
REVIEW
www.advenergymat.de

Kinetics Dominated, Interface Targeted Rapid Heating for
Battery Material Rejuvenation
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The ambitious pursuit of carbon neutrality underscores the pressing demand
for closed-loop recycling of lithium-ion batteries (LIBs), amid escalating
production and disposal challenges. Direct battery material recycling,
emphasizing the rejuvenation of degraded materials, stands out as an
environmentally benign alternative to conventional pyro- and
hydro-metallurgical processes that are intrinsically destructive. In addition,
given the surface, interface, and interphase as the major failure mechanisms
in degraded materials, rapid heating technology (RHT) emerges as a
promising direct recycling method, harnessing its distinctive kinetics and
thermodynamics to trigger highly time- and energy-efficient, precisely defect-
and interface-targeted approach to revitalize degraded materials. This review
summarizes recent advancements in RHT-based LIB recycling strategies,
focusing on active materials recovery, efficient regeneration, and reutilization,
with emphasis on expedited kinetics and locally confined chemical reactions
at interfaces. It also outlines the perspectives and future directions by
emphasizing the need for re-manufactured materials to meet increasing
application demands. This comprehensive review aims to guide the recycling
and upcycling of spent LIBs toward a green and sustainable battery economy.
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1. Introduction

Lithium-ion batteries (LIBs) have gar-
nered widespread adoption in both in-
dustrial and daily life applications, serv-
ing as energy storage systems and power
sources for electric vehicles.[1] Their ap-
peal stems from their exceptional at-
tributes: high energy density, lengthy
cycling lifespan, minimal self-discharge
rates, and the absence of memory ef-
fects. Nevertheless, as LIB production
ramps up and their usage proliferates,
challenges have emerged concerning the
accessibility and price volatility of raw
materials, as well as the disposal of spent
LIBs.[2–4] These issues underscore the
urgent need for closed-loop mass pro-
duction to sustain the battery economy.

Recently, direct recycling techniques,
which focus on rejuvenating degraded
materials, have emerged as advantageous
alternatives to hydrometallurgical and
pyrometallurgical recycling methods.[5,6]

Direct recycling boasts lower energy con-
sumption, reduced carbon emissions,
and heightened profitability, making it a

compelling strategy for promoting environmental susta-
inability.[7,8] To devise effective direct recycling strategies, a
comprehensive understanding of the failure mechanisms of
degraded materials is paramount.[9–12] Given that battery per-
formance hinges crucially on the efficient transfer and storage
of lithium ions,[13] the failure mechanisms can be spatially
categorized into three primary aspects: 1) the surface model,
where electrochemical reactions at the solid-liquid interface
lead to degradation of the active material’s surface, manifesting
as thick and porous solid electrolyte interface (SEI) layers,[14]

rock salt phase formation,[15] oxygen vacancies, and so on; 2)
the interface model, where surface degradation weakens and
damages effective electron conduction and physical connections
between particles and between particles and current collectors;
and 3) the bulk defects model, representing lithium loss,[16]

cation mixing and so on. Thus, the key points of direct recycling
are targeting these locally degraded structures, harnessing their
potential, and reconstructing them to restore functionality.

In response to these diverse failure mechanisms, char-
acterized by defects and interfaces with reduced activation
energies (Figure 1A), researchers have proposed a myriad
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Figure 1. A) Spatial distribution of failure mechanisms of spent battery materials. B) The characteristics and advancements of RHT compared to tradi-
tional pyro- and hydro-metallurgy. C) Fast reaction kinetics at high temperature and low activation energy according to the Arrhenius equation. D) Spatial
confinement of atomic diffusion within a short time period. E) Applications of RHT for the rejuvenation of spent battery materials including separation,
regeneration, and upcycling (Reproduced with permission.[20] Copyright 2023, American Chemical Society.).

of recycling strategies, including the low eutectic solvent
method, hydrothermal method,[17] traditional solid-phase sin-
tering method,[18] and rapid high-temperature method.[19–21]

Among the diverse recycling methods, rapid heating manu-
facturing, which has found widespread application in energy
and environmental sectors, has garnered significant attention
owing to its unique attributes.[22–24] As shown in Figure 1B,
rapid heating technology (RHT) boasts extremely high temper-
atures combined with ultrashort duration times, thus creating
a kinetics-dominated and thermodynamically nonequilibrium
environment.[25–27] These features mitigate side reactions and
minimize thermal budgets.[28] Furthermore, the elevated tem-
peratures drive reactions efficiently. According to the Arrhenius
equation (Figure 1C), the reaction rate constant (k) is significantly
influenced by both temperature (T) and activation energy (Ea).
The “T effect” describes how an increase in temperature aug-
ments the average kinetic energy of reactant molecules, fostering
a greater proportion with sufficient energy to surpass reaction en-
ergy barriers, thereby accelerating the reaction rate. Conversely,
for a fixed temperature, lowering the reaction energy barriers via
the “Ea effect” also expedites reactions due to a lower activation
energy penalty, enhancing the reaction rate constant and foster-
ing swift reactions during subsequent regeneration and reman-
ufacturing processes.

In contrast to traditional heating methods, which involve
extended heating times of several hours and gradual heat-
ing/cooling rates (5–10 °C min−1), RHT is characterized by
rapid heating/cooling rates (up to 104

°C s−1) and ultra-short,
millisecond-level precisely controllable heating durations. This
enables precisely spatial control over defects and interface reac-
tions through limited diffusion distance of atoms (Figure 1D),[29]

which is not only advantageous for achieving metastable phases
and kinetic intermediates while preventing side reactions, but
also markedly improves energy and time efficiency. As such,
RHT emerges as a promising approach for direct recycling of
spent batteries, leveraging the targeted manipulation of thermo-
dynamic and kinetic processes.[30] This innovative method boasts
advantages that include significantly reduced energy and raw ma-
terial inputs, lower carbon emissions, and minimized environ-
mental impacts, thereby enhancing the sustainability of battery
recycling practices. Based on these remarkable advantages, nu-
merous exceptional studies have been published, encompassing
active material separation,[31] regeneration,[19,20] and upgraded
remanufacturing[32] (Figure 1E).

Despite this progress, a gap remains in reviews that system-
atically consolidate and generalize these prior efforts. In light of
the escalating interest and rapid advancements in RHT for spent
battery recycling, our objective is twofold: first, to introduce the
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Figure 2. Illustrations and the corresponding relationships between power supply and temperature of samples for A) self-heating, B) shock-type heating,
and C) flow-type shock heating.

various rapid thermal treatment methodologies and, second, to
comprehensively summarize their pivotal achievements in ma-
terial recovery, regeneration, and reutilization, with a focus on
expedited kinetics and localized chemical reactions. Given that
spent materials often stem from products 5–8 years old, reman-
ufactured materials must keep pace with evolving application
demands. Thus, when addressing practical recycling scenarios,
we also delve into the perspectives and future trajectories of the
rapid heating strategy. We envision that this review will serve as a
guideline for the recycling and upcycling of spent LIBs through
the rapid heating approach, featuring highly time- and energy-
efficient and precisely defect- and interface-targeted, toward a
green and sustainable battery economy.

2. Manners to Trigger Rapid Heating

The rapid high temperature is essentially triggered by an ul-
trahigh energy input within a short time and can be achieved
through Joule heating, microwave,[33] laser irradiation,[34] or in-
duction heating.[35,36] Among them, rapid heating induced by
Joule heating is widely developed for battery recycling, due to
its low cost, facile controllability, and easy scalability. Therefore,
the principles of rapid heating triggered by Joule heating are in-
troduced as examples. RHT in this review is referred to various
names reported in the literatures, including transient heating,[23]

ultra-fast high-temperature sintering,[37] flash Joule heating,[38,39]

carbothermal shock,[40] high-temperature shock,[19,26] and shock-
type heating.[31,41] RHT can be categorized based on the heating
method and the control of heat treatment time into self-heating,
shock-type heating, and flow-type shock heating (Figure 2).

1) Self-heating refers to the process of passing an electric cur-
rent through conductive samples to generate high temper-
atures. Due to the self-heating effect of the samples, this
method offers high energy efficiency with a rapid tempera-
ture rise rate and can achieve temperatures as high as 3000 °C
in carbon materials. However, since it requires the sample
to be conductive, this method is more suitable for conduc-
tive carbon-based materials, such as spent graphite. James
et al. reported that in a flash Joule heating process, amor-

phous conductive carbon powders were lightly compressed
inside a quartz or ceramic tube between two electrodes, and
high-voltage electric discharge from a capacitor bank brought
the carbon source to temperatures higher than 3000 K in less
than 100 ms, effectively converting the amorphous carbon
into turbostratic flash graphene.[42] This method allows inex-
pensive carbon sources, such as coal, petroleum coke, biochar,
carbon black, discarded food, rubber tires, and mixed plastic
waste,[43] to obtain gram-scale quantities of graphene in less
than one second. In contrast to the powder mixture approach,
Lu et al. directly applyed electricity to a composite film con-
sisting of discarded photovoltaic-grade silicon and graphene
oxide, resulting in a high-performance binder-free silicon
nanowire/graphene composite anode.[44] For nonconductive
battery materials such as lithium iron phosphate (LFP) and
lithium nickel cobalt manganese oxide (NCM), they can be
mixed with a certain amount of conductive carbon to achieve
self-heating by electric current. For example, the black mass (a
mixture of spent cathode and anode), was heated to >2100 K
within seconds through a flash heating strategy.[45] Compared
to the graphite and conductive carbon in the mixture, the cath-
ode particles and SEI layer are more resistive and experience
a larger power dissipation as anticipated by Joule’s law. These
local hotspots allow effective Joule heating to activate the black
mass, leading to the improvement of leachability.

2) Shock-type heating realizes rapid heating treatment of the
sample by contact or noncontact heat transfer from a nearby
high-temperature source (such as carbon cloth, carbon felt,
etc.). This method applies to both conductive and noncon-
ductive materials as the high-temperature heating source
is independent of the processing materials. For example,
Yin et al reported a ultrafast repair method for regen-
erating spent LiCoO2 cathodes within seconds through a
sandwish-like heating configuration, where the spent LiCoO2
powders were positioned between two high-temperature
heaters.[20] However, due to the occurrence of thermal re-
sistance, the sample’s temperature lags and is lower than
the heat source temperature, and its energy utilization ef-
ficiency and temperature rise rate are lower than those of
self-heating.
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3) The above two methods are all batch-to-batch heating solu-
tions, while flow-type shock heating can achieve continuous
processing of samples, which is easy to scale up and is com-
patible with existing industrial roll-to-roll production. Taking
graphite anode scrap as an example, Zhang et al. have success-
fully achieved an automated separation of graphite from cop-
per foil using a flow-type shock heating (rolled-over heating)
setup.[31] By adjusting the transmission speed, the tempera-
ture of the heat source, and the heating zone, the thermal his-
tory of the samples is controlled. Among them, the heat treat-
ment temperature is directly proportional to the heat source
temperature and inversely proportional to the sample move-
ment speed; the heat treatment time is directly proportional
to the length of the heating zone and inversely proportional
to the sample movement speed. It is worth noting that by ex-
panding the number of heat sources, continuous but indepen-
dently controllable multistep shock heating can be achieved,
which is conducive to the high-capacity preparation of sam-
ples requiring complex treatments.

3. Direct Recycling Through Rapid
High-Temperature Heating

Direct recycling of spent LIBs has garnered significant attention
due to its innovative materials regeneration strategy, which in-
volves directly converting degraded materials into new ones with-
out breaking down their structures.[46] Unlike the element re-
cycling strategy used in pyro- and hydro-metallurgical methods,
direct recycling streamlines the resource reuse process, offering
substantial advantages in terms of eco-friendliness, energy effi-
ciency, and profitability. The direct recycling process generally
consists of 1) battery disassembly, 2) active materials recovery,
and 3) materials regeneration or upcycling.[8] Battery disassem-
bly aims to collect the battery case, separator, electrolyte, cathode,
and anode, which primarily depends on the advancement of auto-
mated disassembly equipment.[6,7] Materials recovery for cathode
and anode electrodes focuses on obtaining active materials with
low impurity content, laying the foundation for the subsequent
structure and performance recovery of active materials (materi-
als regeneration or upcycling).[47] Given the value of active mate-
rials, this review primarily discusses the application of RHT on
the recycling and reuse of active materials and offers a perspective
on the recycling of separators, electrolytes, and current collectors
through the RHT method at the end of the review.

3.1. Active Materials Separation

In direct recycling, obtaining the active materials requires first of
all efficient separation from the current collectors, which is dif-
ficult because of the vigorous binder and roll-compacted dense
electrode.[48] Importantly, such separation determines the qual-
ity of collected active materials (such as high purity, less dam-
age of phase and structure) and then affects further the easiness
of regeneration strategies,[49–51] contributing significantly to the
complexity and cost of the entire recycling process.[52,53] How-
ever, the commercial black mass obtained through mechanical
crushing and screening methods always has a low materials re-
covery efficiency and contains a huge number of impurities (e.g.,

metal, graphite).[54] Although various strategies have been de-
veloped to date for the effective separation of active materials
(e.g., tube furnace annealing,[55] electrochemical separations,[56]

ultrasonic-assisted acid scrubbing,[57,58] low-temperature molten
salt methods[48]), their environmental and economic benefits and
scalability still cannot meet the requirements of industrialization.

In contrast, RHT is a facile, efficient, sustainable method for
active materials recovery. For example, Zhang et al. achieved a
high materials recovery ratio (Figure 3B) through RHT (e.g.,
continuously flow-type shock heating of 1500 °C, ≈5 m min−1,
Figure 3A).[31] The temperature of 1500 °C is much higher than
the decomposition temperature of various binders, for example,
CMC (250 °C), SBR (350 °C), and PVDF (320 °C), inducing ef-
fectively decomposition of binders lying at the interface between
graphite particles and between graphite and copper foils. Mean-
while, the separated current collector foils kept an intact structure
because of the ultrashort heating time, leading to a high purity of
collected active materials. Especially, the Al contents of the cath-
ode materials separated by RHT were ≈40 times lower than the
commercial black mass (Figure 3C). Besides, the separated active
cathode materials maintained their original phase structure, in-
dicating that the ultra-short calcination time should contribute to
the suppression of atomic diffusion and bring minimum impact
to their structures. Efficient separation of spent graphite from the
copper foil can also be acquired through the quick volatilization
of binder and electrolyte in the microwave field (Figure 3D).[59]

Notably, the residual lithium in the waste graphite still remained
after the separation and could be recovered as Li2CO3 with a pu-
rity of 98.1% by H2O leaching under the CO2 atmosphere. As
shown in Figure 3E, the cycling performance of the regenerated
graphite at 0.5 C is also compared with the commercial one.

3.2. Active Materials Regeneration

Regeneration of the recovered active materials is essential for
direct recycling.[60] To restore the structure and performance of
degraded active materials, it is crucial to understand their fail-
ure/degradation mechanism.[61,62] During the charge and dis-
charge processes of lithium-ion batteries, electrochemical re-
actions mainly occur at the solid-liquid interface, leading to
degradation primarily at the surface and subsurface regions of
the active materials, while the internal structure typically re-
mains intact. For example, in oxide cathode materials, degra-
dation might be caused by lithium loss,[63] particle fracture,[64]

cation mixing (such as lithium-iron or lithium-nickel), or lo-
calized phase transitions.[65] For graphite anodes, degradation
could be due to solvent intercalation exfoliation, lithium den-
drite formation, or thickening of the SEI layer.[66] Therefore,
the structural restoration of degraded active materials mainly in-
volves localized reactions at the surface or subsurface regions.[67]

Rapid high-temperature regeneration technology, which pro-
motes rapid chemical reactions at high temperatures while con-
trolling long-range diffusion in a short time, is advantageous for
precisely repairing surface or subsurface damage to materials.
This approach helps restore the electrochemical performances
of active materials and provides a new strategy for the rapid, pre-
cise, and environmentally friendly regeneration of degraded ac-
tive materials.
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Figure 3. The separation of active materials from current collectors. A) Schematic of the separation of spent graphite from copper foils via rolled-over
heating (flow-type shock heating), B) pictures of the collected copper foil and graphite, and C) the content of Al impurity in various cathode materials
(Reproduced with permission.[31] Copyright 2023, The Royal Society of Chemistry.). D) Flowchart of recycling of spent anode via microwave method and
E) the cycle performance of the regenerated graphite (Reproduced with permission.[59] Copyright 2021, Elsevier).

3.2.1. Surface Engineering

The SEI (or cathode electrolyte interface) coated on the active ma-
terials is crucial to their electrochemical performances. In terms
of the graphite anodes, the SEI, which forms spontaneously
during the charging process of LIBs, is composed of a mix-

ture of organic and inorganic components (including ROCO2Li,
ROLi, LiF, etc.) and directly impacts the electrochemical perfor-
mances of the battery, such as initial Coulombic efficiency, rate
capability, and stability.[68,69] This makes the SEI critical for the
energy density and long-term cycling of LIBs. As the charge–
discharge cycling number of LIBs increases, the SEI on the

Adv. Energy Mater. 2024, 2404838 © 2024 Wiley-VCH GmbH2404838 (5 of 17)
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Figure 4. SEI engineering. A) Schematic diagram of SEI reconstruction on the graphite surface and B) TEM images of SEI before and after treatment
(Reproduced with permission.[73] Copyright 2024, Wiley). C) Current-time curve, D) temperature-time curve during the Joule heating treatment, and
E) procedures of the flash recycling method (Reproduced with permission.[74] Copyright 2023, Wiley).

graphite surface gradually becomes thick and fluffy, resulting in
a continuous reduction in reversible lithium and slow diffusion
kinetics of lithium ions at the negative electrode, which is an im-
portant factor in the decline of the electrochemical performances
of the graphite negative electrode.[70,71] Therefore, the reconstruc-
tion and regeneration of the surface SEI is one of the important

ways to restore the electrochemical performances of the degraded
graphite.[72]

Ji et al. successfully regenerated the degraded graphite anode
into upgraded one through the SEI reconstruction based on RHT
(1900 K, 150 ms, as shown in Figure 4A).[73] In the approach,
the fast heating instantly converted the loose organic/inorganic

Adv. Energy Mater. 2024, 2404838 © 2024 Wiley-VCH GmbH2404838 (6 of 17)
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Figure 5. Surface reparation. A) Schematic of targeted regeneration and upcycling of spent graphite, B) the schematic representation of lithium inter-
calation in the regenerated graphite, and C) the rate performance of the regenerated graphite (Reproduced with permission.[75] Copyright 2023, The
Authors). D) Schematic of the regeneration process of S-LCO and HAADF-STEM images of both S-LCO and R-LCO and the corresponding FFT patterns
of the marked regions (Reproduced with permission.[20] Copyright 2023, American Chemical Society).

SEI layer on graphite particles to a compact and mostly inorganic
one with a thickness of 30 nm (Figure 4B), but allowed the re-
taining of volatile active lithium in graphite interlayer. By taking
advantage of the reconstructed SEI and residual active lithium,
the regenerated electrodes delivered a high initial Coulombic effi-
ciency of 104.7% without any prelithiation treatment. Chen et al.
applied selective Joule heating for only seconds to efficiently de-
compose the resistive impurities of spent graphite.[74] The pulsed
current, temperature, and time are shown in Figure 4C,D. The
recycling process is illustrated in Figure 4E. The pulsed current
brought the anode waste to a temperature of ≈2850 K, leading
to the decomposition of the SEI, polymer binder, and interca-
lated molecules together with the formation of a close-contact
carbon coating, while retaining the morphology of graphite par-
ticles. The graphite with the reconstructed SEI exhibited high
initial specific capacity, superior rate performance, and cycling
stability.

Except for the SEI, there are numerous defects on the sur-
face of the graphite particles after cycling, such as oxidation of
the graphite surface layers. Considering these intrinsic charac-
teristics of degraded graphite, Cheng et al.[75] proposed a strategy
based on defect-driven targeted nucleation of metallic tin to re-
pair the surface defect structure of degraded graphite, achieving
the regeneration of its electrochemical performances (Figure 5A).

Such a high temperature not only induced rapid reduction of
SnCl2, but also in-situ generated Sn in molten or even vaporous
state instantaneously. Since there is a large bonding energy be-
tween the carbon atom vacancies and metal atoms according to
theoretical calculations, the molten metallic tin nucleated pre-
cisely on these defective areas after RHT treatment (1600 °C,
50 ms), achieving targeted regeneration of spent graphite. The
heating and cooling rates are as high as 103–104

°C s−1, which
are also key factors for the uniform deposition of Sn nanoparti-
cles. Besides, the number and diameter of Sn particles visibly de-
creased as the heating temperature increased due to the increas-
ing evaporation, suggesting the necessity of an ultra-short heat-
ing time. Interestingly, compared to commercial graphite (CG),
the platform capacity of regenerated graphite is much higher. The
additional capacity of regenerated graphite originating from its
slope region indicated that the extra capacity was contributed by
the adsorption at the defect sites (as shown in Figure 5B). As
a result, the regenerated graphite showed an enhanced capac-
ity of 458 mAh g−1 at 0.2 A g−1 and an outstanding rate perfor-
mance (256.0 mAh g−1) in Figure 5C. In terms of the cathode
active materials, Yin et al. presented an efficient, one-step, non-
destructive method for regenerating spent LiCoO2 (S-LCO) cath-
odes within 8 s at 1440 K, as shown in Figure 5D.[20] High-angle
annular dark-field scanning transmission electron microscopy

Adv. Energy Mater. 2024, 2404838 © 2024 Wiley-VCH GmbH2404838 (7 of 17)
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(HAADF-STEM) images of S-LCO, captured at various magni-
fications and regions, reveal the presence of both spinel phase
and layered structure, as confirmed by the associated fast Fourier
transform (FFT) analysis. After the RHT process, the regener-
ated LCO (R-LCO) samples exclusively display an ordered layered
structure, as evidenced by the FFT patterns obtained from differ-
ent areas within the STEM-HAADF images of R-LCO. The capac-
ity of the half-cell assembled with R-LCO and Li metal anode is
133.0 mAh g−1 at 0.1 C, which outperforms the furnace-repaired
sample. It also shows an enhanced cycle performance and supe-
rior rate capacity.

3.2.2. Interphase Repairing

In addition to surface failures, degraded active materials typically
exhibit a multitude of bulk defects, such as transition metal disso-
lution and lithium atom vacancies.[76,77] These defects can trigger
phase precipitation inside the material and concurrently lead to
the emergence of interphases.[78] Atoms at the interphase are typ-
ically in a high energy state and possess a high reactive activity,
inducing the formation of chemical bonds and rearrangement of
the lattice structure for healing the degraded structure efficiently.
When employing RHT for the regeneration of degraded mate-
rials, the regenerated ones with new metastable/intermediate
structures are preferred because of the short heating time and
extremely fast cooling rate.[25] For example, Luo et al. reported
an ultrafast conversion strategy of the spent graphite to defect-
rich recycled graphite at 1500 °C for 60 s (Figure 6A).[79] Taking
advantage of the low activation energy associated with structural
defects, the high temperature of 1500 °C facilitated the restora-
tion of the layered structure. However, due to the significantly
shorter heating duration of 60 s as compared to the 8 hours re-
quired for conventional annealing, some defects were retained,
benefiting a fast Li+ diffusion. The defect-rich recycled graphite
delivered a good high-rate performance (323 mAh g−1 at 2 C),
which outperforms commercial graphite (120 mAh g−1 at 2 C).
Zheng et al. presented an efficient, low-cost, and ultrafast regen-
eration strategy for rapid regeneration of the spent LFP in only
20 s at 800 °C through RHT (Figure 6B).[19] Lithium acetate and
sucrose were used as a lithium replenisher and reducing agent,
respectively. As a result, the surface distortion structure of spent
LFP was well repaired due to the replenishment of lithium- ion
under a high- temperature reductive condition. The regenerated
LFP demonstrated an excellent initial capacity of 152 mAh g−1

at 0.1 C, a good rate performance, and long-cycling stability (400
cycles at 2 C).

Furthermore, Guo et al.[41] revealed the regeneration mecha-
nism of degraded LFP through atomistic observation. The Li/Fe
antisites were efficiently reordered by RHT within several sec-
onds. According to the simulation, the reordering of LiFe anti-
site defects was composed of two primary steps: the first step
was the reordering of Li from the Fe site to its original Li site
(0.91 eV) and the second step was the return of Fe in Fe/Li to
its original Fe site (0.19 eV). For spent LFP with plenty of Li va-
cancies (Li vacancies), the energy barrier for Fe migration and
Fe/Li reordering was up to 1.12 eV (Figure 6C). After lithiation,
the reduction in Li vacancies lowered the energy barrier of Fe/Li
reordering to 0.19 eV. In contrast to the goal of completely erad-

icating defects, Luo et al. controllably introduced the Li-Fe anti-
site defects and a 2D tensile strain into the lattice of LFP by an
ultrafast nonequilibrium high-temperature shock technology.[80]

In the nonequilibrium HTS heating process, a number of Li–Fe
antisite defects and lattice strain were generated and preserved in
the subsequent short-term calcination and cooling process. Ex-
perimental evidence and kinetic analysis showed that Li-Fe an-
tisite defects provided a new 2D Li+ isotropic diffusion channel
different from [010] (1D anisotropic diffusion), and the tensile
strain field reduced the energy barrier of the new 2D diffusion
path. The unique multiscale coupling structure of Li-Fe antisite
defects and lattice strain achieved 2D diffusion and effectively re-
duced the energy barrier of Li+ diffusion in the electrochemical
process, leading to excellent superior electrochemical properties
(high-capacity retention of 84.4% after 2000 cycles at 10 C).

4. Valuable Metal Elements Reutilization

Although the element recovery methods based on pyrometal-
lurgy and hydrometallurgy have the problems of high energy
consumption and heavy pollution, their technical solutions are
mature and still widely adopted by most battery recycling com-
panies, such as GEM in China, Retriev Technologies in Amer-
ica, and Umicore in Belgium.[2] Therefore, further improving
the leaching kinetics and selectivity of metal elements is crucial
to reducing recycling costs and improving recycling efficiency,
which will help promote the transformation of traditional hy-
drometallurgical technology to new and efficient hydrometallur-
gical technology. Zhu et al.[40] reported a reducing strategy for
LiNi0.3Co0.2Mn0.5O2 (NCM325) cathode materials through RHT
with uniform temperature distribution, high heating and cool-
ing rates (≈104

°C s−1), high temperatures (up to ≈2200 °C), and
ultrafast reaction times (≈20 s). Such a high temperature decom-
posed the active cathode materials into metals or metal oxides
with the assistant of carbon reduction effects. Considering the
large vapor pressure, the Li2O evaporated preferentially from the
inside of the calcined products and then recrystallized on the
surface due to the ultrafast heating/cooling rate and short reac-
tion duration, making the selective leaching by water possible.
As shown in Figure 7A, lithium ions can be selectively leached
through water leaching after the carbothermal shock process with
an efficiency of >90%. Ni, Co, and Mn were recovered by dilute
acid leaching with efficiencies >98%. Chen et al.[45] heated the
black mass via RHT to >2100 K within seconds, leading to a
≈1000-fold increase in subsequent leaching kinetics (Figure 7B).
All of the battery metals showed high recovery yields, regardless
of their chemistries and the cell history, using even diluted acids
like 0.01 m HCl.

Remanufacturing metal salt precursors to obtain active ma-
terials for lithium-ion batteries is one of the important ways to
recycle key metal resources. However, traditional heating meth-
ods require a long-time (usually several hours) heat treatment to
produce fine crystalline structures that take place in a compli-
cated reaction process with a low heating rate and sluggish re-
action kinetics, leading to high energy consumption, large car-
bon emissions, and low manufacturing efficiency. To address
these challenges, RHT synthesis strategies were proposed. Us-
ing metal salts as precursors, Zhu et al.[81] successfully syn-
thesized various cathode materials through RHT (Figure 7C)

Adv. Energy Mater. 2024, 2404838 © 2024 Wiley-VCH GmbH2404838 (8 of 17)
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Figure 6. Interphase reparation. A) The schematic diagram for the regeneration process of degraded graphite (Reproduced with permission.[79] Copyright
2022, Tsinghua University Press), B) rapid regeneration of degraded LFP via RHT (Reproduced with permission.[19] Copyright 2023, Elsevier), and
C) mechanism of reordering antisite Li/Fe defects (Reproduced with permission.[41] Copyright 2024, The Royal Society of Chemistry).

including LiMn2O4, LiCoO2, LiFePO4, and Li-rich-layered ox-
ide/NiO heterostructure materials. The ultrahigh heating rate
and a nonequilibrium reaction process enabled a fast reaction
kinetics and a precise one-step formation process of cathode
materials within a few seconds, avoiding complicated multi-
step reactions in the traditional synthesis methods with a low
heating rate.

Despite the LIBs, as one of the most promising energy stor-
age devices, zinc-air batteries need the ORR/OER in the cath-
ode side, which calls for low-cost bifunctional catalysts as cath-
ode materials. Thus, Jiao et al.[32] prepared NiMnCo-activated
carbon (NiMnCo-AC) catalysts from spent LiNi1-x-yMnxCoyO2
cathodes efficiently through a rapid thermal radiation method.
The rapid thermal radiation process induced the formation of

Adv. Energy Mater. 2024, 2404838 © 2024 Wiley-VCH GmbH2404838 (9 of 17)
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Figure 7. RHT-assisted hydrometallurgical recycling of valuable metal elements. A) prior extraction of lithium from degraded NCM (Reproduced with
permission.[40] Copyright 2023, Wiley), B) enhanced leaching rate of cathode materials (Reproduced with permission.[45] Copyright 2023, The Authors),
and C) efficient preparation of cathode materials using metal salt precursors for LIBs (Reproduced with permission.[81] Copyright 2022, Wiley).

NiMnCo nanoparticles, while the limited heating time prevented
the nanoparticles from growing. The obtained NiMnCo nanopar-
ticles are two phases coexisting, including metallic Ni in the core
and spinel NiMnCoO4 in the shell, presenting high electrocat-
alytic activity to both ORR and OER. Zhu et al.[82] applied a high-
temperature shock method to transform spent cathode materials
(LiCoO2 and LiMn2O4) into Co-MnO bifunctional catalyst for Li-
S batteries. Owing to the synergistic catalytic and anchoring ef-
fect of polysulfide species, the S/Co-MnO@CF cathode exhibits
excellent rate performance (707 mAh g−1 at 4 C) and high cy-
cling stability (capacity fading of 0.058% per cycle over 400 cy-
cles at 1 C) under a low areal catalyst loading (<0.5 wt%). Yang

et al.[83] devised an ultra-fast (15 s), efficient, and universal strat-
egy to synthesize multiple components of spinel oxide (Co3O4-
JH, Mn3O4-JH, CoMn2O4-JH, and CoFe2O4-JH) as oxygen reduc-
tion catalysts. The oxygen content and particle size of the target
products could be regulated by reasonable control of reaction con-
ditions, which provides a feasible way to obtain defective oxide
nanoparticles.

5. Scale-Up of RHT

RTH is promising to be easily scaled up in the way of flow-
type shock heating, which is compatible with existing industrial

Adv. Energy Mater. 2024, 2404838 © 2024 Wiley-VCH GmbH2404838 (10 of 17)
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Figure 8. Scale-up mode: A) a picture of the automatic roll-to-roll setup for the anode scrap separation based on RHT (Reproduced with permission.[31]

Copyright 2023, The Royal Society of Chemistry), B) conceptual design of a continuous RHT reactor (Reproduced with permission.[45] Copyright 2023,
The Authors), and (C) flow diagram of the close-loop recycling of spent electrodes based on RHT.

production. Moreover, both self-heating and shock-type heating
methods can be adapted into the flow-type shock heating process
to facilitate scaling up. Although research on RHT is primarily
confined to the laboratory scale at present, there are already some
preliminary indications for its potential scale-up in production.

As depicted in Figure 8A, the anode scrap tape was released at
a rate of 5 m min−1 passing through the heater and mechanical
stress section, allowing the graphite to fall into a collector contin-
uously and spontaneously.[31] Within this setup, samples experi-
ence a rapid temperature increase due to the exposure to a closed,
high-temperature heater. This equipment is well-suited for the
continuous processing of film samples like electrode scraps that
are generated in industrial manufacturing. Furthermore, pow-
der samples, particularly those with high resistance, can be con-
veyed through the high-temperature zone on a heat-resistant belt
for rapid high-temperature treatment. Concurrently, for conduc-
tive powder materials, the rapid high-temperature processing can
also be achieved through self-heating mechanisms. As shown in
Figure 8B, utilizing positive and negative graphite electrodes, the
current is directly conducted through the powder on the con-
veyor belt.[45] This process leverages the resistance of the con-
ductive powder layer to produce Joule heat. In conjunction with
the movement of the conveyor belt, this method enables the
continuous, large-scale, and swift high-temperature treatment of
the powder. Beyond these accomplishments, scaling up RHT is
still confronted with considerable challenges, including the crit-
ical need for advanced heaters, the high cost of electricity, and
the substantial capital investment required for electrothermal
systems.[84] Especially, the design of the heater of RHT instru-
ment presents a significant challenge in the engineering of RHT
equipment. In order to ensure the accuracy, controllability, stabil-
ity, and uniformity of temperature, heater needs to have a high
melting point to resist melting or evaporation, stable mechani-
cal properties to resist abrasion or distortion, and stable chem-
ical properties to resist oxidation or reduction at high temper-

atures. Besides, considering the differences in heat dissipation
rates along different directions (for example, the parts in con-
tact with electrodes dissipate heat faster), the shape of the heater
should be rationally designed for the uniformity of temperature.

Considering that closed-loop recycling involves a combination
of various technologies, the scaling up of RHT recycling tech-
nology depends not only on automated equipment but also on a
viable process route. According to the above content, the RHT is
showing excellent flexibility in reusing both spent cathodes and
anodes toward a circular economy instead of a resource-based
economy. The recycling flow diagram based on RHT is rationally
designed in Figure 8C including anode direct recycling, cath-
ode direct recycling, and cathode indirect recycling. Although no
closed-loop recycling route based on RHT has been commercial-
ized to date, the recycling technology based on RHT has been de-
veloped rapidly and has shown good results at various recycling
nodes since its first report by Hu et al.[85] in 2018. The combina-
tion of RHT with existing mature hydrometallurgical recycling
processes is an important modified process route, expected to
be the earliest to realize the commercialization of RHT recycling
technology. Additionally, considering that graphite is the main-
stream anode material with both a simple composition and stable
structure, its direct recycling route based on RHT is also expected
to achieve commercialization quickly. In contrast, the cathode
materials are complex and diverse in composition and structure.
The commercialization process of RHT recycling is still full of
challenges. Therefore, the automatic equipment and viable re-
cycling routes for the real scale-up application of RHT are both
necessary and remain in further development.

6. Environmental and Economic Benefits

In industrial development, the environmental and economic
benefits of battery recycling technologies are the key indica-
tors for evaluating its business value.[86] Moreover, the economic

Adv. Energy Mater. 2024, 2404838 © 2024 Wiley-VCH GmbH2404838 (11 of 17)
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Figure 9. Economic and environmental analysis of the RHT recycling process. A) The water consumption, B) energy consumption, and C) greenhouse
gas emission (GHG) in producing 1 kg of graphite anode materials (Reproduced with permission.[74] Copyright 2022, Wiley); D) energy consumption
and operation times of different regeneration processes (Reproduced with permission.[20] Copyright 2023, American Chemical Society); E) cost analysis
and F) concentrated 12 m HCl consumption in treating 1 kg of spent batteries (Reproduced with permission.[45] Copyright 2023, The Authors). (Notes:
the “FRA,” “FJH,” and “Ultrafast” represent the RHT recycling.).

benefits of battery recycling are closely related to environmental
protection. Recycling of spent lithium-ion batteries helps to ad-
dress the shortage of natural mineral resources, avoid potential
environmental hazards, and promote sustainable development.
Compared with pyrometallurgy and hydrometallurgy methods,
recycling methods based on RHT not only produce active mate-
rials with recovered or even upgraded battery performances but
also increase environmental and economic benefits. GREET 2020
and EverBatt 2020 software packages are often utilized for the life
cycle analysis.[87,88] For the separation of active materials, in con-
trast to previously burned or discarded graphite, RHT recycling
has significantly lower energy and carbon footprint (≈50X re-
duction), near-zero waste generation, making graphite recycling
available, economical, and profitable (4.84 $ kg−1 anode).[31] Be-
sides, the regeneration of the degraded graphite through RHT
also presents a huge reduction in recycling cost by ≈85%, green-
house emission by ≈98%, water use by ≈92%, and energy use by
≈96% compared with the synthetic graphite production method
(Figure 9A–C).[74] Taking LCO as an example, the RHT regener-
ation process also exhibits significantly less operating time and
energy consumption compared with the traditional metallurgi-
cal processes and direct repair process based on furnace heating
(Figure 9D).[20] Furthermore, the RHT-assisted hydrometallurgy
recycling methods can significantly reduce materials input, par-
ticularly leading to a decrease in recycling cost and wastewater
emission (Figure 9E,F).[45] Therefore, this analysis highlights that
RHT recycling has higher environmental and economic benefits
over traditional recycling methods including pyrometallurgy, hy-
drometallurgy, and furnace heating-based recycling processes.

7. Conclusion and Perspective

The goal of green recycling for failed lithium-ion batteries is to
address the scarcity of natural mineral resources and to mitigate
potential environmental risks. This is essential for fostering the
sustainable growth of the lithium-ion battery sector. As detailed
in Table 1, RHT, characterized by its rapid heating/cooling rates,
high temperatures, and short processing times, offers a highly
efficient, low-carbon, cost-effective, and profitable method for re-
cycling and reusing the active materials of LIBs.

In this review, we first discuss the various rapid heating meth-
ods. Then, we explore the material recycling strategies enabled
by RHT, which include the precise separation of degraded active
materials from current collectors and the regeneration of these
degraded materials. Given the spatially confined nature of fail-
ure mechanisms in degraded active materials (where failure re-
gions are typically found at surfaces, interfaces, or interphases),
we summarize the regulatory principles of the rapid heating
method. Finally, focusing on the current mainstream element
recycling strategies in the industry, hydrometallurgical and py-
rometallurgical recycling, we introduce the research progress of
RHT in enhancing the leaching efficiency of metal elements and
in energy-saving remanufacturing. As concluded in Figure 10,
leveraging its fast and finely controllable kinetics, RHT holds
great promise for spent battery recycling applications in separa-
tion, regeneration, and remanufacturing.

Although a series of research results have been achieved com-
pared to traditional hydrometallurgy and pyrometallurgy, which
are based on an element recycling strategy, RHT, which is based
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Table 1. Detail information of various RHT methods reported in literature.

Temperature Time Heating rate Application Refs.

1500 °C 1 s ≈103
°C s−1 Active materials separation [31]

1900 K 150 ms ≈104
°C s−1 SEI reconstruction [73]

2850 K ≈100 ms ≈105
°C s−1 Spent graphite regeneration [74]

1600 °C 50 ms ≈104
°C s−1 Spent graphite upcycling [75]

1440 K 8 s ≈103
°C s−1 Spent LiCoO2 regeneration [20]

1500 °C 60 s ≈103
°C s−1 Spent graphite upcycling [79]

800 °C 20 s ≈103
°C s−1 Spent LiFePO4 regeneration [19]

1260 °C 1 s ≈103
°C s−1 Spent LiFePO4 regeneration [41]

2200 °C 20 s ≈104
°C s−1 Spent NCM325 reduction [40]

2120 K 110 ms ≈104
°C s−1 Battery metal recycling [45]

660 °C 9 s ≈103
°C s−1 Cathode material synthesis [81]

650 °C 15 s ≈102
°C s−1 Nanocrystalline spinel oxides

synthesis
[83]

Figure 10. Conclusions and perspectives of RHT for the recycling of lithium-ion batteries. Reproduced with permission.[31] Copyright 2023, The Royal
Society of Chemistry. Reproduced with permission.[59] Copyright 2021, Elsevier. Reproduced with permission.[32] Copyright 2022, the Authors. Repro-
duced with permission.[82] Copyright 2024, Wiley. Reproduced with permission.[81] Copyright 2022, Wiley. Reproduced with permission.[19] Copyright
2023, Elsevier. Reproduced with permission.[20] Copyright 2023, American Chemical Society.
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on a material recycling strategy, is still in its infancy. There is still
a significant amount of room for exploration in the complex and
ever-changing battery material system. The important research
directions are as follows:

1) When reusing the spent battery materials based on RHT, it is
difficult for us to find the best reaction parameters in just one
attempt. The parameter adjustment range for RHT is quite
large, and determining reaction parameters (heating temper-
ature, heating time, number of heating cycles, and heating
and cooling rates, etc.) requires a certain amount of time in-
vestment. Therefore, we need to introduce artificial intelli-
gence, machine learning, and other methods to improve the
efficiency of determining reaction parameters.

2) The degraded materials reported in the literature often come
from only one or the same type of battery. However, for large-
scale applications, degraded active materials will be quite dif-
ferent in morphology and size—even if the main compo-
nents are similar, such as LFP, NCM, or graphite—and in
various failure states, such as different lithium contents. The
consistent regeneration or upgraded regeneration of mixed
degraded active materials is crucial for their electrochemi-
cal performance. To address this challenge, it has been re-
ported that screening of spent batteries could be a potentially
efficient method to reduce the difference of degraded active
materials according to the physical attributes (such as size,
weight, and shape), chemical composition (like metal con-
tent), or electronic properties (such as voltage and resistance)
of used batteries.[89] This facilitates the precise RHT treat-
ment of separated degraded active materials, which is con-
ducive to their consistent and effective restoration. Addition-
ally, for the occurrence of various failure mechanisms (e.g.,
cracking, lithium vacancy, and lithium-nickel intermixing,
lithium-iron antisites), it might be difficult to repair the mul-
tiple failure states by one-shock RHT. Fortunately, the RHT
method offers dynamic temperature modulation with a fine
time and temperature resolution and unique programma-
bility, providing an opportunity to repair the spent cathode
materials with multiple failure mechanisms through a ratio-
nal designed multistep RHT process.

3) Generally, degraded active materials are from batteries pro-
duced 5–10 years ago and lag current commercial ones in
terms of capacity, rate, etc. Therefore, regenerated active ma-
terials that only restore the structure and composition are dif-
ficult to satisfy current and future applications. It is neces-
sary to up-manufacture them according to the development
direction of active materials. To date, due to the extreme high-
temperature thermodynamics and ultrafast kinetics of RHT,
several advanced cathode materials, including single-crystal
NCM cathodes,[90] high-entropy cathodes,[91] and surface-
modified active materials,[92] have been successfully synthe-
sized from metallic compound precursors via RHT. However,
there remains a scarcity of experience in upgrading active ma-
terials derived from spent sources.

4) In addition to the valuable cathode and anode active materi-
als, due to the huge volume of LIBs, the recycling and reuse of
other materials (such as electrolytes, separators, current col-
lectors, etc.) are also of great significance to the sustainabil-
ity of LIBs. Notably, sodium-ion batteries, solid–state lithium

batteries, and lithium metal batteries are very promising for
next-generation energy storage applications. Considering that
they have similar structures and compositions to LIBs, the ex-
perience and strategies gained from RHT recycling of LIBs
can be transferred and applied to their recycling in parallel.
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