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Battery recycling is a promising approach to mitigate the safety,

environmental, and economic threats posed by numerous discarded
lithium-ion batteries (LIBs). However, the unclear atomic-scale degradation of
spent graphite complicates recycling, resulting in energy-intensive impurity
removal and graphitization, which hampers industrialization. This study uses
Cryo-transmission electron microscopy (Cryo-TEM) to characterize spent
graphite degradation and develop a scalable graphite self-induced microwave
plasma method for efficient regeneration. Cryo-TEM images show graphite
coated with a solid electrolyte interphase (SEI) layer, revealing lattice defects
and structure expansion near the surface that impair electrochemical
performance. The self-induced microwave plasma method eradicates the SEI
layer and restores the graphite lattice structure within 30 s. Multiphysics
simulations indicate that the microwave field generates a strong electric field

on the graphite surface, causing plasma discharge and rapid su

Regenerated graphite demonstrates excellent electrochemical performance,
with a specific charge capacity of 352.2 mAh g~! at 0.2 C and ~81% capacity
retention after 400 cycles, matching commercially available materials. This
efficient method offers a promising approach for recycling graphite anodes.

ng, Changyong (Chase) Cao,* Guiyin Xu,*

1. Introduction

Lithium-ion batteries (LIBs), valued for
their high energy density, long cycle life,
portability, and environmental benefits, are
widely used in energy storage and electric
vehicles.'*! However, many are approach-
ing their average lifespan of 8-10 years.[>®]
By 2025, retired batteries are expected to to-
tal 120 GWh.”! Improper disposal, such as
landfills or incineration, can release toxic
components, causing severe environmen-
tal pollution.['®!!] Consequently, battery re-
cycling is increasingly recognized as an ef-
fective strategy to mitigate the environmen-
tal impact of spent batteries(!?] The princi-
ple of atom economy in resource manage-
ment highlights the environmental bene-
fits of recycling spent LIBs.I"}] Reusing re-
cycled materials from retired batteries holds
significant potential for establishing an
industrial closed-loop, offering economic
advantages in the battery manufacturing
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Figure 1. Schematic illustration of the regeneration process and mechanism for graphite anodes using a novel graphite self-induced microwave plasma
(GMP) method. In the microwave field, graphite induces plasma around its surface, generating intense thermal effects that remove the SEI layer and
residual binder, and repair the graphitization of spent graphite. It can be used for scalable continuous regeneration of graphite anodes.

industry.'*1%] Graphite, as the anode material, accounts for ~#20%
of the total mass and 10% of the total cost of batteries.['*1®) How-
ever, compared to cathode recycling, graphite recycling has been
overlooked due to low margins and technical challenges, such as
harsh recycling conditions, poor performance, and scalability is-
sues.

Currently, graphite anodes are recycled using standard in-
dustrial practices such as hydrometallurgical and pyrometal-
lurgical methods, primarily to recover metals from electrode
materials.['>?°] For example, impurities on the surface of graphite
anode are removed by acid/alkali leaching in hydrometallurgical
methods, 2221 while the pyrometallurgical process calcinates the
graphite anodes with cathode materials. However, the extensive
use of strong acids/alkalis and the energy-intensive calcination
over extended periods harms the environment and sustainability
and degrades the quality of recycled graphite, making it difficult
to meet reuse standards. Therefore, it is highly desired to explore
effective and sustainable processes to recycle spent graphite.

Recent efforts have shown that the performance gap between
spent and commercial graphite is attributed to the thick passiva-
tion layer, metal impurities, organic binder, and structural defects
in graphite.?*?*] These defects could be repaired by direct regen-
eration methods after rapid stripping and post-treatment.[2>-28]
For example, Zhou et al.,[? proposed a novel closed-loop recy-
cling method that leveraged residual lithium metal produced dur-
ing cycling to separate graphite scrap from copper foils and har-
vest lithium for replenishment and cathode material synthesis.
Additionally, a flash Joule heating method was proposed to re-
move binders,[*) residual solid electrolyte interphase (SEI) lay-
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ers, and rapidly repair the structural defects.*!32] Despite these
advances, detailed degradation analysis, such as lattice defect dis-
tribution and SEI thickness after cycling, have not been con-
ducted, leading to extensive energy consumption for graphite
repair and impeding targeted regeneration technology develop-
ment.

Herein, we analyzed the degradation mechanism of spent
graphite using Cryo-transmission electron microscopy (Cryo-
TEM). Cryo-TEM images showed the layered graphite lattices
coated with a nano SEI layer, with lattice defects and struc-
ture expansion near the surface, indicating structure damage
during battery cycling. The thick and uneven SEI layer, com-
posed of inorganic nanocrystals and organic amorphous com-
ponents, impairs capacity and rate capability. Based on these
findings, we developed an innovative graphite self-induced mi-
crowave plasma (GMP) method for efficient, scalable regenera-
tion of spent graphite. In the microwave field, graphite induces
plasma around its surface (Plasma regeneration in Figure 1), gen-
erating intense thermal effects**] that remove the SEI layer and
residual binder, and repair the graphitization of spent graphite in
just 30 s. Multiphysics simulations showed that the microwave
field induces an electric field around graphite particles, causing
plasma discharge and high temperatures that remove impurities
and repair the structure. The regenerated graphite exhibited ex-
cellent electrochemical performance with a specific charge capac-
ity of 352.2 mAh g~! at 0.2 C and ~81% capacity retention after
400 cycles, comparable to commercially available fresh materials.
Additionally, a specialized device was designed for continuous
plasma regeneration of spent graphite anode materials (Figure 1),
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Figure 2. Characterization of the graphite anodes in spent batteries. a—e) Cryo-HRTEM images of spent graphite particles and zoom-in images of
d) region | and e) region II. f) Fast Fourier Transform (FFT) of regions | and Il. g) Cyro-HRTEM images of structure defects and (h) lattice expansion of
spent graphite i) XPS full-spectrum of spent graphite. Note: color does not represent any information in (b—e).

indicating the potential of the new method for scalable and prac-
tical applications.

2. Results and Discussion

2.1. Degradation Analysis of Graphite Anodes in Spent Batteries

The battery experiences capacity decay after long-term cycling in
various conditions, primarily due to the loss of active lithium and
damage to the electrode lattice.?***] For example, the formation
of SEI and the growth of lithium dendrite consume active lithium
at the anode. These side reactions increase impedance, hinder
lithium-ion transport, and lead to more serious side reactions
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and potential battery failure. Therefore, detailed research into the
degradation mechanism is crucial. Known degradation mecha-
nisms include thick SEI formation, lithium dendrite growth, and
volume expansion during cycling.l**]

In this section, Cryo-TEM and Cryo-High Resolution Trans-
mission Electron Microscopy (Cryo-HRTEM) were employed to
characterize graphite particles collected from spent batteries at
the atomic scale, revealing the detailed degradation conditions.
Cryo-TEM images showed an uneven SEI layer of ~40 nm
formed on the surface of graphite particles (Figure 2a; Figure S1
and S2a, Supporting Information). This SEI layer consists of an
amorphous region and nanocrystals, coincident with previous
reports.?*] The nanocrystals are dispersed within the amorphous
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phase, with lattice spacings of 0.20 and 0.27 nm, corresponding
to the (020) and (111) crystallographic planes of LiF and Li, O, re-
spectively (Figure 2a—c,f). These components align with the SEI
layer formed in EC, DEC, and FEC electrolytes,** with LiF being
the main inorganic component. Despite the formation of the SEI
layer, atomic-resolution images revealed that graphite particles
retained their layered lattice structure, confirmed by the 0.336 nm
lattice spacing of region II, corresponding to the (002) crystallo-
graphic plane of graphite (Figure 2e,f). However, the lattice dam-
age appeared near the surface of the graphite (Figure 2g). De-
fects and a discontinuous layer structure were evident, as shown
by split spots in HRTEM and inverse Fast Fourier Transform
(FFT) images (Figure S3, Supporting Information). Additionally,
the graphite layer near the surface exhibited a bigger interlayer
spacing of 0.341 nm (Figure 2h; Figure S4a—c, Supporting In-
formation) compared to the bulk phase. These findings indicate
the deterioration of crystal structure during the intercalation and
deintercalation of lithium ions.

Electron diffractogram patterns of scrap graphite in selected
regions further verified the crystal structures of graphite and LiF
(Figure S5, Supporting Information). X-ray photoelectron spec-
troscopy (XPS) was used to further characterize the SEI compo-
nents on the surface of spent graphite (Figure 2i, Supporting In-
formation). The C 1s peaks (Figure S6, Supporting Information)
indicate bonds primarily consisting of C—C, C—0, C—H, C=0,
O—C—F, and O—C—O, corresponding to the organic components
and carbonate products of the electrolyte and SEI layer.[3!! Fitting
its F 1s to Li 1s (Figure S7, Supporting Information), the metal
fluoride peaks further indicated the presence of LiF, consistent
with Cryo-HRTEM results. Thermogravimetric Analysis (TGA)
showed that inorganic LiF has high chemical stability (Figure S8,
Supporting Information),l”} indicating the formation of a thick
and uneven SEI layer composed of dispersed crystalline LiF and
Li,O and compact amorphous regions on graphite particles, re-
flecting electrolyte decomposition during cycling.® The Raman
spectrum (Figure S9, Supporting Information) of spent graphite
anode (SG) shows a high I,: I value of 0.77, indicating the low
graphitization degree and the deterioration of the graphite struc-
ture. XRD spectrum (Figure S10, Supporting Information) of SG
without leaching demonstrates some impurities in SG with a
slight signal, which may be caused by the existing lithium salt.

While the SEI layer maintains structural integrity and ion
transport, it consumes active lithium and reduces direct con-
tact between graphite particles and electrolytes, increasing
impedance and causing capacity degradation.?*! Lattice dete-
rioration and reduced graphitization also harm the electrochem-
ical performance of graphite anodes. The performance impacts
of these degradation modes were further investigated. Specific
discharge capacities of half-cells assembled with spent graphite
at0.1, 0.2, 0.5, 1, and 2 C were 297.78, 251.82, 168.20, 49.16, and
7.44mAh g1, respectively (Figure S11, Supporting Information),
significantly lower than the theoretical capacity of graphite (372
mAh g1).1*0 Spent graphite anodes also presented poor rate ca-
pability, with substantial capacity attenuation at 2 C. Coulombic
efficiencies of charge and discharge at 0.1, 0.2, 0.5, 1, and 2 C
were 87.74%, 99.45%, 99.58%, 97.86%, and 69.45%, respectively
(Figure S12, Supporting Information), confirming the ion trans-
port impedance caused by the SEI layer. The initial Coulombic
efficiency of the spent graphite was lower than 90%, indicating
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the formation of a new SEI layer on the graphite surface. At 1 and
2 C, Coulombic efficiencies were lower than the lithium deposi-
tion threshold of 97%—98%, leading to a thicker SEL.[142] Addi-
tionally, if deposited lithium metal is shed, it can react with the
electrolyte to form an SEI layer wrapped in dead lithium, further
depleting active lithium.[*3*4] Therefore, spent graphite anodes
do not meet the criteria of reutilization in commercial batteries,
underscoring the necessity of regeneration to enhance electro-
chemical performance.

2.2. Regeneration of Graphite Anodes

The degradation of graphite anodes is primarily due to the thick
SEI layer on the surface and damage to the crystal lattice near
the surface, resulting in high impedance and sluggish Lit* inser-
tion during battery cycling (Figure 3a). Therefore, it is imperative
to remove the residual SEI layer and repair the graphite layer. Af-
ter mechanically disassembling spent batteries, we obtained elec-
trode sheets composed of copper foil and spent graphite anode
(Figure S13, Supporting Information). These electrode sheets un-
derwent ultrasonic stripping in a water-ethanol solution to leach
the graphite and eliminate surface impurities. The lithium metal
in the graphite sheets reacted with the leaching solution, gener-
ating hydrogen gas (Figure S14, Supporting Information).[2%4]
This process could completely detach SG from the copper foil
(Figure S15, Supporting Information), suspending the SG in the
solution. After separation, the leached graphite anode (LG) was
treated with GMP for 10, 20, and 30 s under a nitrogen atmo-
sphere for regeneration (Figure S16, Supporting Information).
The graphite anode treated for 30 s showed a high specific charge
capacity at 0.05 C (Figure S17, Supporting Information), compa-
rable to the theoretical capacity.

X-ray diffraction (XRD) characterized the phase and graphi-
tization of LG, regenerated graphite (RG), and commercial
graphite (CG), showing identical characteristic diffraction peaks
of graphite (Figure S18, Supporting Information). However, the
lower intensity of the (002) diffraction peak in LG compared to
RG and CG indicated poor graphitization caused by poor orien-
tation of the graphite layer and the presence of impurities near
the surface, consistent with Cryo-HRTEM results. In contrast, the
(002) diffraction peak intensity of RG was nearly the same as CG,
and exhibited sharper characteristics compared to LG, suggest-
ing an enhanced level of graphitization after GMP regeneration.
Additionally, the 2-theta (Figure S19, Supporting Information) of
RG’s (002) peak shifted slightly to a higher angle, indicating de-
creased lattice spacing and improved graphitization.

Raman spectra of LG, CG, and RG showed two typical peaks of
graphite near 1350 and 1580 cm™, corresponding to the D-peak
(disordered sp* hybridized carbon) and the G-peak (graphitized
sp? hybridized carbon) of graphite, respectively (Figure 3b).[4647]
The ratio between the D-peak and G-peak of graphite materials
serves as an indicator of the graphite defect and quality and the
large ratio indicates more defects and impurities in the material.
The I, /1 ratio for leached graphite was 0.36, whereas RG had a
ratio of 0.15, similar to CG’s 0.10. These results suggest that LG
has more defects and impurities that disrupt the graphite struc-
ture, while RG has fewer defects and a higher degree of graphiti-
zation.
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Figure 3. Characterization of the regenerated graphite anodes. a) Schematic illustration of spent graphite anode with a thick SEI. b) Statistical Raman
spectra of LG and RG. XPS fitting results of ¢) Cils and d) F s elements of LG and RG. ) FTIR spectrum of SG, LG, CG, and RG. SEM images of f) SG

and g) RG and size distribution of h) RG particles.

XPS analysis was carried out to illustrate the changes in sur-
face components. The XPS full spectrum of LG (Figure S20, Sup-
porting Information) showed decreased elemental signals of F,
O, and Li compared with SG (Figure 2i), indicating the removal
of these components from residual organic binder or electrolyte.
The peak fitting results of C 1s and F 1s (Figure 3c,d) revealed
the disappearance of peaks associated with O—C—F, O—C—O,
and the F element from LiPF, on the spent graphite surface after
leaching. After GMP treatment, the peaks corresponding to the
F and O elements in graphite were further attenuated, while the
peaks of Li elements disappeared. The peak fitting indicates that
the metal fluorides (Figure 3d) on the (RG) surface are removed,
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while the C—F bonds are retained, demonstrating the effective
removal of thick SEI with inorganic LiF.

Infrared (IR) spectra of SG, LG, and RG exhibited weakened
peaks corresponding to the —OH bending vibration at 1425.9
cm™!, the C—H stretching vibration at 2909 cm™!, and the C—H
bending vibration at 869.0 cm™! after leaching and regeneration
of waste graphite (Figure 3e). These results confirm the effec-
tive removal of impurities, including the residual electrolyte, LiF,
organic SEI components, and binder from the surface of spent
graphite by leaching and GMP treatment.

TEM images demonstrated the graphite lattice after the re-
generation. In Figure S21a (Supporting Information), the image
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showed a clear lattice arrangement without obvious structural de-
fects. Meanwhile, the graphite surface (Figure S21b,c, Support-
ing Information) showed a continuous and intact surface without
amorphous coating, indicating the removal of SEI and demon-
strating the effectiveness of plasma regeneration.

The morphology and particle size distribution of graphite par-
ticles were also examined. In the images of SG (Figure S22a—c,
Supporting Information), the particles bonded with others
closely, without contact, and clear graphite particles. Besides, the
SG particles displayed a rough surface (Figure S23a, Support-
ing Information) with sizes ranging from 5 to 20 pm and an av-
erage of 13.5+0.27 um (Figure S23b, Supporting Information),
possibly due to the presence of binder and other impurities. No-
tably, some particles were visibly bonded together (Figure 3f).
The leaching process reduced the particle size of LG and re-
sulted in a narrower size distribution (Figure S24a, Support-
ing Information). However, the surface of LG remained rough
(Figure S24b, Supporting Information). Unlike the regular mor-
phology of CG (Figure S25a,b, Supporting Information), LG par-
ticles still exhibited partial bonding due to residual binder, re-
sulting in uneven surface morphology (Figure S24b, Support-
ing Information). After GMP treatment, RG presented smoother
surfaces and a more uniform particle size (Figure S26, Support-
ing Information; Figure 3g). The average particle size of RG was
10.4+0.22 um (Figure 3h), closely resembling CG at 8.8+0.16 pm
(Figure S25c¢, Supporting Information), further underscoring the
effectiveness of this regeneration method.

In enlarged images, flocculent material emerged within the
gaps of RG particles (Figure S27, Supporting Information). In
contrast, no secondary impurities were observed in plasma-
treated commercial graphite (Figure S28, Supporting Informa-
tion). The flocculent material comprised spherical particles pre-
dominantly composed of carbon (Figure S29, Supporting Infor-
mation). This carbonaceous material likely stems from the de-
composition of residual carboxymethyl cellulose and its distribu-
tion in the interstices of the particles could improve the conduc-
tivity of the regenerated material. A trace amount (0.01% wt%)
of fluorine (F) element was dispersed within the regenerated
graphite, consistent with the presence of C—F bonding from XPS
results, demonstrating that Li in LiF is reduced, and the residual
F element bonds to C in graphite. These results indicate that re-
generation through leaching and plasma treatment leads to no-
table refinement of spent graphite particles, characterized by a
smooth surface morphology and a uniform particle size distri-
bution. Furthermore, the post-regeneration state suggests suc-
cessful elimination of binder and residual electrolyte from the
graphite particles, resulting in morphology highly similar to com-
mercial graphite.

2.3. Simulation of Plasma Regeneration Mechanism

To further explore the GMP treatment mechanism, simulations
were conducted using commercial software Ansys HFSS and
COMSOL Multiphysics to investigate electric and temperature
fields around the samples.[*®] Briefly, a model of the microwave
oven (Figure S30, Supporting Information), including the waveg-
uide and antenna, was constructed based on the actual size. Ma-
terials were sourced from the system materials within the soft-
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ware, with the exception of graphite sample electrical parame-
ters, which were manually imported (conductivity: 1787 S m™!,
density: 2020 kg m~3, dielectric constant: 18-J*0.12, thermal con-
ductivity: 151 W (m K)~!. The simulation parameters are detailed
in the Supporting Information.

A crucible containing samples was placed in the oven, with
stack powder samples simplified to a graphite sheet, aside from
the particles on top (Figure S31, Supporting Information). The
electric field trends in the oven under several conditions were
simulated in Ansys HFSS by the finite element method at a
solution frequency of 2.45 GHz, power of 1 W, and conver-
gence condition less than 0.02. When the microwave oven was
empty, the electric field strength was low and unevenly dis-
tributed (Figure S32, Supporting Information). With a crucible
in the oven, the electrical field strength in the oven was nonuni-
form, with high strength points of less than 2,000 V m~! located
in the crucible (Figure 4a). In the absence of graphite with the
same volume, the peak strength reached 3,000 V m!, and the
field strength inside the crucible surrounding graphite was sig-
nificantly higher than outside (Figure 4b,c). These trends indicate
the formation of a strengthened electric field around the graphite
particles in the microwave field, which may facilitate the ioniza-
tion of the atmosphere to form plasma.[*34]

Examining the discharge between irregular particles, the over-
all electric field showed no noticeable change (Figure S33, Sup-
porting Information). However, the electric field distribution be-
tween particles indicated a relatively high field at the top of the
graphite particles (Figure 4d), suggesting that the irregular mor-
phology strengthens the electric field around the particles, po-
tentially facilitating plasma formation on the particle surfaces
(Figure 4e).

The temperature field was simulated using COMSOL multi-
physics software to illustrate the thermal effect of plasma. The
simulation model was based on the electric field simulation
model used in the GMP experiment. For calculation efficiency,
the model of waste graphite powder and nitrogen distribution
was simplified. The inner wall and front panel of the microwave
field adopted the finite conductivity boundary condition, and a so-
lution frequency is 2.45 GHz. The heat generation of the particles
was fitted by the following function.>"’

q(T) = A+ BT = CT? 1)

where A, B, and C are fitting values obtained from experi-
ments on the decoupling of plasma and temperature: 24.11 x
108, 188.243 x 10* and —2.340 x 10%, respectively. As shown in
Figure 4f, there was a rapid heating rate within seconds, reach-
ing and maintaining a temperature of 1400 K. The graphite ma-
terials could be heated to 1350 K in 2 s (Figure 4g; Figure S34,
Supporting Information), demonstrating rapid heating caused by
plasma.

Additionally, the temperature of the particles gradually in-
creased from the inside to the outside with the highest tempera-
ture at the surface, close to the overall temperature value. The
surface temperature rose above 1400 K (Figure 4h) when the
thermal effect of plasma was applied. These findings show that
when subjected to microwave, the electrical field surrounding
the graphite materials is strengthened, especially around irreg-
ular particles. This strengthened electric field may contributed to
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Figure 4. Simulation of plasma regeneration mechanism. The electrical field simulation of microwave reactor a) without graphite materials and
b,c) with irregular graphite materials by HFSS. d) The electrical field of irregular graphite particles in detail. ) Schematic illustration of graphite self-
induced plasma mechanism. f) The COMSOL Multiphysical simulation of the temperature of graphite materials in the 2 s. g) Plot of temperature as a
function of time of the graphite materials. h) The COMSOL Multiphysical simulation of plasma heat-treatment of microscopic particles.

the plasma formation. To validate this assumption, an Ar atmo-
sphere was used to generate plasma by the graphite-induced elec-
tric field due to its low ionization energy. An obvious plasma phe-
nomenon formed rapidly (Figure S35, Supporting Information).
Consequently, the SEI layer and other residues on the graphite
surface were removed, and the crystal structure was repaired by
graphite self-induced microwave plasma.

2.4. The Electrochemical Performance of Regenerated Graphite

The electrochemical performance of the RG anode was tested to
evaluate the effectiveness of the GMP method. Cyclic voltamme-
try (CV) curves for the spent graphite anode are illustrated in
Figure S36 (Supporting Information). Within the voltage range

Adv. Funct. Mater. 2024, 2411834 2411834 (7 of 10)

0f 0-2.0 V, the SG demonstrated a notable irreversible reduction
peak between 0.75 and 1.3 V and an additional irreversible re-
duction peak between 0.2 and 0.3 V. These observations align
with the formation of the SEI layer due to electrolyte decom-
position. Besides, it demonstrated a suddenly increased current
in the second cycle, which may be due to the damage to the
SG graphite structure. Compared with SG, the CV curve of the
CG (Figure S37, Supporting Information) and RG (Figure 5a)
revealed a similar irreversible reduction peak for SEI layer for-
mation, mirroring the pattern observed in the SG. However,
the reversible redox peaks of the regenerated anode are well-
symmetrical and sharp, close to those of CG. The interfacial
impedance values of the RG and CG anodes can be deduced from
the Nyquist plots. All analyzed samples exhibited small semicir-
cles and straight lines from high to low frequency (Figure 5b;
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Figure 5. Evaluation of the electrochemical performance of regenerated graphite. a) The current voltage profiles of RG. b) The EIS of RG and CG after
three cycles of activation. c) The schematic illustration of ion transportation of SG and RG. d) The initial cycle charge—discharge profile for RG, CG, and
SG. e) The specific capacities at charge and discharge and the initial Coulombic efficiency of RG, CG, and SG. f) The rate capability of different graphite
anodes. g) The specific charge capacities of RG, CG, and SG at different cycles. h) Cycling curve of RG, CG, and SG.

Figure S38 and S39, Supporting Information). The impedance
results after three cycles of activation suggest excellent electro-
chemical properties for the RG (Figure 5b) than SG (Figure S38,
Supporting Information). After 450 cycles, the RG exhibited
lower impedance levels than CG (Figure S39, Supporting Infor-
mation), consistent with its superior cycling stability.

These results indicate that the electrochemical properties of
RG were restored after the removal of the residual thick SEI and
structural defects, demonstrating faster ionic transportation than
SG (Figure 5c¢). The initial voltage profiles of various anode ma-
terials at 0.2 C are shown in Figure 5d. SG exhibited a specific
charge capacity of ~201.8 mAh g™', while the RG had a specific
capacity of #352.2 mAh g~!, closely resembling the commercially
available graphite anode of 347.1 mAh g~'. The SEI layer forma-
tion during the charge and discharge process caused the capacity
decline of charge capacity.>!l The decline of capacity (Figure 5e)
is ~46, 51, and 75 mAh g~! in SG, RG, and CG, respectively. The

Adv. Funct. Mater. 2024, 2411834 2411834 (8 of 10)

regenerated anode exhibited an initial Coulombic efficiency of
~87%, an improvement compared to the 81% observed in the
spent graphite, and higher than the 82% of the CG. The initial
capacity and efficiency of RG can be elevated to a level compara-
ble to CG, emphasizing the potential of the GMP treatment.
The rate capability of different anode materials is shown in
Figure 5fat 0.1, 0.2, 0.5, 1.0, and 2.0 C, respectively. The capacity
of SG was lower than 10 mAh g~! ata 2 C, below reuse criteria. In
contrast, the capacity of the RG anode at different C-rates is close
to the commercial levels. The specific capacities of the regener-
ated anode were 351.2, 343.7, 315.5, 261.9, and 145.4 mAh g~' at
0.1, 0.2, 0.5, 1, and 2 C, respectively, close to those of the CG. In
addition, the voltage profiles of graphite anodes at different rates
are shown in Figure S40 (Supporting Information). The cycling
stability of the spent graphite anode, as shown in Figure 5g,h,
exhibited a capacity of 190.7 mAh g! after 100 cycles at 0.2 C,
with slight fluctuation and fast decay (5.5%) during cycling. The
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recycled anode provided a specific charge capacity of 285 mAh
g~ at 0.2 C after 400 cycles (Figure 5h), comparable to the elec-
trochemical stability of CG (280 mAh g~! after 400 cycles). The ca-
pacity retention of the recycled graphite during cycling was close
to 81%, reaching the level of CG. These results demonstrate that
GMP regeneration contributes to improved cycling stability of
the graphite. The enhancement can be attributed to the restora-
tion of the graphite structure, interface layer, and morphology, re-
sulting in more durable performance. These findings imply the
effective restoration of the electrochemical properties by GMP re-
generation.

3. Conclusion

In summary, we have detailed the degradation mechanism of
spent graphite using Cryo-TEM, revealing lattice defects and
structure expansion near the surface, combined with a thick and
uneven SEI layer. The degradation impairs the capacity and rate
capability of graphite in subsequent utilization. To address this,
we developed an innovative, scalable method using graphite self-
induced microwave plasma following leaching. This method ef-
fectively removed the SEI layer and restored graphite lattices
within seconds, regenerating spent graphite. The regenerated
graphite exhibited a high degree of graphitization and a smooth
surface free of residues. Multiphysics simulations explained the
mechanism of the GMP method, showing that in the microwave
field, the graphite materials induced a strong electric field, ion-
izing the air to form plasma around them. This plasma heated
the graphite surface to ~#1400 K within 3 s, maintaining a high
temperature to remove impurities and restore the crystal struc-
ture. Post-regeneration, the graphite achieved a specific capacity
of 352.2 mAh g~! at 0.2 C and a capacity retention of 81% af-
ter 400 cycles, comparable to commercial graphite. This demon-
strates the effectiveness of the GMP method in regenerating
spent graphite anodes for high-performance applications.

4. Experimental Section

Experimental Process: Retired LiCoO, batteries were obtained from
battery companies. The spent batteries were placed inside a glove box
filled with argon for disassembly to obtain battery materials, primarily
spent graphite (SG) sheets from the anode. The SG sheets were placed
in water and ethanol (volume ratio 5:1) and ultrasonicated for 3 min. The
mixed solution was then centrifuged at 5000 rpm for 3 min to remove
the supernatant and obtain the mixture containing graphite. The obtained
graphite mixture was dried in an oven at 80 °C for 12 h to yield leached
graphite (LG). The LG powder was subsequently placed in a quartz vessel
and treated with graphite self-induced microwave plasma for 30 s under a
nitrogen atmosphere to produce regenerated graphite.

Characterization:  Scanning electron microscopy (SEM) was con-
ducted using a Zeiss Merlin high-resolution SEM. X-ray diffraction (XRD)
analysis was conducted with a Bruker D8 Advance instrument utiliz-
ing Cu Ke radiation (XRD, 4 = 0.15406 nm). X-ray photoelectron spec-
troscopy (XPS) was performed on an Escalab 250Xi* with Al Ke radia-
tion (1486.6 eV) as the X-ray source. Raman spectroscopy was performed
with an inVia Reflex Laser Raman Spectrometer (4 = 532 nm). EDS map-
ping was recorded using a Quantax 200 Xflash system. TEM images were
captured using the Cryo-HRTEM (FEI Krios G3i) technique, employing
ultra-low-dose and low-temperature TEM technology. The microscope was
equipped with a Folcon 3 camera featuring direct electron detection and
consistently maintained at a temperature near —192 °C throughout the
holder.
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