumption

(kWh/kg product)

Economic value (net
profit, $/kg
feedstock)

5 <5% deficiency I(003)/I(104) > 1.3, no
rock-salt phase <200 ppm >95% <8 > +8

4 5–10%
deficiency 1.0–1.3, trace disorder 200–500 ppm 90–95% 8–15 +3 to +8

3 10–20%
deficiency

0.7–1.0, localized rock-
salt phase 500–1000 ppm 80–90% 15–30 –2 to +3

2 20–35%
deficiency

0.4–0.7, significant rock-
salt phase 1000–3000 ppm 65–80% 30–50 –5 to –2

1
>35%

deficiency or
unidentifiable

<0.4 or multiple impurity
phases >3000 ppm <65% >50 < –5
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hydrometallurgy,  which  uses  acid  or  alkali  leaching  followed
by  separation  and  purification  processes  to  extract  metals  in
ionic  form  (Figure  3c).  Although  these  methods  ultimately
yield  alloys  and  metal  salts,  they  also  produce  exhaust  gases
and wastewater that require proper treatment. The final prod-
ucts can serve as essential chemical raw materials for the resyn-
thesis  of  cathode  precursors  or  for  other  industrial  applica-
tions[119–121].

Route 2, known as emerging recycling, is suitable for cath-
ode materials that retain a relatively intact structure and show
high  compositional  consistency - typically  requiring  material
health  scores  of ≥ 3 - such  as  homogeneous  materials  that
have  undergone  only  mild  lithium  loss  and  surface  degrada-
tion while maintaining their bulk crystal lattice[11,14]. The main
objective  of  this  route  is  to  restore  the  performance  of  these
materials, allowing their direct reuse in the production of new
batteries.  The primary methods used include direct  recycling,
or upcycling,  which replenishes lithium and repairs  degraded
cathode  materials  using  techniques  such  as  Joule  heating,
solid-phase  sintering,  hydrothermal  treatment,  and  eutectic

salt methods to restore the structural integrity and stoichiome-
try  of  the  material  (Figure  3d).  Another  approach,  known  as
non-destructive  direct  regeneration,  aims  to  recover  perfor-
mance at the device level while maintaining the original elec-
trode structure, using methods such as supplying lithium from
an external source or employing electrochemical activation (Fig-
ure 3e). The final products of these processes are regenerated
cathode materials that can either be used directly or undergo
minimal  processing  for  the  manufacture  of  new
batteries[101,122].

 5.  Recycling of typical cathode materials

The  optimal  selection  of  a  recycling  strategy  largely
depends on the failure state and inherent chemical characteris-
tics  of  the cathode material.  Pyrometallurgy uniformly  smelts
various  complex  mixed  materials,  resulting  in  low  specificity
toward  different  failure  states[79].  Therefore,  it  is  not  the  pri-
mary  focus  of  this  chapter.  The  following  discussion  concen-
trates  on  hydrometallurgy,  direct  recycling,  upcycling  and
non-destructive direct  regeneration strategies,  which provide

 

Table 3.   Decision framework for matching recycling strategies with specific cathode failure states.

Recycling strategies Li loss
tolerance

Structural
requirement

TM dissolution
tolerance

Recovery
efficiency

Energy
consumption

Economic
value

Recommended weighted
total score range

non-destructive direct
regeneration 5 5 4 5 5 5 4.5-5.0

Direct recycling 4 4 3 5 4 4 3.5-4.5
Upcycling 3 3 3 4 3 5 3.0-4.0

Hydrometallurgy 2 2 2 4 2 3 2.0-3.0
Pyrometallurgy 1 1 3 2 1 2 1.0-2.0

 

Table 4.   Recycling strategies corresponding to different battery health states

Materials State of health Main reagents Experimental conditions Regeneration
methods Refs.

LiNi0.5Co0.2Mn0.3O2
(NCM523) 80% or less of the rated capacity LiOH Solid-state sintering

treatment Direct recycling [123]

LiCoO2 Discarded cell phone battery MgO, Al2O3 Heated to 900°C in air Upcycling [105]
LiCoO2 Lithium lignosulfonate Heated to 850°C for 6 h Upcycling [126]

LiCoO2
LiCoO2，NiC4H6O4·4H2O,

MnC4H6O4·4H2O, LiOH·H2O
Annealed at 850°C and

second sintering at 900°C Upcycling [127]

LiNi1-x-yMnxCoyO2
(NMC) Spent LIBs with an NMC cathode NMP, oxalic acid heated to 95°C

Hydrometallurgical
(acid leaching and
radiative heating)

[130]

NCM622, NCM523,
NCM111 and
LiCoO2 (LCO)

Spent materials purchased from
Zhejiang Huayou Cobalt Co., Ltd.

H2O, glycine, NaOH heated to 80°C in a water
bath Hydrometallurgical [134]

LiFePO4
Degraded to less than 80% of the

initial value
Li2C2O4, CMK-3 Prelithiation separator Direct recycling [138]

LiFePO4 LiSO2CF3
External lithium supply

approach
Non-destructive

direct regeneration [104]

LiFePO4 LG (IFR18650), 3.2 V, 1.2 Ah Li2DHBN Heated to 800°C Direct recycling [107]

LiFePO4

SP-LFP and SP-Gr obtained from
spent batteries supplied by

Yingwang Battery; batteries were
discharged to 1 V before

disassembly

Li2CO3, glucose Heated at 700°C Direct recycling [106]

LiMn2O4\
LiNi0.5Mn1.5O4

Spent lithium manganate pouch
cell (LiMn2O4, Ronbay) LiOH, Li2CO3 Heated to 850°C Upcycling [150]

LiMn2O4

Spent LMO purchased from
Quzhou Huayou Cobalt New

Material Co., Ltd.
Na2SO3, H2O, Na2CO3

Water bath preheated to
90°C

Hydrometallurgical
(oxidation leaching) [151]

LiMn2O4

LIBs tested at 1 C (4 A) for 1000
cycles with capacity retention

below 80%, regarded as spent LIBs
H2SO4, H2O2 Acid leaching Hydrometallurgical [154]
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more precise control according to the failure state of the mate-
rial. Table 4 systematically summarizes the recommended recy-
cling approaches corresponding to different failure states.

 5.1.  Recycling of layered cathode materials

For  degraded  layered  cathode  materials  (such  as  NCM,
LCO,  etc.)  with  a  relatively  intact  main  structure,  the  core  of
direct recycling is  to repair  structural  defects[123,124],  eliminate
cation disorder, and reconstruct the ordered layered structure
through  lithium  replenishment  and  thermal  treatment  (Fig-
ure 5a). For example, Liu et al.[125] proposed a non-destructive
regeneration  technique  based  on  solid-state  sintering,  which
can  effectively  restore  the  crystal  structure  of  degraded  LCO.
Fang  et  al.[126] developed  a  one-step  regeneration  strategy
using  lithium  lignosulfonate  (Li-L)  to  efficiently  replenish

lithium and restore the structural integrity of LCO. The regener-
ated  LCO  showed  stable  electrochemical  performance  even
under a high voltage of 4.6 V.

Direct  recycling  technology  also  provides  the  advantage
of flexibly adjusting the chemical composition of the final prod-
uct, thereby enabling “upcycling”. For example, Wang et al.[105]

demonstrated  a  single-step  process  in  which  spent  LCO
directly  reacts  with  aluminum  oxide,  magnesium  oxide,  and
lithium carbonate to synthesize a more structurally stable LCO
cathode material that can operate at 4.6 V. The in-situ XRD con-
tour  map  in Figure  5b shows  the  gradual  intercalation  of
lithium ions and the restoration of the lattice structure during
the sintering process. Yang et al.[127] designed a mechanochemi-
cal  strategy  to  directly  upcycle  degraded  LCO  cathode  mate-
rial  into  NCM  cathode  material.  Overall,  these  methods  can

 

Fig. 5. Recycling of layered cathode. (a) Fast Li replenishment channels enhancing direct recycling technology: 3D models illustrating distinct Li
replenishment  channels  in  degraded  NCM523  (D-NCM523)  and  LCMB  coating  treated  D-NCM523  during  regeneration,  alongside  the  SEM
images  of  D-NCM523  and  LCMB-NCM523;  adapted  from  Ref.[135].  (b)  In  situ  XRD  patterns  of  degraded  LCO  during  thermal  treatment  and
schematic of the morphology changes of degraded LCO during regeneration, showing the structural healing process; (c) Comprehensive technoe-
conomic radar chart highlighting the overall superiority of direct recycling over traditional methods in profitability and simplicity; adapted from
Ref.[105].  (d)  Schematic  of  upcycling  a  value-added  NiMnCo-AC  catalyst  from  spent  NMC  cathodes  via  rapid  thermal  radiation;  adapted  from
Ref.[130].  (e)  Hydrometallurgical  leaching  curves  and  changes  in  the  composition  of  the  leach  slag;  (f)  Scanning  electron  microscope  images
before and after leaching; (g) Comprehensive evaluation radar chart demonstrating the efficiency and environmental metrics of different leach-
ing methods; adapted from Ref.[134].
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markedly  reduce  greenhouse  gas  and  other  waste  emissions
while  improving  the  economic  benefits  of  the  recycling  pro-
cess (Figure 5c).

For  severely  degraded  layered  materials  that  are  difficult
to repair directly, they can be repurposed as precursors and con-
verted into high-value-added transition metal-based catalysts
through  chemical  treatments[128,129].  For  example,  Jiao  et
al.[130] used  a  rapid  thermal  radiation  method,  involving  acid
leaching  and  radiant  heating  processes  (Figure  5d),  to  con-
vert  spent  NMC  cathode  material  into  highly  efficient  nickel-
manganese-cobalt-activated carbon (NiMnCo-AC) catalysts for
zinc-air  batteries.  Similarly,  Yao  et  al.[131] converted  CNM811
and  LFP  materials  into  electrocatalysts  for  the  oxygen  evolu-
tion reaction (OER) through leaching and co-precipitation.

Hydrometallurgical extraction of valuable elements is the
mainstream industrial approach for treating mixed or severely
degraded layered materials. Although conventional hydrometal-
lurgy commonly uses acid[132] or ammonia[133] leaching, Xu et
al.[134] proposed a neutral leaching technique utilizing glycine
as  a  coordination  agent.  This  method  achieved  nearly  100%
leaching efficiency for metals from NCM111 (Figure 5e),  with
the  appearance  of  the  material  before  and  after  leaching
shown in Figure 5f. Compared with acid and ammonia leach-
ing, this neutral leaching strategy shows advantages in energy
efficiency, emissions, safety, and profitability (Figure 5g).

 5.2.  Recycling of LFP cathode materials

LFP has excellent structural stability, and its main degrada-
tion mechanism is the loss of active lithium[109,136]. Non-destruc-
tive direct regeneration and direct recycling strategies can effi-
ciently  and  economically  replenish  lithium  sources[137].  For
example,  Chen  et  al.[104] developed  a  method  that  restores
spent  batteries  without  disassembly  by  externally  supplying
lithium (Figure 6a). The use of LiSO2CF3 as the lithiation mate-
rial,  which is fully converted during cycling, avoids gas evolu-
tion (Figure 6b).  The cost of battery repair using this method
is reduced by two orders of magnitude compared with manufac-
turing new batteries (Figure 6c). Fan et al.[138] proposed a func-
tionalized  pre-lithiation  separator  technology  that  enables  in
situ  electrochemical  regeneration  of  LFP  (Figure  6d),  effec-
tively recovering its electrochemical performance (Figure 6e).
Ji  et  al.[107] performed  lithium  replenishment  through  solid-
state sintering while simultaneously forming a surface carbon
layer that improves lithium-ion and electron transport kinetics
(Figure 6f). Furthermore, considering that the diffusion kinet-
ics  of  lithium  ions  within  the  degraded  LFP  lattice  are  crucial
during direct  recycling,  Xiao et  al.[139] employed polyacryloni-
trile (PAN) as a functional additive. This approach elegantly pro-
moted  intimate  contact  between  the  external  lithium  source
and the degraded LFP, thereby enabling the effective repair of
unevenly distributed Fe-Li defects within the degraded mate-
rial. Direct recycling shows clear advantages over hydrometal-
lurgy  and  pyrometallurgy  in  environmental  protection  and
energy  conservation  (Figure  6h).  However,  the  efficient  and
green separation of active materials from current collectors dur-
ing  recycling  remains  difficult.  Yang  et  al.[106] introduced  a
water  electrolysis-induced  separation  method  (Figure  6g),
which  is  suitable  for  various  electrode  types  and  reduces
energy consumption as well as the use of additional acid/alka-
line solutions. Figure 6i shows that the recycled material main-

tains an intact crystal structure. This recycling strategy signifi-
cantly  substantially  decreases  greenhouse  gas  (GHG)  emis-
sions  (Figure  6j),  offering  clear  benefits  in  energy  efficiency,
environmental impact, and economics.

For  elemental  extraction  from  LFP  batteries,  the  main
focus  is  lithium  extraction  because  of  its  high  recycling
value[140,141].  To  maximize  this  extraction  efficiency,  Fu  et
al.[142] developed a novel three-stage leaching system utilizing
spent LFP, nitric acid (HNO3), and oxygen (O2) with a leaching
rate  of  almost  100%.  Furthermore,  Wang  et  al.[108] demon-
strated an electrochemical method (Figure 6k) capable of simul-
taneously  recovering lithium from spent  lithium-ion batteries
(achieving an extraction efficiency of 93%, Figure 6l) and cap-
turing nitrogen dioxide from exhaust gases, while also generat-
ing electrical  energy and high-purity lithium nitrate.  This pro-
cess produces CO2 emissions that are only one-tenth of those
from other methods, indicating its potential as a green and sus-
tainable approach (Figure 6m).

Crucially, for LFP cathode materials, the decision between
direct  recycling  and  elemental  extraction  is  profoundly  influ-
enced by dynamic economic and market factors[143–145]. Given
the relatively low intrinsic value of iron and phosphorus in LFP,
the overall recycling economics are predominantly dictated by
lithium prices and processing costs[146,147]. When lithium prices
are  high,  selective  lithium  extraction  can  generate  robust
profit margins, making it the preferred industrial choice. How-
ever,  under  moderate  to  low  lithium  price  environments,
these profit margins shrink or even disappear. In such scenar-
ios, although direct recycling or upcycling offers superior mate-
rial circularity and a lower carbon footprint, they suffer from ini-
tial cost disadvantages. Therefore, the optimal recycling route
for  LFP  is  not  static;  it  must  be  continuously  re-evaluated
against real-time material degradation states, market prices, pol-
icy incentives, and technological maturity[148].

 5.3.  Recycling of lithium manganese oxide cathode

materials

The degradation of lithium manganese oxide (LMO) cath-
ode material is mainly governed by irreversible structural fail-
ure driven by Jahn-Teller distortion and Mn3+ disproportiona-
tion[34,57,149,150].  Strategies  such  as  direct  recycling  and  upcy-
cling  are  commonly  used  to  restore  the  lattice  structure  of
degraded materials through methods such as solid-state sinter-
ing or Joule heating (Figure 7a). For example, Ji et al.[150] pro-
vided  a  detailed  protocol  for  the  direct  recycling  and  upcy-
cling of spent LiMn2O4 into cathode materials with future mar-
ket  potential,  such  as  high-voltage  LiNi0.5Mn1.5O4 or  lithium-
rich  Li1.2Ni0.2Mn0.6O2.  At  the  microstructural  level,  this
approach effectively repairs lattice collapse in spent materials,
with the degraded phases being completely removed (Figure
7b). For materials with more severe damage, various leaching-
based  recovery  methods  are  applied[151].  For  example,  He  et
al.[152] reported a low-temperature (NH4)2SO4 calcination mecha-
nism followed by water leaching to convert LiMnO4 into solu-
ble  sulfates  (Figure  7c).  Alternatively,  spent  materials  can  be
directly  recycled  as  catalysts[153] or  repurposed  for  other  bat-
tery  applications.  Zhang  et  al.[154] demonstrated  the  inte-
grated recovery of both the cathode active material and the alu-
minum foil current collector from spent lithium-manganese bat-
teries to prepare aluminum-doped manganese dioxide for use
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Fig. 6. Recycling of LFP cathode. (a) Schematic of an external Li supply strategy by incorporating an organic LiSO2CF3 salt into assembled cells.
This replenishes lost lithium inventory without dismantling the cell; (b) Photographs of cells after 10 cycles using the LiSO2CF3 additive, showing
no swelling or gas residue,  confirming the safety and non-destructive nature of the process;  (c)  Comparison of energy storage costs in power
grids; adapted from Ref.[104]. (d) Schematic illustration of the direct recycling strategy based on a functionalized prelithiation separator. This strat-
egy bypasses complex material regeneration by directly compensating for Li loss during subsequent cycling; (e) Cycling stability plots demonstrat-
ing that the FPS enables degraded LFP to maintain excellent capacity retention compared to rapid failure with a normal separator; adapted from
Ref.[138]. (f-j) Material-level direct recycling: (f) Schematic of the degraded and restored LFP crystal structures; (g) Separation of LFP cathode using
the water electrolysis-induced separation method; (h) Radar chart highlighting the advantages of direct recycling over pyro/hydrometallurgy in
cost, revenue, and operational simplicity; (i) XRD patterns confirming that the SC-LFP maintains a relatively intact crystal structure; (j) EverBatt anal-
ysis quantitatively proving that the WES direct route significantly minimizes GHG emissions; adapted from Ref.[106,107]. (k) Schematic diagram of a
scaled-up  H-type  battery  for  electrochemical  recycling;  (l)  The  drastic  drop  in  lithium  content  (from  0.54  to  0.04  mg  cm−2)  while  retaining  Fe
demonstrates highly efficient and selective elemental Li  extraction; (m) CO2 emissions evaluation showing that this emerging electrochemical
method drastically reduces the carbon footprint; adapted from Ref.[108].
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as  a  cathode  material  in  aqueous  zinc-ion  batteries  (Figure
7d). Furthermore, to address the complexity of failure states in
practical  recycling  scenarios —such  as  the  coexistence  of
mixed spent  LMO and LFP,  Chen et  al.[155] developed a  novel
one-step  strategy  integrating  leaching−sol−gel  and  subse-
quent annealing to directly upcycle mixed spent cathodes into
high-value lithium manganese iron phosphate (LMFP).

 5.4.  Industrial-scale implementation challenges

Although  laboratory-scale  studies  have  convincingly
demonstrated the feasibility of precision recycling, translating
these strategies into industrial practice is fundamentally a com-
plex systems-engineering challenge. At the commercial  scale,
feedstock  heterogeneity  directly  threatens  the  viability  of
direct recycling and upcycling, demanding robust automated
sorting  technologies  to  manage  mixed  battery  chemistries
and physical formats[59,156]. This is further complicated by strin-
gent  impurity  control  requirements,  as  direct  recycling
exhibits exceptionally low tolerance for trace metals (e.g.,  Cu,
Al, Fe) compared to traditional hydrometallurgy[157,158]. Further-
more, process scalability faces significant engineering hurdles,
such as maintaining uniform thermal and thermodynamic con-
ditions  in  ton-scale  reactors  to  ensure  batch-to-batch  consis-
tency[159].  Operationally,  safety  management  must  rigorously
address thermal runaway risks during dismantling and the han-
dling of toxic gases[160,161]. Consequently, the technology readi-
ness  levels  (TRLs)  across  these  pathways  vary  drastically[162]:
while pyrometallurgy and hydrometallurgy are fully commercial-

ized (TRL 8–9),  direct recycling (TRL 4–6),  upcycling (TRL 3–5),
and  non-destructive  direct  regeneration  (TRL  1–3)  are  still
traversing  the  pilot  and  proof-of-concept  stages.  Realizing  a
truly  circular  battery  economy  will  therefore  require  con-
certed efforts that extend beyond materials science to encom-
pass  holistic  process  engineering,  supply-chain  logistics,  and
standard-setting[163,164].

 6.  Conclusion and outlook

This  review  systematically  examines  the  failure  mecha-
nisms of cathode materials (layered oxides, lithium iron phos-
phate, and spinel lithium manganese oxide,) and comprehen-
sively  summarizes  the  mainstream  recycling  strategies
(pyrometallurgy,  hydrometallurgy,  direct  recycling,  upcycling
and  non-destructive  direct  regeneration)  that  correspond  to
these  mechanisms.  A  central  thesis  is  established  and  sup-
ported: the selection of a recycling strategy is a precise match-
ing process determined by the specific failure state of the mate-
rial.  To achieve an efficient and green future for  battery recy-
cling, the field must shift from the current rough “processing”
paradigm  toward  a  science-informed “precision  recycling”
paradigm.  The  core  of  this  paradigm  is  a  closed-loop  system
built on a deep understanding of failure mechanisms, guided
by accurate diagnosis of material states, and supported by the
intelligent matching of multiple technological pathways.

Looking toward the technological frontier of “AI+”[165–168],
paradigm  shifts  in  battery  cathode  material  recycling  will

 

Fig. 7. Recycling of lithium manganese oxide cathode. (a) Mechanistic comparison between conventional solid-phase sintering and joule heat-
ing for LMO regeneration; (b) Microscopic image of spent cathode materials and regenerated LiMn2O4 cathode materials; adapted from Ref.[150].
(c)  Schematic  diagram  of  low-temperature  calcination  recovery  of  waste  LiMn2O4 using  (NH4)2SO4;  adapted  from  Ref.[152].  (d)  Cycling  perfor-
mance of aqueous zinc batteries prepared from recycled LMO for MO and AMO; adapted from Ref.[154].
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strongly depend on the integration of digital intelligence tech-
nologies, represented by multimodal AI and digital twins, with
physical recycling processes. This integration will promote the
establishment of a closed-loop system involving “non-destruc-
tive/minimally  invasive  failure  analysis —intelligent  decision-
making —precision  recycling,” enabling  a  fundamental  shift
from an “experience-driven” approach to a “data- and model-
driven” approach  (Figure  8).  However,  the  efficacy  of  AI-
driven  paradigms  inherently  hinges  on  robust,  large-scale
datasets. Herein, we issue a call to action for future researchers
to  systematically  document  detailed,  quantitative  cathode
degradation metrics (e.g., precise lithium inventory loss ratios,
structural  phase  transition  percentages,  and  transition-metal

dissolution concentrations) in forthcoming studies. Such stan-
dardized  data  repositories  will  serve  as  the  indispensable
bedrock  for  realizing  AI-enabled,  closed-loop  precision  recy-
cling  designs.  Meanwhile,  the  application  of  artificial  intelli-
gence  can  enable  adaptive,  data-informed  decision-making
throughout  the  battery  life  cycle,  effectively  overcoming  the
critical barrier caused by the lack of reliable data regarding the
state of retired batteries. AI technologies are capable of under-
taking diverse tasks tailored to different stages of  the battery
life cycle. By covering key evaluation indicators—including the
state of charge (SOC), state of health (SOH), and remaining use-
ful  life  (RUL)—these algorithms realize  the  precise  deduction
of unobservable internal states within the cells[169].

 
 

Fig.  8. Schematic illustration of  data-driven precision recycling.  Abbreviations used in the figure:  SOC (State of  Charge),  SOH (State of  Health),
SOP (State of Power), OCV (Open Circuit Voltage), EIS (Electrochemical Impedance Spectroscopy).
 

(1)  Multimodal  AI-enabled  intelligent  failure  diagnostics
and prognostics. By integrating data from various non-destruc-
tive  or  minimally  invasive  sensing  techniques  (e.g.,  electron
microscopy,  electrochemical  impedance  spectroscopy,
charge-discharge profiles), multimodal AI models can perform
rapid online assessment of battery packs, modules, or individ-
ual cells. Through deep learning of parameters such as remain-
ing capacity and internal resistance, and by extracting correla-
tive  features  from  large  historical  failure  datasets,  AI  can
inversely infer the type and severity of internal cathode mate-
rial degradation, thereby achieving intelligent diagnostics that
connect  macroscopic  performance  with  microscopic  mecha-
nisms.

(2)  Digital  twin-driven  precise  process  design  and
dynamic optimization. For a defined recycling strategy, a digi-
tal twin model can be further constructed. This model acts as a
virtual mirror of the physical plant, integrating thermodynam-
ics,  kinetics,  fluid  dynamics,  and  chemical  reaction  models,
and  can  be  continuously  updated  with  real-time  sensor
data[170–172]. It enables the evaluation of economic and environ-
mental  feasibility  for  commercial-scale  recycling  processes
before physical implementation.

To  fully  realize  precision  recycling,  several  key  scientific
challenges  must  be  systematically  addressed.  These  include

the  standardization  of  battery-health  diagnostics,  a  deeper
mechanistic understanding of regeneration limits, the continu-
ous  development  of  low-carbon  regeneration  processes,  and
the  ultimate  establishment  of  closed-loop  industrial  ecosys-
tems.  In  particular,  the  deep  integration  of  artificial  intelli-
gence with physical recycling facilities for the rapid and accu-
rate  diagnosis  of  spent  batteries,  together  with  the  auto-
mated matching and optimization of  recycling pathways,  will
be crucial for achieving efficient and sustainable battery recy-
cling in the future.

 Acknowledgments

This work was supported by National Natural Science Foun-
dation  of  China  (22179008).  L.  Chen  acknowledges  the  sup-
port  from The High-Level  Talent  Introduction Project  of  Yibin
(2024YG03).  J.  Y.  Dong  acknowledges  the  support  from  the
China Postdoctoral Science Foundation (2024M754084).

 Conflict of interest

The authors declare no competing financial interest.

References 

 Degen, F.; Winter, M.; Bendig, D.; Tübke, J. Energy consumption[1]

Environmental Chemistry and Safety   doi: 10.26599/ECS.2026.9600053

(12 of 18) Environmental Chemistry and Safety 2026, 2: 9600053
 



of current and future production of lithium-ion and post lithi-
um-ion battery cells. Nat. Energy, 2023, 8: 1284–1295.
 Riahi, K.; van Vuuren, D. P., Kriegler, E.; Edmonds, J.; O’Neill, B. C.,
Fujimori, S.; Bauer, N.; Calvin, K.; Dellink, R.; Fricko, O. et al. The
Shared Socioeconomic Pathways and their  energy,  land use,
and greenhouse gas emissions implications: An overview. Glob.
Environ. Change, 2017, 42: 153–168.

[2]

 Baum, Z. J.; Bird, R. E.; Yu, X.; Ma, J. Lithium-Ion Battery Recyc-
ling─Overview of  Techniques and Trends.  ACS Energy Lett.,
2022, 7: 712-719.

[3]

 Zhang, B.;  Xin,  Q. Y.;  Chen, S.  Y.;  Wang, B.;  Li,  H.;  Wang, Z.  H.;
Bansal, P. Lithium-ion battery recycling relieves the threat to
material scarcity amid China’s electric vehicle ambitions. Nat.
Commun., 2025, 16: 6661.

[4]

 Ziegler, M. S.; Song, J.; Trancik, J. E. Determinants of lithium-ion
battery technology cost decline. Energy Environ. Sci., 2021, 14:
6074–6098.

[5]

 Zheng,  M.  T.;  You,  Y.;  Lu,  J.  Understanding  materials  failure
mechanisms for the optimization of lithium-ion battery recyc-
ling. Nat. Rev. Mater., 2025, 10: 355–368.

[6]

 Duarte Castro, F.; Vaccari, M.; Cutaia, L. Valorization of resources
from end-of-life lithium-ion batteries: A review. Crit.  Rev. En-
viron. Sci. Technol., 2022, 52: 2060–2103.

[7]

 Danny  Harvey,  L.  D.  Resource  implications  of  alternative
strategies for achieving zero greenhouse gas emissions from
light-duty vehicles by 2060. Appl. Energy, 2018, 212: 663–679.

[8]

 Zhai,  M.  Y.;  Wu,  Y.  F.;  Tian,  S.  N.;  Yuan,  H.  R.;  Li,  B.;  Luo,  X.  B.;
Huang, G. H.; Fu, Y. P.; Zhu, M. Y.; Gu, Y. F. et al. A circular eco-
nomy approach for the global lithium-ion battery supply chain.
Nature, 2025, 646: 1114–1121.

[9]

 Zhao, Y.; Du, H.; Kang, Y. Q.; Zhang, J.; Lan, B.; Guo, Z. Y.; Titirici,
M. M.; Zhao, Y. L.; Tavajohi, N.; Kang, F. Y. et al. Spent battery re-
generation  for  better  recycling.  Nat.  Rev.  Mater.,  2025,  10:
722–724.

[10]

 Biswal, B. K.; Zhang, B.; Thi Minh Tran, P.; Zhang, J. J.; Balasub-
ramanian, R. Recycling of spent lithium-ion batteries for a sus-
tainable future: Recent advancements. Chem. Soc. Rev., 2024,
53: 5552–5592.

[11]

 Natarajan, S.; Aravindan, V. Recycling strategies for spent Li-ion
battery mixed cathodes. ACS Energy Lett., 2018, 3: 2101–2103.

[12]

 Llamas-Orozco, J. A.; Meng, F. R.; Walker, G. S.; Abdul-Manan, A.
F. N.; MacLean, H. L.; Posen, I. D.; McKechnie, J. Estimating the
environmental  impacts  of  global  lithium-ion battery  supply
chain: A temporal, geographical, and technological perspective.
PNAS Nexus, 2023, 2: pgad361.

[13]

 Zhang, N. J.; Xu, Z. X.; Deng, W. J.; Wang, X. L. Recycling and up-
cycling spent LIB cathodes: A comprehensive review. Electro-
chem. Energy Rev., 2022, 5: 33.

[14]

 Wei, G. L.; Liu, Y. X.; Jiao, B. L.; Chang, N. N.; Wu, M. T.; Liu, G. F.;
Lin, X.; Weng, X. F.; Chen, J. X.; Zhang, L. et al. Direct recycling of
spent Li-ion batteries:  Challenges and opportunities  toward
practical applications. iScience, 2023, 26: 107676.

[15]

 Bai, X.; Sun, Y. Z.; Li, X. F.; He, R.; Liu, Z. F.; Pan, J. Q.; Zhang, J. J. A
deep dive into spent lithium-ion batteries: From degradation
diagnostics to sustainable material recovery. Electrochem. En-
ergy Rev., 2024, 7: 33.

[16]

 Han,  X.  B.;  Lu,  L.  G.;  Zheng,  Y.  J.;  Feng,  X.  N.;  Li,  Z.;  Li,  J.  Q.;
Ouyang, M. G. A review on the key issues of the lithium ion bat-
tery degradation among the whole life cycle. eTransportation,
2019, 1: 100005.

[17]

 Zhang, T.  R.;  Li,  D. X.;  Tao, Z.  L.;  Chen, J.  Understanding elec-
trode materials of rechargeable lithium batteries via DFT calcu-
lations. Prog. Nat. Sci. Mater. Int., 2013, 23: 256–272.

[18]

 Birkl, C. R.; Roberts, M. R.; McTurk, E.; Bruce, P. G.; Howey, D. A.
Degradation diagnostics for lithium ion cells. J. Power Sources,

[19]

2017, 341: 373–386.
 Wang, H. Y.; Shi, Q.; Dong, J. Y.; Wang, M.; Lu, Y.; Liu, Y.; Liu, J. Z.;
Li, N.; Huang, Q.; Su, Y. F. et al. Consolidating surface lattice via
facile self-anchored oxygen layer reconstruction toward superi-
or performance and high safety nickel-rich oxide cathodes. Adv.
Funct. Mater., 2025, 35: 2422806.

[20]

 Zhang, H. Y.; Dong, J. Y.; Guan, Y. B.; Lu, Y.; Shen, W. J.; Zhou, J. L.;
Li, N.; Chen, G.; Huang, Q.; Su, Y. F. et al. Synergistic surface co-
doping and functionalized rock-salt phase of single-crystal Ni-
rich cathodes. Energy Mater. Adv., 2026, energymatadv.0395.

[21]

 Hao, J. N.; Dong, J. Y.; Guan, Y. B.; Lu, Y.; Che, H. Q.; Ren, Y. L.;
Wang, Y. Y.; He, X. B.; Wu, Y. J.; Yang, T. et al. Rational design of
Li-rich hybrid cathodes with stiff redox-active interstitial net-
works enabling local environment engineering for reversible
oxygen redox. Energy Storage Mater., 2026, 88: 105121.

[22]

 Che, H. Q.;  Su, Y.  F.;  Dong, J.  Y.;  Lu, Y.;  Hao, J.  N.;  Wang, Y.  Y.;
Yang, T.; He, X. B.; Wu, Y. J.; Li, N. et al. A whole greater than the
sum of its parts: Composite-electrolyte-induced rigid-adaptive
interphase for stabilizing a lithium-rich cathode. Energy Stor-
age Mater., 2026, 86: 105020.

[23]

 Dong, J. Y.; Wu, F.; Zhao, J. Y.; Shi, Q.; Lu, Y.; Li, N.; Cao, D. Y.; Li,
W. B.; Hao, J. N.; Yang, X. L. et al. Multifunctional self-reconstruct-
ive cathode/electrolyte interphase layer for cobalt-free Li-rich
layered oxide cathode. Energy Storage Mater., 2023, 60: 102798.

[24]

 Tang, R.; Dong, J. Y.; Wang, C. Z.; Guan, Y. B.; Yin, A. N.; Yan, K.;
Lu, Y.; Li, N.; Zhao, G. J.; Li, B. W. et al. Rate-dependent failure be-
havior regulation of LiFePO4  cathode via functional interface
engineering. Adv. Funct. Mater., 2025, 35: 2421284.

[25]

 He, X. B.; Hao, J. N.; Shi, Q.; Chen, L.; Dong, J. Y.; Guan, Y. B.; Lu, Y.;
Yan, K.; Wang, Y. Y.; Li, N. et al. Revealing position-dependent
degradation mechanisms in LiFePO4/graphite batteries under
high-temperature over-discharge condition. J. Power Sources,
2026, 667: 239278.

[26]

 Mo, S. H.; Su, Y. F.; Dong, J. Y.; Wei, Y. M.; Song, T. L.; Lu, Y.; Yan,
K.; Tang, R.; Zhao, G. J.; Liang, J. D. et al. Multiscale diagnosis of
lithium-ion battery degradation under extreme operating con-
ditions with integrated data-driven and post-mortem valida-
tion. Chin. J. Chem., 2026, 44: 1608–1616.

[27]

 Manthiram,  A.  A  reflection  on  lithium-ion  battery  cathode
chemistry. Nat. Commun., 2020, 11: 1550.

[28]

 Su, J.; Li, D. Q.; Wang, J.; Zeng, W. H.; Wang, X. P.; Chen, X. Y.; Mu,
S.  C.  Multiscale failure mechanisms of ternary oxide cathode
materials  for  lithium-ion  batteries.  Adv.  Mater.,  2026,  38:
e06063.

[29]

 Zhu,  X.  B.;  Huang,  A.  Y.;  Martens,  I.;  Vostrov,  N.;  Sun,  Y.  Q.;
Richard, M. I.; Schülli, T. U.; Wang, L. Z. High-voltage spinel cath-
ode materials: Navigating the structural evolution for lithium-
ion batteries. Adv. Mater., 2024, 36: 2403482.

[30]

 Deng, Y. T.; Qiu, L.; Wang, Y.; Zhang, J.; Zhang, M. K.; Zheng, S. L.;
Zhang, Q. Y.; Zhong, B. H.; Xiao, Y.; Guo, X. D. Electronic struc-
ture regulated by precursor gradient design assists inhibition of
nanopores for stable Ni-rich cathodes. Energy Storage Mater.,
2025, 82: 104578.

[31]

 Guo, F.; Chen, Y. Q.; Song, Y.; Deng, Y. T.; Hua, W. B.; Yang, W.;
Chen, T.; Wu, Z. G.; Qiu, L.; Guo, X. D. Oxygen vacancies driven by
co in the deeply charged state inducing intragranular cracking
of Ni-rich cathodes. Small, 2024, 20: 2310321.

[32]

 Liu, P.; Wang, J.; Hicks-Garner, J.; Sherman, E.; Soukiazian, S.; Ver-
brugge, M.; Tataria, H.; Musser, J.; Finamore, P. Aging mechan-
isms  of  LiFePO4  batteries  deduced  by  electrochemical  and
structural analyses. J. Electrochem. Soc., 2010, 157: A499.

[33]

 Zuo, C. J.;  Hu, Z. X.;  Qi,  R.;  Liu, J.  J.;  Li,  Z. B.;  Lu, J.  L.;  Dong, C.;
Yang, K.;  Huang, W. Y.;  Chen, C. et al.  Double the capacity of
manganese spinel for lithium-ion storage by suppression of co-
operative jahn–teller distortion. Adv. Energy Mater., 2020, 10:

[34]

Environmental Chemistry and Safety   doi: 10.26599/ECS.2026.9600053

Environmental Chemistry and Safety 2026, 2: 9600053 (13 of 18)
 

https://doi.org/10.1038/s41560-023-01355-z
https://doi.org/10.1016/j.gloenvcha.2016.05.009
https://doi.org/10.1016/j.gloenvcha.2016.05.009
https://doi.org/10.1021/acsenergylett.1c02602
https://doi.org/10.1038/s41467-025-61481-y
https://doi.org/10.1038/s41467-025-61481-y
https://doi.org/10.1039/D1EE01313K
https://doi.org/10.1038/s41578-025-00783-5
https://doi.org/10.1080/10643389.2021.1874854
https://doi.org/10.1080/10643389.2021.1874854
https://doi.org/10.1080/10643389.2021.1874854
https://doi.org/10.1016/j.apenergy.2017.11.074
https://doi.org/10.1038/s41586-025-09617-4
https://doi.org/10.1038/s41578-025-00816-z
https://doi.org/10.1039/D3CS00898C
https://doi.org/10.1021/acsenergylett.8b01233
https://doi.org/10.1093/pnasnexus/pgad361
https://doi.org/10.1007/s41918-022-00154-6
https://doi.org/10.1007/s41918-022-00154-6
https://doi.org/10.1016/j.isci.2023.107676
https://doi.org/10.1007/s41918-024-00231-y
https://doi.org/10.1007/s41918-024-00231-y
https://doi.org/10.1007/s41918-024-00231-y
https://doi.org/10.1016/j.etran.2019.100005
https://doi.org/10.1016/j.pnsc.2013.04.005
https://doi.org/10.1016/j.jpowsour.2016.12.011
https://doi.org/10.1002/adfm.202422806
https://doi.org/10.1002/adfm.202422806
https://doi.org/10.1016/j.ensm.2026.105121
https://doi.org/10.1016/j.ensm.2026.105020
https://doi.org/10.1016/j.ensm.2026.105020
https://doi.org/10.1016/j.ensm.2026.105020
https://doi.org/10.1016/j.ensm.2023.102798
https://doi.org/10.1002/adfm.202421284
https://doi.org/10.1016/j.jpowsour.2026.239278
https://doi.org/10.1002/cjoc.70500
https://doi.org/10.1038/s41467-020-15355-0
https://doi.org/10.1002/adma.202506063
https://doi.org/10.1002/adma.202403482
https://doi.org/10.1016/j.ensm.2025.104578
https://doi.org/10.1002/smll.202310321
https://doi.org/10.1149/1.3294790
https://doi.org/10.1002/aenm.202000363


2000363.
 Gao,  X.;  Li,  B.;  Kummer,  K.;  Geondzhian,  A.;  Aksyonov,  D.  A.,
Dedryvère, R.; Foix, D.; Rousse, G.; Ben Yahia, M.; Doublet, M. L.
et al.  Clarifying the origin of molecular O2  in cathode oxides.
Nat. Mater., 2025, 24: 743–752.

[35]

 Nakayama, K.; Ishikawa, R.; Kobayashi, S.; Shibata, N.; Ikuhara, Y.
Dislocation and oxygen-release driven delithiation in Li2MnO3.
Nat. Commun., 2020, 11: 4452.

[36]

 Zhu, J.; Chen, G. Y. Single-crystal based studies for correlating
the  propert ies  and  high-voltage  performance  of  L i
[NixMnyCo1–x–y]  O2cathodes.  J.  Mater.  Chem.  A,  2019,  7:
5463–5474.

[37]

 Garcia, J. C., Bareño, J.; Yan, J. H.; Chen, G. Y.; Hauser, A.; Croy, J.
R.,  Iddir,  H.  Surface  structure,  morphology,  and  stability  of
Li(Ni1/3Mn1/3Co1/3)O2 cathode material. J. Phys. Chem. C, 2017,
121: 8290–8299.

[38]

 Kramer, D.; Ceder, G. Tailoring the morphology of LiCoO2: A first
principles study. Chem. Mater., 2009, 21: 3799–3809.

[39]

 Genreith-Schriever, A. R.; Banerjee, H.; Menon, A. S.; Bassey, E. N.;
Piper, L. F. J.; Grey, C. P.; Morris, A. J. Oxygen hole formation con-
trols stability in LiNiO2 cathodes. Joule, 2023, 7: 1623–1640.

[40]

 Liu, T. C.; Liu, J. J.; Li, L. X.; Yu, L.; Diao, J. C.; Zhou, T.; Li, S. N.; Dai,
A.; Zhao, W. G.; Xu, S. Y. et al. Origin of structural degradation in
Li-rich layered oxide cathode. Nature, 2022, 606: 305–312.

[41]

 Yan, Y. C.; Xu, Z. Y.; Luo, G.; Deng, D.; Peng, W. J.; Wang, Z. X.;
Kan, W. H., Abdurakhmonov, O.; Sharopov, U.; Feng, Y. M. et al.
Tailoring cobalt  gradient  distribution toward practical  Ni95
cathode  for  high-energy-density  lithium-ion  battery.  Joule,
2026, 10: 102229.

[42]

 de Biasi, L.; Schwarz, B.; Brezesinski, T.; Hartmann, P.; Janek, J.;
Ehrenberg, H. Chemical,  structural,  and electronic aspects of
formation and degradation behavior on different length scales
of Ni-rich NCM and Li-rich HE-NCM cathode materials in Li-ion
batteries. Adv. Mater., 2019, 31: 1900985.

[43]

 Mao, Y. W.; Wang, X. L.; Xia, S. H.; Zhang, K.; Wei, C. X.; Bak, S.;
Shadike, Z.; Liu, X. J.;  Yang, Y.; Xu, R. et al. High-voltage char-
ging-induced strain, heterogeneity, and micro-cracks in second-
ary  particles  of  a  nickel-rich  layered  cathode  material.  Adv.
Funct. Mater., 2019, 29: 1900247.

[44]

 Bianchini,  M.;  Roca-Ayats,  M.;  Hartmann,  P.;  Brezesinski,  T.;
Janek, J. There and back again—The journey of LiNiO2 as a cath-
ode  active  material.  Angew.  Chem.  Int.  Ed.,  2019,  58:
10434–10458.

[45]

 Zhang, S. S. Problems and their origins of Ni-rich layered oxide
cathode materials. Energy Storage Mater., 2020, 24: 247–254.

[46]

 Wang, L. G.; Liu, T. C.; Wu, T. P.; Lu, J. Strain-retardant coherent
perovskite phase stabilized Ni-rich cathode. Nature, 2022, 611:
61–67.

[47]

 Wang, J.; Liu, T. C.; Huang, W. Y.; Yu, L.; Zhang, H. Z.; Zhou, T.; Li,
T. Y.; Huang, X. J.; Xiao, X. H.; Ma, L. et al. Nanoscopic strain evol-
ution in single-crystal battery positive electrodes. Nat. Nano-
technol., 2026, 21: 229–239.

[48]

 Huang, W. Y.; Liu, T. C.; Yu, L.; Wang, J.; Zhou, T.; Liu, J. X.; Li, T. Y.;
Amine, R.; Xiao, X. H.; Ge, M. Y. et al. Unrecoverable lattice rota-
tion governs structural degradation of single-crystalline cath-
odes. Science, 2024, 384: 912–919.

[49]

 Wang, C. Y.; Jing, Y. Q.; Zhu, D.; Xin, H. L. Atomic origin of chem-
omechanical failure of layered cathodes in all-solid-state batter-
ies. J. Am. Chem. Soc., 2024, 146: 17712–17718.

[50]

 Fang, C. C.; Wang, X. F.; Meng, Y. S. Key issues hindering a prac-
tical lithium-metal anode. Trends Chem., 2019, 1: 152–158.

[51]

 Zhang, X.; Yang, Y. A.; Zhou, Z. Towards practical lithium-metal
anodes. Chem. Soc. Rev., 2020, 49: 3040–3071.

[52]

 Deng, W.; Yin, X.; Bao, W.; Zhou, X. F.; Hu, Z. Y.; He, B. Y.; Qiu, B.;
Meng, Y. S., Liu, Z. P. Quantification of reversible and irrevers-

[53]

ible lithium in practical  lithium-metal  batteries.  Nat.  Energy,
2022, 7: 1031–1041.
 Thackeray, M. M., David, W. I. F., Bruce, P. G., Goodenough, J. B.
Lithium  insertion  into  manganese  spinels.  Mater.  Res.  Bull.,
1983, 18: 461–472.

[54]

 Lu, J.; Zhan, C.; Wu, T. P.; Wen, J. G.; Lei, Y.; Kropf, A. J., Wu, H. M.;
Miller, D. J., Elam, J. W., Sun, Y. K. et al. Effectively suppressing
dissolution of manganese from spinel lithium manganate via a
nanoscale surface-doping approach.  Nat.  Commun.,  2014,  5:
5693.

[55]

 Zhan, C.; Lu, J.; Jeremy Kropf, A.; Wu, T. P.; Jansen, A. N., Sun, Y.
K.; Qiu, X. P.; Amine, K. Mn(II) deposition on anodes and its ef-
fects on capacity fade in spinel lithium manganate–carbon sys-
tems. Nat. Commun., 2013, 4: 2437.

[56]

 Liu, T. C.; Dai, A.; Lu, J.; Yuan, Y. F.; Xiao, Y. G.; Yu, L.; Li, M.; Gim, J.;
Ma, L.; Liu, J. J. et al. Correlation between manganese dissolu-
tion and dynamic phase stability in spinel-based lithium-ion
battery. Nat. Commun., 2019, 10: 4721.

[57]

 Thackeray, M. M. Manganese oxides for lithium batteries. Prog.
Solid State Chem., 1997, 25: 1–71.

[58]

 Harper, G.; Sommerville, R.;  Kendrick, E.;  Driscoll,  L.;  Slater, P.;
Stolkin, R.; Walton, A.; Christensen, P.; Heidrich, O.; Lambert, S. et
al. Recycling lithium-ion batteries from electric vehicles. Nature,
2019, 575: 75–86.

[59]

 Gaines, L.; Richa, K.; Spangenberger, J. Key issues for Li-ion bat-
tery recycling. MRS Energy Sustain., 2018, 5: 12.

[60]

 Hua, Y.; Zhou, S. D.; Huang, Y.; Liu, X. H.; Ling, H. P.; Zhou, X. N.;
Zhang, C.; Yang, S. C. Sustainable value chain of retired lithium-
ion batteries for electric vehicles. J. Power Sources, 2020, 478:
228753.

[61]

 Pagliaro, M.; Meneguzzo, F. Lithium battery reusing and recyc-
ling: A circular economy insight. Heliyon, 2019, 5: e01866.

[62]

 Liu, Y.; Dong, J. Y.; Guan, Y. B.; Wang, X. Z.; Chen, Z. L.; Gao, M. Y.;
Guo, S. Y.; Yan, K.; Lu, Y.; Wang, M. et al. In situ 3D conductive
networks and interfacial bonding to stabilize oxygen vacancies
for single-crystal Ni-rich cathodes. Adv. Mater., 2026, 38: e15106.

[63]

 Li, C.; Liu, J. Z.; Su, Y. F.; Dong, J. Y.; Zhang, H. Y.; Wang, M.; Guan,
Y. B.; Yan, K.; Liu, N.; Lu, Y. et al. Enhancing chemomechanical
stability and high-rate performance of nickel-rich cathodes for
lithium-ion  batteries  through  three-in-one  modification.
Energy Storage Mater., 2025, 74: 103893.

[64]

 Liu, Y.; Dong, J. Y.; Zhou, J. L.; Guan, Y. B.; Wei, Y. M.; Zhao, J. Y.;
Liang, J. D.; Shi, X. X.; Yan, K.; Lu, Y. et al. Interfacial evolution and
accelerated aging mechanism for LiFePO4/graphite pouch bat-
teries under multi-step indirect activation.  Nano Micro Lett.,
2026, 18: 136.

[65]

 Chen, S.; Liu, C.; Feng, R. C.; Chen, Z. T.; Lu, Y.; Chen, L.; Huang,
Q.; Guan, Y. B.; Yan, W. G.; Su, Y. F. et al. Natural graphite anode
for advanced lithium-ion Batteries: Challenges, Progress, and
Perspectives. Chem. Eng. J., 2025, 503: 158116.

[66]

 Dong, Y.;  Liu, C.;  Rui,  M. X.;  Zhang, X. Y.;  Guan, Y. B.;  Chen, L.;
Huang, Q.; Wang, M.; Su, Y. F.; Wu, F. et al. Review on graphite
anodes  for  fast-charging  lithium-ion  batteries:  Mechanism,
modification and characterizations. Adv. Funct. Mater., 2025, 35:
2506190.

[67]

 Sun, X.; Liu, H.; Ren, K. F.; Tang, W. B.; Guo, C.; Bao, W. Z.; Yu, F.;
Cheng, X. B.; Li, J. F. Understanding the coupling mechanism of
intercalation and conversion hybrid storage in lithium–graphite
anode. Small, 2024, 20: 2401675.

[68]

 Yuan, H. D.; Ding, X. F.; Liu, T. F.; Nai, J. W.; Wang, Y.; Liu, Y. J.; Liu,
C. T.; Tao, X. Y. A review of concepts and contributions in lithi-
um  metal  anode  development.  Mater.  Today,  2022,  53:
173–196.

[69]

 Wang, R. H.; Cui, W. S.; Chu, F. L.; Wu, F. X. Lithium metal anodes:
Present and future. J. Energy Chem., 2020, 48: 145–159.

[70]

Environmental Chemistry and Safety   doi: 10.26599/ECS.2026.9600053

(14 of 18) Environmental Chemistry and Safety 2026, 2: 9600053
 

https://doi.org/10.1038/s41563-025-02144-7
https://doi.org/10.1038/s41467-020-18285-z
https://doi.org/10.1021/cm9008943
https://doi.org/10.1016/j.joule.2023.06.017
https://doi.org/10.1038/s41586-022-04689-y
https://doi.org/10.1016/j.joule.2025.102229
https://doi.org/10.1002/adma.201900985
https://doi.org/10.1002/adfm.201900247
https://doi.org/10.1002/adfm.201900247
https://doi.org/10.1002/anie.201812472
https://doi.org/10.1016/j.ensm.2019.08.013
https://doi.org/10.1038/s41586-022-05238-3
https://doi.org/10.1038/s41565-025-02079-9
https://doi.org/10.1038/s41565-025-02079-9
https://doi.org/10.1038/s41565-025-02079-9
https://doi.org/10.1126/science.ado1675
https://doi.org/10.1021/jacs.4c02198
https://doi.org/10.1016/j.trechm.2019.02.015
https://doi.org/10.1039/C9CS00838A
https://doi.org/10.1038/s41560-022-01120-8
https://doi.org/10.1016/0025-5408(83)90138-1
https://doi.org/10.1038/ncomms6693
https://doi.org/10.1038/ncomms3437
https://doi.org/10.1038/s41467-019-12626-3
https://doi.org/10.1038/s41586-019-1682-5
https://doi.org/10.1557/mre.2018.13
https://doi.org/10.1016/j.jpowsour.2020.228753
https://doi.org/10.1016/j.heliyon.2019.e01866
https://doi.org/10.1002/adma.202515106
https://doi.org/10.1016/j.ensm.2024.103893
https://doi.org/10.1007/s40820-025-01971-2
https://doi.org/10.1016/j.cej.2024.158116
https://doi.org/10.1002/adfm.202506190
https://doi.org/10.1002/smll.202401675
https://doi.org/10.1016/j.mattod.2022.01.015
https://doi.org/10.1016/j.jechem.2019.12.024


 Wang, Q. Y.; Liu, B.; Shen, Y. H.; Wu, J. K.; Zhao, Z. Q.; Zhong, C.;
Hu, W. B. Confronting the challenges in lithium anodes for lithi-
um metal batteries. Adv. Sci., 2021, 8: 2101111.

[71]

 Du, Y. T.; Deng, S. Z.; Zhu, Y. Y.; Jiang, J. N.; Yang, G. X.; Wu, M. B.;
Li,  Z. T. Advancements in polymer materials for high-energy-
density  lithium-ion  batteries.  Chem.  Soc.  Rev.,  2025,  54:
8287–8324.

[72]

 Trinh, H. N., Eesaee, M.; Shahgaldi, S.; Singh, J.; Hoang, T. L. G.,
Nguyen-Tri, P. Advancements and challenges in polymer-based
separators  for  lithium-ion  batteries.  Energy  Storage  Mater.,
2025, 77: 104153.

[73]

 Watts, T. J., Smart, M. C., Manthiram, A. Differentiating the syner-
gistic interactions between Li+ salts and cyclic to linear carbon-
ate ratios to enable wide-temperature performance of lithium-
ion batteries. Adv. Funct. Mater., 2026, 36: e11694.

[74]

 Li, Z.; Wang, L.; Huang, X. D.; He, X. M. Lithium bis(trifluorometh-
anesulfonyl)imide (LiTFSI): A prominent lithium salt in lithium-
ion battery electrolytes–fundamentals, progress, and future per-
spectives. Adv. Funct. Mater., 2024, 34: 2408319.

[75]

 Haregewoin, A. M.; Wotango, A. S.; Hwang, B. J. Electrolyte ad-
ditives for lithium ion battery electrodes: Progress and perspect-
ives. Energy Environ. Sci., 2016, 9: 1955–1988.

[76]

 Zhang, R. H.; Shi, X. Y.; Esan, O. C., An, L. Organic electrolytes re-
cycling from spent lithium-ion batteries. Glob. Chall., 2022, 6:
2200050.

[77]

 Ma, X. T.; Meng, Z. F.; Bellonia, M. V.; Spangenberger, J.; Harper,
G.; Gratz, E.; Olivetti, E.; Arsenault, R.; Wang, Y. The evolution of
lithium-ion battery recycling. Nat. Rev. Clean Technol., 2025, 1:
75–94.

[78]

 Reinhart,  L.;  Vrucak,  D.;  Woeste,  R.;  Lucas,  H.;  Rombach,  E.;
Friedrich, B.; Letmathe, P. Pyrometallurgical recycling of differ-
ent lithium-ion battery cell  systems: Economic and technical
analysis. J. Clean. Prod., 2023, 416: 137834.

[79]

 Makuza, B.; Tian, Q. H.; Guo, X. Y.; Chattopadhyay, K.; Yu, D. W.
Pyrometallurgical options for recycling spent lithium-ion batter-
ies:  A  comprehensive  review.  J.  Power  Sources,  2021,  491:
229622.

[80]

 Wang, J. X.; Ma, J.; Zhuang, Z. F.; Liang, Z.; Jia, K.; Ji, G. J.; Zhou, G.
M.; Cheng, H. M. Toward direct regeneration of spent lithium-
ion batteries: A next-generation recycling method. Chem. Rev.,
2024, 124: 2839–2887.

[81]

 Chen, M. Y.; Ma, X. T.; Chen, B.; Arsenault, R.; Karlson, P.; Simon,
N.;  Wang, Y.  Recycling end-of-life electric vehicle lithium-ion
batteries. Joule, 2019, 3: 2622–2646.

[82]

 Zhang, Y. S.; Schneider, K.; Qiu, H.; Zhu, H. L. A perspective of
low  carbon  lithium-ion  battery  recycling  technology.
Carbon Capture Sci. Technol., 2022, 5: 100074.

[83]

 Gaines, L. Lithium-ion battery recycling processes: Research to-
wards a sustainable course. Sustain. Mater. Technol., 2018, 17:
e00068.

[84]

 Bhattacharyya, S.; Vidal, R.; Alhashim, S. H., Chen, X.; Ajayan, P.
M. Comparative assessment & environmental impacts of lixivi-
ants for hydrometallurgical lithium-ion battery recycling. Adv.
Energy Mater., 2025, 15: 2405348.

[85]

 Chen, X. P.; Chen, Y. B.; Zhou, T.; Liu, D. P.; Hu, H.; Fan, S. Y. Hy-
drometallurgical  recovery of  metal  values from sulfuric  acid
leaching liquor of spent lithium-ion batteries. Waste Manag.,
2015, 38: 349–356.

[86]

 Pinna, E. G., Ruiz, M. C., Ojeda, M. W., Rodriguez, M. H. Cathodes
of spent Li-ion batteries: Dissolution with phosphoric acid and
recovery of lithium and cobalt from leach liquors. Hydrometal-
lurgy, 2017, 167: 66–71.

[87]

 Wang, K.; Zhang, G. Q.; Luo, M. Z.; Zeng, M. Separation of Co and
Mn from acetic acid leaching solution of spent lithium-ion bat-
tery by Cyanex272. J. Environ. Chem. Eng., 2022, 10: 108250.

[88]

 Chen, W. S.; Ho, H. J. Recovery of valuable metals from lithium-
ion batteries NMC cathode waste materials by hydrometallur-
gical methods. Metals, 2018, 8: 321.

[89]

 Lupi,  C.;  Pasquali,  M.;  Dell’Era,  A.  Nickel  and cobalt  recycling
from  lithium-ion  batteries  by  electrochemical  processes.
Waste Manag., 2005, 25: 215–220.

[90]

 Li, S. Z.; Wu, X.; Jiang, Y. Z.; Zhou, T.; Zhao, Y.; Chen, X. P. Novel
electrochemically driven and internal circulation process for
valuable  metals  recycling  from  spent  lithium-ion  batteries.
Waste Manag., 2021, 136: 18–27.

[91]

 Diaz, L. A., Strauss, M. L., Adhikari, B.; Klaehn, J. R., McNally, J. S.,
Lister, T. E. Electrochemical-assisted leaching of active materials
from lithium ion batteries. Resour. Conserv. Recycl., 2020, 161:
104900.

[92]

 Li, Y. K.; Lv, W. G.; Huang, H. L.; Yan, W. Y.; Li, X. K.; Ning, P. G.;
Cao, H.  B.;  Sun, Z.  Recycling of spent lithium-ion batteries in
view of green chemistry. Green Chem., 2021, 23: 6139–6171.

[93]

 Iturrondobeitia,  M.;  Vallejo,  C.;  Berroci,  M.;  Akizu-Gardoki,  O.;
Minguez, R.; Lizundia, E. Environmental impact assessment of
LiNi1/3Mn1/3Co1/3O2 hydrometallurgical cathode recycling from
spent lithium-ion batteries. ACS Sustainable Chem. Eng., 2022,
10: 9798–9810.

[94]

 Asadi Dalini, E.; Karimi, G.; Zandevakili, S.; Goodarzi, M. A review
on environmental, economic and hydrometallurgical processes
of recycling spent lithium-ion batteries.  Miner.  Process.  Extr.
Metall. Rev., 2021, 42: 451–472.

[95]

 Shin, Y.; Kim, S.; Park, S.; Lee, J.; Bae, J.; Kim, D.; Joo, H.; Ban, S.;
Lee, H.; Kim, Y. et al. A comprehensive review on the recovery of
cathode active materials via direct recycling from spent Li-ion
batteries. Renew. Sustain. Energy Rev., 2023, 187: 113693.

[96]

 Chen, J. P.; Li, Q. W.; Song, J. S.; Song, D. W.; Zhang, L. Q.; Shi, X.
X. Environmentally friendly recycling and effective repairing of
cathode powders from spent LiFePO4 batteries. Green Chem.,
2016, 18: 2500–2506.

[97]

 Morey, G. W., Niggli, P. The hydrothermal formation of silicates,
a review. J. Am. Chem. Soc., 1913, 35: 1086–1130.

[98]

 Zeng, G. S.; Hu, J.; Liu, C. L.; Li, G. Y.; Yu, J. X.; Xu, J. B.; Liu, P. F.;
Wang, Z.  B.;  Deng, C.  J.;  Luo, X.  B.  Selective recycling lithium
from spent lithium batteries using carbonate ester derived from
electrolyte in hydrothermal environments. Resour. Conserv. Re-
cycl., 2024, 204: 107480.

[99]

 Nunes, V. M. B., Queirós, C. S., Lourenço, M. J. V., Santos, F. J. V.,
Nieto de Castro, C. A. Molten salts as engineering fluids–A re-
view  Part  I.  Molten  alkali  nitrates.  Appl.  Energy,  2016,  183:
603–611.

[100]

 Lai, Z. Y.; Long, J.; Lu, Y.; Luo, F. Q.; Zeng, L. X.; Lai, W. B.; Li, Y. X.;
Qian, Q. R.; Chen, Q. H.; Zhang, K. et al. Direct recycling of re-
tired lithium-ion batteries: Emerging methods for sustainable
reuse. Adv. Energy Mater., 2025, 15: 2501009.

[101]

 Jia, K.; He, Y. J.; Piao, Z. H.; Cao, Z. J.; Zhang, M. T.; Zhu, Y. F.; Li, L.;
Liang, Z.; Kumar, R. V.; Zhou, G. M. et al. Low-frequency phonon
dispersion relation enabling stable cathode from spent lithium-
ion batteries. Adv. Mater., 2025, 37: 2413753.

[102]

 Jia, K.; Ji, G. J.; He, Y. J.; Piao, Z. H.; Zhang, M. T.; Cao, Z. J.; Li, C.;
Hou, K. Z.; Abdelkader, A. M.; Liang, Z. et al. Surface spin-state
manipulation via a strong electronegative ligand field enables
direct regeneration of spent lithium-ion battery cathodes. An-
gew. Chem. Int. Ed., 2026, e2888520.

[103]

 Chen, S.; Wu, G. B.; Jiang, H. B.; Wang, J. F.; Chen, T. T.; Han, C. Y.;
Wang, W. W.; Yang, R. C.; Zhao, J. H.; Tang, Z. H. et al. External Li
supply reshapes Li  deficiency and lifetime limit  of  batteries.
Nature, 2025, 638: 676–683.

[104]

 Wang, J. X.; Jia, K.; Ma, J.; Liang, Z.; Zhuang, Z. F.; Zhao, Y.; Li, B.
H.; Zhou, G. M.; Cheng, H. M. Sustainable upcycling of spent Li-
CoO2  to an ultra-stable battery cathode at high voltage. Nat.

[105]

Environmental Chemistry and Safety   doi: 10.26599/ECS.2026.9600053

Environmental Chemistry and Safety 2026, 2: 9600053 (15 of 18)
 

https://doi.org/10.1002/advs.202101111
https://doi.org/10.1039/D5CS00583C
https://doi.org/10.1016/j.ensm.2025.104153
https://doi.org/10.1002/adfm.202511694
https://doi.org/10.1002/adfm.202408319
https://doi.org/10.1039/C6EE00123H
https://doi.org/10.1002/gch2.202200050
https://doi.org/10.1038/s44359-024-00010-4
https://doi.org/10.1016/j.jclepro.2023.137834
https://doi.org/10.1016/j.jpowsour.2021.229622
https://doi.org/10.1021/acs.chemrev.3c00884
https://doi.org/10.1016/j.joule.2019.09.014
https://doi.org/10.1016/j.ccst.2022.100074
https://doi.org/10.1016/j.susmat.2018.e00068
https://doi.org/10.1002/aenm.202405348
https://doi.org/10.1002/aenm.202405348
https://doi.org/10.1016/j.wasman.2014.12.023
https://doi.org/10.1016/j.hydromet.2016.10.024
https://doi.org/10.1016/j.hydromet.2016.10.024
https://doi.org/10.1016/j.jece.2022.108250
https://doi.org/10.3390/met8050321
https://doi.org/10.1016/j.wasman.2004.12.012
https://doi.org/10.1016/j.wasman.2021.09.023
https://doi.org/10.1016/j.resconrec.2020.104900
https://doi.org/10.1039/D1GC01639C
https://doi.org/10.1021/acssuschemeng.2c01496
https://doi.org/10.1080/08827508.2020.1781628
https://doi.org/10.1080/08827508.2020.1781628
https://doi.org/10.1016/j.rser.2023.113693
https://doi.org/10.1039/C5GC02650D
https://doi.org/10.1021/ja02198a600
https://doi.org/10.1016/j.resconrec.2024.107480
https://doi.org/10.1016/j.resconrec.2024.107480
https://doi.org/10.1016/j.resconrec.2024.107480
https://doi.org/10.1002/aenm.202501009
https://doi.org/10.1002/adma.202413753
https://doi.org/10.1038/s41586-024-08465-y
https://doi.org/10.1038/s41893-023-01094-9


Sustain., 2023, 6: 797–805.
 Yang, F. Z.; Chen, X. L.; Qu, G.; Nie, Q.; Liu, G. X.; Wan, W.; Wang,
T. Y.; Li, S.; Huang, Y. H.; Li, J. et al. Electrode separation via wa-
ter electrolysis for sustainable battery recycling. Nat. Sustain.,
2025, 8: 520–529.

[106]

 Ji, G. J.; Wang, J. X.; Liang, Z.; Jia, K.; Ma, J.; Zhuang, Z. F.; Zhou, G.
M.; Cheng, H. M. Direct regeneration of degraded lithium-ion
battery cathodes with a multifunctional organic lithium salt.
Nat. Commun., 2023, 14: 584.

[107]

 Wang, W. P.; Liu, Z. C.; Zhu, Z. X.; Ma, Y. R.; Zhang, K.; Meng, Y. H.;
Ahmad, T.; Ali Khan, N.; Peng, Q.; Xie, Z. H. et al. Electrochemical
lithium recycling from spent batteries with electricity genera-
tion. Nat. Sustain., 2025, 8: 287–296.

[108]

 Xu, P.  P.;  Dai,  Q.;  Gao, H. P.;  Liu,  H. D.;  Zhang, M. H.;  Li,  M. Q.;
Chen, Y.; An, K.; Meng, Y. S.; Liu, P. et al. Efficient direct recycling
of lithium-ion battery cathodes by targeted healing. Joule, 2020,
4: 2609–2626.

[109]

 Zhang, Y. L.; Li, Y.; Tao, Y. B.; Ye, J. L.; Pan, A. Q.; Li, X. Z.; Liao, Q.
Q.; Wang, Z. Q. Performance assessment of retired EV battery
modules for echelon use. Energy, 2020, 193: 116555.

[110]

 Zhang, Q. C.; Li, X. Z.; Du, Z. C.; Liao, Q. Q. Aging performance
characterization and state-of-health assessment of retired lithi-
um-ion battery modules. J. Energy Storage, 2021, 40: 102743.

[111]

 Ojanen, S.; Lundström, M.; Santasalo-Aarnio, A.; Serna-Guerrero,
R. Challenging the concept of electrochemical discharge using
salt solutions for lithium-ion batteries recycling. Waste Manag.,
2018, 76: 242–249.

[112]

 Yao, L. P.; Zeng, Q.; Qi, T.; Li, J. An environmentally friendly dis-
charge technology to pretreat spent lithium-ion batteries.  J.
Clean. Prod., 2020, 245: 118820.

[113]

 Kang, F.; Zhao, Y. J.; Liu, Y. Q.; Shen, J.; Liu, W.; Lv, W. G.; Cao, T. P.
et al. Discharge pathways and deactivation mechanisms of re-
tired lithium-ion batteries. ACS Sustainable Chem. Eng., 2025,
13: 5985–5995.

[114]

 Zhang, X. G.; Liu, C.; Yue, Y.; Gong, Q. S.; Ma, F.; Wang, Y. Human-
robot collaborative disassembly task planning for retired power
battery based on Stackelberg game and multi-agent deep rein-
forcement learning. J. Manuf. Syst., 2025, 82: 841–857.

[115]

 Wu, S.  B.;  Hong,  C.  Q.;  Kaden,  N.;  Gümbel,  P.;  Nguyen,  D.  M.,
Wacker, C.; Dröder, K. Post-mortem analysis-based framework
for automated disassembly processes of retired electric vehicle
lithium-ion batteries. J. Energy Storage, 2025, 114: 115723.

[116]

 Liu, S.  W.;  Bokov, A.;  Trouillet,  V.;  Zimmermanns, R.;  Indris,  S.;
Nandy, S.; Mereacre, L.; Missyul, A.; Bergfeldt, T.; Knapp, M. et al.
E f f e c t  o f  i m p u r i t i e s  o n  d i r e c t  r e c y c l i n g  o f  s p e n t
LiNixCoyMnzO2Cathode  material  for  lithium-ion  batteries.
ACS Nano, 2026, 20: 14528–14542.

[117]

 Meng, Z. F.; Ma, X. T.; Hou, J. H.; Zheng, Y. D.; Wang, Y. Impurity
impacts of recycling NMC cathodes. Adv. Energy Mater., 2025,
15: 2405383.

[118]

 Wiszniewski, L.; Marschall, I.; Hochsteiner, T.; McFarlane Hoad, T.;
Doschek-Held, K.; Raupenstrauch, H. Evaluating refractory ma-
terial performance in pyrometallurgical recycling of lithium-ion
batteries under a reducing atmosphere. Ceram. Int., 2024, 50:
43683–43698.

[119]

 Qu, G. R.; Yang, J. Q.; Wei, Y. G.; Zhou, S. W.; Li, B.; Wang, H. Mech-
anism for metal loss in smelting of recycled spent lithium-ion
batteries: The overlooked role of refractory materials. J. Environ.
Manag., 2024, 349: 119438.

[120]

 Klemettinen, L.; Biswas, J.; Klemettinen, A.; Zhang, J. H.; O’Brien,
H.;  Partinen,  J.;  Jokilaakso,  A.  Roasting-water  leaching-slag
cleaning process for recovery of valuable metals from Li-ion bat-
tery scrap. J. Sustain. Metall., 2025, 11: 851–866.

[121]

 Yang, T. Z.; Luo, D.; Yu, A. P.; Chen, Z. W. Enabling future closed-
loop recycling of spent lithium-ion batteries: Direct cathode re-

[122]

generation  (adv.  mater.  36/2023).  Adv.  Mater.,  2023,  35:
2370259.
 Fan, M.; Chang, X.; Guo, Y. J.; Chen, W. P.; Yin, Y. X.; Yang, X. N.;
Meng,  Q.  H.;  Wan,  L.  J.;  Guo,  Y.  G.  Increased residual  lithium
compounds guided design for green recycling of spent lithium-
ion cathodes. Energy Environ. Sci., 2021, 14: 1461–1468.

[123]

 Gnutzmann,  M.  M.;  Makvandi,  A.;  Ying,  B.  X.;  Buchmann,  J.;
Lüther,  M.  J.;  Helm,  B.;  Nagel,  P.;  Peterlechner,  M.;  Wilde,  G.;
Gomez-Martin, A. et al. Direct recycling at the material level: Un-
ravelling challenges and opportunities through a case study on
spent Ni-rich layered oxide-based cathodes (adv. energy mater.
36/2024). Adv. Energy Mater., 2024, 14: 2470150.

[124]

 Liu,  Z.  Z.;  Li,  H.  M.;  Han,  M.  M.;  Fang,  L.;  Fu,  Z.;  Zhang,  H.  M.;
Wang, G. Z.; Zhang, Y. X. Upcycling of degraded LiCoO2  cath-
odes into high-performance lithium-ion batteries via a three-In-
one strategy. Adv. Energy Mater., 2023, 13: 2302058.

[125]

 Fang, D. F.; Wu, F.; Zhang, X. X.; Zhang, X. D.; Ye, Y. S.; Chen, R. J.;
Li,  L.  Direct upcycling of degraded LiCoO2  towards high-per-
formance cathodes via a multifunctional organic lithium salt.
Angew. Chem. Int. Ed., 2025, 64: e202502176.

[126]

 Yang, Z. L.; Xing, C. X.; Chen, L.; Tao, S. Q.; Zhang, Y. C.; Wang, G.
R.; Yang, P.; Zhou, J.; Zhang, C. C.; Chen, J. Q. et al. Direct upcyc-
ling of  degraded LiCoO2  material  toward high-performance
single-crystal  NCM  cathode.  Adv.  Funct.  Mater.,  2025,  35:
2409737.

[127]

 Zhang, J.; Chen, D.; Jiao, J. X.; Zeng, W. H.; Mu, S. C. Valorization
of spent lithium-ion battery cathode materials for energy con-
version reactions. Green Energy Environ., 2025, 10: 1461–1480.

[128]

 Mirshokraee, S. A., Muhyuddin, M.; Morina, R.; Poggini, L.; Ber-
retti, E.; Bellini, M.; Lavacchi, A.; Ferrara, C.; Santoro, C. Upcycling
of waste lithium-cobalt-oxide from spent batteries into elec-
trocatalysts for hydrogen evolution reaction and oxygen reduc-
tion  reaction:  A  strategy  to  turn  the  trash  into  treasure.  J.
Power Sources, 2023, 557: 232571.

[129]

 Jiao, M. L.; Zhang, Q.; Ye, C. L.; Liu, Z. B.; Zhong, X. W.; Wang, J. X.;
Li,  C.;  Dai,  L.  X.;  Zhou,  G.  M.;  Cheng,  H.  M.  Recycling  spent
LiNi1-x-yMnxCoyO2cathodes to bifunctional NiMnCo catalysts for
zinc-air  batteries.  Proc.  Natl.  Acad.  Sci.  U.  S.  A.,  2022,  119:
e2202202119.

[130]

 Yao, R. H.; Wu, J.; Kansara, S.; Sun, Z. W.; Kang, H.; Liu, F.; Wang, K.
Z.; Hu, J.; Li, X. M.; Wu, D. P. et al. Recycling defunct lithium-ion
battery cathodes to quaternary layered double hydroxides for
efficient oxygen evolution reaction. Adv. Sci., 2025, 12: 2501957.

[131]

 Gebeyehu, K. B., Chen, L. L.; Fan, L. J.; Chao, Y. H.; Zhu, W. S. Re-
covery of high-value metals from the cathode of spent lithium-
ion batteries via acid leaching: A review. J. Environ. Chem. Eng.,
2025, 13: 116174.

[132]

 Ku, H.; Jung, Y.; Jo, M.; Park, S.; Kim, S.; Yang, D.; Rhee, K.; An, E.
M.;  Sohn,  J.;  Kwon,  K.  Recycling of  spent lithium-ion battery
cathode materials by ammoniacal leaching. J. Hazard. Mater.,
2016, 313: 138–146.

[133]

 Xu, Z. L.; Ye, L.; Yu, Y.; Gong, H. Q.; Xiao, Z. M.; Ming, L.; Zhang, B.;
Yao,  Z.;  Wang,  J.  X.;  Ou,  X.  A  green  and  efficient  recycling
strategy for spent lithium-ion batteries in neutral solution envir-
onment. Angew. Chem. Int. Ed., 2025, 64: e202414899.

[134]

 Zhuang, Z. F.; Li, J. F.; Ji, H. C.; Piao, Z. H.; Wu, X. R.; Ji, G. J.; Liu, S.;
Ma, J.; Tang, D.; Zheng, N. Z. et al. Fast Li replenishment chan-
nels-assisted recycling of degraded layered cathodes with en-
hanced cycling performance and thermal stability. Adv. Mater.,
2024, 36: 2313144.

[135]

 Park, K. Y.; Park, I.; Kim, H.; Lim, H. D.; Hong, J.; Kim, J.; Kang, K.
Anti-site reordering in LiFePO4: Defect annihilation on charge
carrier injection. Chem. Mater., 2014, 26: 5345–5351.

[136]

 Li, Y. Y.; Deng, L. J.; Cao, Y. J.; He, J. Y.; Li, G. S. A critical review on
the direct regeneration technologies of cathode materials from

[137]

Environmental Chemistry and Safety   doi: 10.26599/ECS.2026.9600053

(16 of 18) Environmental Chemistry and Safety 2026, 2: 9600053
 

https://doi.org/10.1038/s41893-023-01094-9
https://doi.org/10.1038/s41893-025-01539-3
https://doi.org/10.1038/s41467-023-36197-6
https://doi.org/10.1038/s41893-024-01505-5
https://doi.org/10.1016/j.joule.2020.10.008
https://doi.org/10.1016/j.energy.2019.116555
https://doi.org/10.1016/j.est.2021.102743
https://doi.org/10.1016/j.wasman.2018.03.045
https://doi.org/10.1016/j.jclepro.2019.118820
https://doi.org/10.1016/j.jclepro.2019.118820
https://doi.org/10.1021/acssuschemeng.5c00940
https://doi.org/10.1016/j.jmsy.2025.07.024
https://doi.org/10.1016/j.est.2025.115723
https://doi.org/10.1021/acsnano.5c22606
https://doi.org/10.1002/aenm.202405383
https://doi.org/10.1016/j.ceramint.2024.08.220
https://doi.org/10.1016/j.jenvman.2023.119438
https://doi.org/10.1016/j.jenvman.2023.119438
https://doi.org/10.1007/s40831-024-00988-y
https://doi.org/10.1002/adma.202370259
https://doi.org/10.1039/D0EE03914D
https://doi.org/10.1002/aenm.202470150
https://doi.org/10.1002/aenm.202470150
https://doi.org/10.1002/aenm.202302058
https://doi.org/10.1002/anie.202502176
https://doi.org/10.1002/adfm.202409737
https://doi.org/10.1016/j.gee.2024.10.006
https://doi.org/10.1016/j.jpowsour.2022.232571
https://doi.org/10.1016/j.jpowsour.2022.232571
https://doi.org/10.1073/pnas.2202202119
https://doi.org/10.1002/advs.202501957
https://doi.org/10.1016/j.jece.2025.116174
https://doi.org/10.1016/j.jhazmat.2016.03.062
https://doi.org/10.1002/anie.202414899
https://doi.org/10.1002/adma.202313144
https://doi.org/10.1021/cm502432q


spent  lithium iron phosphate batteries.  Rare  Met.,  2025,  44:
8237–8261.
 Fan, M.; Meng, Q. H.; Chang, X.; Gu, C. F.; Meng, X. H.; Yin, Y. X.; Li,
H. L.; Wan, L. J.; Guo, Y. G. In situ electrochemical regeneration of
degraded LiFePO4  electrode with functionalized prelithiation
separator. Adv. Energy Mater., 2022, 12: 2103630.

[138]

 Xiao, M.; University, S.; Fu, X. P.; University, S.; Chen, M. H.; Uni-
versity, S.;  Ye, M.; University, S.;  Zhu, C. Q.; University, S. et al.
Constructing a homogeneous medium layer to promote the dir-
ect regeneration of spent lithium iron phosphate. ACS Appl. Ma-
ter. Interfaces, 2025, 17: 12199–12207.

[139]

 Zhang, J. F.; Hu, W. Y.; Zou, J. T.; Wang, X. W.; Li, P. F.; Peng, D. Z.;
Li, Y.; Zhao, R. R.; He, D. Directional high-value regeneration of
lithium, iron,  and phosphorus from spent lithium iron phos-
phate  batteries.  ACS  Sustainable  Chem.  Eng.,  2022,  10:
13424–13434.

[140]

 Li, P. W.; Luo, S. H.; Zhang, L.; Wang, Y. K.; Zhang, H. R.; Wang, J.
H.; Yan, S. X.; Hou, P. Q.; Wang, Q.; Zhang, Y. H. et al. Study on ef-
ficient and synergistic leaching of valuable metals from spent
lithium iron phosphate using the phosphoric acid-oxalic acid
system. Sep. Purif. Technol., 2022, 303: 122247.

[141]

 Fu, X. P.; University, S.; Xiao, M.; University, S.; Chen, M. H.; Uni-
versity, S.; Zhang, Z. A.; University, S.; Zheng, L. M.; University, S.
et al. Constructing a three-phase reaction system for efficiently
recycling  spent  LiFePO4.  ACS  Appl.  Energy  Mater.,  2025,  8:
10062–10070.

[142]

 Tian, X.; Ma, Q. Y.; Xie, J. L.; Xia, Z. Q.; Liu, Y. B. Environmental im-
pact and economic assessment of recycling lithium iron phos-
phate  battery  cathodes:  Comparison  of  major  processes  in
China. Resour. Conserv. Recycl., 2024, 203: 107449.

[143]

 Azimi, G.; Mohammad Zadeh, A. H. Recycling of spent lithium
iron phosphate batteries–a review of processes, economics, and
carbon footprint. Waste Manag., 2026, 209: 115203.

[144]

 Wen, G. D.; Yuan, S.; Dong, Z. Z.; Ding, H. Y.; Gao, P. Recycling of
spent lithium iron phosphate battery cathode materials: A re-
view. J. Clean. Prod., 2024, 474: 143625.

[145]

 Zeng, L. Techno-economic analysis for lithium-ion battery man-
ufacturing and recycling. Nat. Rev. Clean Technol., 2025, 1: 114.

[146]

 Li, R. Q.; Li, K.; Wang, W.; Zhang, F.; Tian, S. C.; Ren, Z. Q.; Zhou, Z.
Y. Highly selective and green recovery of lithium ions from lithi-
um iron phosphate powders with ozone. Front. Chem. Sci. Eng.,
2023, 17: 749–758.

[147]

 Müller, D. P., Hiete, M. Recycled content and recycling of elec-
tric vehicle batteries in the context of EU battery regulation:
Methodological deficits and strategic approaches for sustain-
able  battery  materials.  Resour.  Conserv.  Recycl.,  2026,  231:
108903.

[148]

 Tan, Y. C.; Wang, R.; Liu, X. X.; Du, J. M.; Wang, W. Y.; Zhan, R. M.;
Tu, S. B.; Cheng, K.; Chen, Z. H.; Huang, Z. Y. et al. Overlithiation-
driven structural regulation of lithium nickel manganese oxide
for high-performance battery cathode. Energy Storage Mater.,
2023, 63: 102962.

[149]

 Ji, H. C.; Wang, J. X.; Qiu, X.; Ren, H. Y.; Xue, H. Y.; Zhang, H.; Ji, G.
J.; Cheng, H. M.; Zhou, G. M. A universal protocol for ultrafast dir-
ect  regeneration and upcycling of  spent lithium-ion battery
cathode materials. Nat. Protoc., 2026, 21: 2413–2447.

[150]

 Zhou, Z. H.; Liu, Y. J.; Tang, Z. Y.; Xia, J. H.; Jin, H.; Zhang, J. L.;
Chen, Y. Q.; Wang, C. Y. Facile and efficient recycling of cathode
materials of spent lithium manganate batteries. Chem. Com-
mun., 2023, 59: 3906–3909.

[151]

 He,  S.  C.;  Liu,  Z.  H.  Efficient  process  for  recovery  of  waste
LiMn2O4 cathode material: Low-temperature (NH4)2SO4 calcina-
tion  mechanisms  and  water-leaching  characteristics.
Waste Manag., 2020, 108: 28–40.

[152]

 Min, X.;  Zhu, Y.  M.;  bai,  Y.;  Guo, M. M.;  Sun, T.  H.;  Jia,  J.  P.  Re-[153]

source recovery from spent lithium manganese oxide batteries
for the fabrication of high-performance manganese-based cata-
lysts in toluene degradation: A structure-activity relationship
study. Process. Saf. Environ. Prot., 2025, 197: 107023.
 Zhang, L. H.; Liao, Y.; Ye, M.; Cai, W. Q.; Xiao, M.; Hu, C. Y.; Zhong,
B. H.; Wan, F.; Guo, X. D. Regeneration of spent lithium mangan-
ate batteries into Al-doped MnO2 cathodes toward aqueous Zn
batteries. ACS Appl. Mater. Interfaces, 2023, 15: 59475–59481.

[154]

 Chen, M. H.; University, S.; Xiao, M.; University, S.; Fu, X. P.; Uni-
versity, S.; Xing, X. J.; University, S.; Wan, F.; University, S. et al.
Upcycling of mixed spent cathodes into high-energy cathode
materials via an efficient leaching–sol–gel strategy. ACS Sustain-
able Chem. Eng., 2026, 14: 7407–7417.

[155]

 Qu, X. Y.; Li, J. B.; Gao, Y. Y.; Zhu, K.; Li, P. W.; Cao, D. X. Efficient
regeneration of spent lithium iron phosphate cathodes materi-
als via oxidation-reduction for industrial-scale recycling. Adv.
Funct. Mater., 2025, 35: 2507117.

[156]

 Roy, J. J.; Phuong, D. M.; Verma, V.; Chaudhary, R.; Carboni, M.;
Meyer, D.; Cao, B.; Srinivasan, M. Direct recycling of Li-ion batter-
ies from cell to pack level: Challenges and prospects on techno-
logy, scalability, sustainability, and economics. Carbon Energy,
2024, 6: e492.

[157]

 Wang, J. X.; Ji, H. C.; Li, J. F.; Liang, Z.; Chen, W.; Zhu, Y. F.; Ji, G. J.;
Shi,  R.  Y.;  Zhou, G. M.;  Cheng, H. M. Direct recycling of spent
cathode material at ambient conditions via spontaneous lithi-
ation. Nat. Sustain., 2024, 7: 1283–1293.

[158]

 Huang, M. T.; Wang, M.; Yang, L. M.; Wang, Z. H.; Yu, H. X.; Chen,
K. C.; Han, F.; Chen, L.; Xu, C. X.; Wang, L. H. et al. Direct regenera-
tion of  spent lithium-ion battery cathodes:  From theoretical
study to production practice. Nano Micro Lett., 2024, 16: 207.

[159]

 Sun, J.; Li, J. G.; Zhou, T.; Yang, K.; Wei, S. P.; Tang, N.; Dang, N. N.;
Li, H.; Qiu, X. P.; Chen, L. Q. Toxicity, a serious concern of thermal
runaway from commercial Li-ion battery. Nano Energy, 2016, 27:
313–319.

[160]

 Ahuis, M.; Doose, S.; Vogt, D.; Michalowski, P.; Zellmer, S.; Kwade,
A.  Recycling  of  solid-state  batteries.  Nat.  Energy,  2024,  9:
373–385.

[161]

 Buchner, G.; Stepputat, K. J., Zimmermann, A. W., Schomäcker, R.
Specifying  technology  readiness  levels  for  the  chemical  in-
dustry. Ind. Eng. Chem. Res., 2019, 58: 6957–6969.

[162]

 Mossali, E.; Picone, N.; Gentilini, L.;  Rodrìguez, O.; Pérez, J. M.,
Colledani, M. Lithium-ion batteries towards circular economy: A
literature review of opportunities and issues of recycling treat-
ments. J. Environ. Manag., 2020, 264: 110500.

[163]

 Lander, L.; Cleaver, T.; Ali Rajaeifar, M.; Nguyen-Tien, V.; Elliott, R.
J. R.; Heidrich, O.; Kendrick, E.; Edge, J. S.; Offer, G. Financial viab-
ility of electric vehicle lithium-ion battery recycling. iScience,
2021, 24: 102787.

[164]

 Attia, P. M., Grover, A.; Jin, N.; Severson, K. A., Markov, T. M., Liao,
Y. H.; Chen, M. H., Cheong, B.; Perkins, N.; Yang, Z. et al. Closed-
loop optimization of fast-charging protocols for batteries with
machine learning. Nature, 2020, 578: 397–402.

[165]

 Zhu, J. G.; Wang, Y. X.; Huang, Y.; Bhushan Gopaluni, R.; Cao, Y.
K.; Heere, M.; Mühlbauer, M. J., Mereacre, L.; Dai, H. F.; Liu, X. H.
et al. Data-driven capacity estimation of commercial lithium-ion
batteries from voltage relaxation. Nat. Commun., 2022, 13: 2261.

[166]

 Severson, K. A., Attia, P. M., Jin, N.; Perkins, N.; Jiang, B. B.; Yang,
Z.;  Chen, M. H.,  Aykol, M.; Herring, P. K.,  Fraggedakis, D. et al.
Data-driven prediction of battery cycle life before capacity de-
gradation. Nat. Energy, 2019, 4: 383–391.

[167]

 Geslin, A.; Xu, L.; Ganapathi, D.; Moy, K.; Chueh, W. C., Onori, S.
Dynamic cycling enhances battery lifetime. Nat. Energy, 2025,
10: 172–180.

[168]

 Tao, S. Y.; Moura, S.; Brandell, D.; Han, Z. Y.; Urréhman, S.; Zou, C.
F.; Zhang, X.; Zhou, G. M. Artificial intelligence for battery reuse,

[169]

Environmental Chemistry and Safety   doi: 10.26599/ECS.2026.9600053

Environmental Chemistry and Safety 2026, 2: 9600053 (17 of 18)
 

https://doi.org/10.1007/s12598-025-03547-w
https://doi.org/10.1002/aenm.202103630
https://doi.org/10.1021/acsami.4c20621
https://doi.org/10.1021/acsami.4c20621
https://doi.org/10.1021/acsami.4c20621
https://doi.org/10.1021/acssuschemeng.2c03997
https://doi.org/10.1016/j.seppur.2022.122247
https://doi.org/10.1021/acsaem.5c00475
https://doi.org/10.1016/j.resconrec.2024.107449
https://doi.org/10.1016/j.wasman.2025.115203
https://doi.org/10.1016/j.jclepro.2024.143625
https://doi.org/10.1038/s44359-025-00022-8
https://doi.org/10.1007/s11705-022-2261-0
https://doi.org/10.1016/j.resconrec.2026.108903
https://doi.org/10.1016/j.ensm.2023.102962
https://doi.org/10.1038/s41596-025-01234-9
https://doi.org/10.1039/D2CC06003E
https://doi.org/10.1039/D2CC06003E
https://doi.org/10.1039/D2CC06003E
https://doi.org/10.1016/j.wasman.2020.04.030
https://doi.org/10.1016/j.psep.2025.107023
https://doi.org/10.1021/acsami.3c14103
https://doi.org/10.1021/acssuschemeng.6c00270
https://doi.org/10.1021/acssuschemeng.6c00270
https://doi.org/10.1021/acssuschemeng.6c00270
https://doi.org/10.1002/adfm.202507117
https://doi.org/10.1002/adfm.202507117
https://doi.org/10.1002/cey2.492
https://doi.org/10.1038/s41893-024-01412-9
https://doi.org/10.1007/s40820-024-01434-0
https://doi.org/10.1016/j.nanoen.2016.06.031
https://doi.org/10.1038/s41560-024-01463-4
https://doi.org/10.1021/acs.iecr.8b05693
https://doi.org/10.1016/j.jenvman.2020.110500
https://doi.org/10.1016/j.isci.2021.102787
https://doi.org/10.1038/s41586-020-1994-5
https://doi.org/10.1038/s41467-022-29837-w
https://doi.org/10.1038/s41560-019-0356-8
https://doi.org/10.26434/chemrxiv-2024-8fxl9


recycling and remanufacturing. Nat. Rev. Clean Technol., 2026,
2: 366–381.
 Kusiak, A. Smart manufacturing must embrace big data. Nature,
2017, 544: 23–25.

[170]

 Tao,  F.;  Qi,  Q.  L.  Make more digital  twins.  Nature,  2019,  573:[171]

490–491.
 Momeni, A.; Rahmani, B.; Scellier, B.; Wright, L. G.; McMahon, P.
L.; Wanjura, C. C.; Li, Y. H.; Skalli, A.; Berloff, N. G.; Onodera, T. et
al.  Training  of  physical  neural  networks.  Nature,  2025,  645:
53–61.

[172]

Environmental Chemistry and Safety   doi: 10.26599/ECS.2026.9600053

(18 of 18) Environmental Chemistry and Safety 2026, 2: 9600053
 

https://doi.org/10.1038/s44359-026-00167-0
https://doi.org/10.1038/544023a
https://doi.org/10.1038/d41586-019-02849-1
https://doi.org/10.1038/s41586-025-09384-2

	1 Introduction
	2 Material degradation mechanisms
	3 Recycling strategies for spent cathodes
	4 Selection of recycling strategies
	5 Recycling of typical cathode materials
	5.1 Recycling of layered cathode materials
	5.2 Recycling of LFP cathode materials
	5.3 Recycling of lithium manganese oxide cathode materials
	5.4 Industrial-scale implementation challenges

	6 Conclusion and outlook
	Acknowledgments
	Conflict of interest
	References

