RESEARCH ARTICLE

W) Check for updates

ADVANCED
MATERIALS

www.advmat.de

Regenerated Graphite Electrodes with Reconstructed Solid
Electrolyte Interface and Enclosed Active Lithium Toward

>100% Initial Coulombic Efficiency

Yongsheng Ji, Hao Zhang, Dan Yang, Yujun Pan, Zhenglu Zhu, Xiaoqun Qi, Xinpeng Pi,

Weichen Du, Zhiheng Cheng, Yonggang Yao,

Solid electrolyte interface (SEI) is arguably the most important concern in
graphite anodes, which determines their achievable Coulombic efficiency (CE)
and cycling stability. In spent graphite anodes, there are already-formed (yet
loose and/or broken) SEls and some residual active lithium, which, if can be
inherited in the regenerated electrodes, are highly desired to compensate for
the lithium loss due to SEI formation. However, current graphite regenerated
approaches easily destroy the thin SEls and residue active lithium, making
their reuse impossible. Herein, this work reports a fast-heating strategy (e.g.,
1900 K for ~150 ms) to upcycle degraded graphite via instantly converting the
loose original SEI layer (=100 nm thick) to a compact and mostly inorganic
one (~10-30 nm thick with a 26X higher Young’s Modulus) and still retaining
the activity of residual lithium. Thanks to the robust SEI and enclosed active
lithium, the regenerated graphite exhibited 104.7% initial CE for half-cell and
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to reduce (e.g., constructing artificial SEL,?!
formulating new electrolytes,’l etc.) or
compensate (e.g., adding prelithiation ad-
ditives into the cathodes or anodes!*l) the
irreversible lithium loss, yet all these ap-
proaches rely heavily on external Li sources
and inevitably increase the costs and com-
plexity of LIB manufacturing and many
are impractical for scalable employment.[’!

Unlike fresh graphite, the cycled graphite
in spent batteries has already formed SEIs
covering the particle surface and even some
residual lithium between the graphite lay-
ers. Therefore, it would be highly de-
sired if these SEIs and active lithium
could be inherited in the new battery sys-

gifted the full cells with LiFePO, significantly improved initial CE

(98.8% versus 83.2%) and energy density (309.4 versus 281.4 Wh kg~'), as
compared with commercial graphite. The as-proposed upcycling strategy
turns the “waste” graphite into high-value prelithiated ones, along with

significant economic and environmental benefits.

1. Introduction

The success of long-life lithium-ion batteries (LIBs) should give
credit to the stable solid electrolyte interface (SEI) formed on the
surface of graphite particles, as the SEI suppresses the contin-
uous reduction of the electrolyte and ensures stable cycling in
LIBs. However, the formation of the SEI consumes active lithium
from the cathodes and thus leads to low initial Coulombic ef-
ficiency (CE) and reduced practical energy density for the full
cells.'] Many approaches have been developed in the past years
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tems, thus to avoid the formation of SEI
and compensate lithium loss during cy-
cling. Unfortunately, this is not yet real-
ized in graphite recycling/upcycling. Re-
searchers have developed various meth-
ods in spent graphite rejuvenation, such
as high-temperature sintering,[® acid/base
immersion,!”] and Joule heat treatment.[®!
However, previous methods, either solution or high tempera-
ture based, always involve processes such as acid soaking and/or
long-time calcination, which almost completely destroy the valu-
able SEI and residual active lithium, making their reuse impos-
sible. For example, Chen et al. employed ultrahigh temperature
(2850 K) to recycle graphite followed by acid leaching, obtaining
only carbon-coated graphite yet without surface SEIs (e.g., LiF
and Li,0).[%]

Meanwhile, although valuable, the SEI from spent electrodes
is a mixture of organic—inorganic components (e.g., ROCO,Li,
ROLi, and LiPF)P®! and often evolves into thick and porous lay-
ers after repeated charge—discharge cycles, leading to increased
impedance/resistance, active lithium consumption, and finally
battery failure.l') Apparently, direct application of spent elec-
trodes with existing SEIs is inappropriate and impractical. Ide-
ally, inorganic SEI could provide higher mechanical durability
and ionic conductivity than the randomly distributed organic—
inorganic one.'! In addition, the higher the proportion of in-
organic components in SEI, the lower the degree of SEI swelling
and the better battery cycling.['?) Therefore, rational and facile
construction of robust and inorganic SEI on the graphite surface
would be ideal to realize high initial CE, higher energy density,
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Figure 1. a) Schematic diagram showing the transformation of degraded graphite with loose solid electrolyte interface (SEI) into regenerated graphite
with compact one. b) Comparison of manufacturing time and initial Coulombic efficiency (CE) of the graphite regenerated with our rapid direct method
with those of C-Gra and other reported recycling and prelithiation or SEl engineering methods. c) Radar map of economic and environmental comparison
of manufacturing 1 kg graphite with raw materials (virgin), hydrometallurgical regeneration (hydro), and rapid direct regeneration (our work).

and cycling stability. Currently, none of the reported approaches
have attempted to reconstruct the SEI and residual active lithium
in degraded graphite electrodes.

Here, we report a direct and fast heating strategy (e.g., 1900 K
for ~150 ms) to upcycle the degraded graphite (D-Gra) elec-
trodes by instantaneously transforming the loose and organic—
inorganic SEI to compact and mostly inorganic one (e.g., LiF,
Li,CO; Li,0) covering the graphite surface, along with enclosed
active lithium originated from incomplete discharging (e.g., 20%
state-of-charge (SOC)), as shown in Figure 1a. By taking advan-
tage of the reconstructed SEI and the residual active lithium,
the as-proposed regeneration method enables the regenerated
graphite (R-Gra) to a high initial CE of 104.7%, much higher than
those of the commercial graphite (C-Gra, 87.3%) and other regen-
erated graphite anodes (Figure 1b), thus eliminating the need of
prelithiation. At the same time, the direct regeneration method
takes only ~#150 ms to recycle and upgrade spent graphite, much
less than those of the reported recycling, prelithiation, or SEI en-
gineering methods (from 2 to 10 h).l°*13] Compared to the intri-
cate processes required for conventional prelithiation and SEI en-
gineering, our method therefore not only upcycled graphite with
artificially engineered and robust SEI toward high-performing
anodes, but also enables sustainable recycling of spent anodes,
characterized by significantly reduced energy consumption, neg-
ligible carbon emissions, and substantial profits (Figure 1c, de-
tailed calculations in Figure 6).

2. Results and Discussion

The D-Gra electrodes were obtained by disassembling the spent
mobile phone batteries in a glove box. The as-collected D-Gra
electrodes show a yellow-brown color, indicating the lithiated
state of the graphite and confirming the presence of the resid-
ual active lithium within the graphite owing to incomplete dis-
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charge to 20% SOC (Figure Sla, Supporting Information). Due
to phase separation in D-Gra and prior lithiation at the surface, %]
D-Gra with a 20% SOC displays a yellow—brown color that typi-
cally associated with highly lithiated graphite.[>] The disassem-
bly of the spent LIBs at 20% SOC not only renders more active
lithium in the spent graphite for controllable regeneration but
also minimizes the generation of Cuimpurities compared to fully
discharged samples, which has become a new norm in direct re-
cycling industry.l* Triggered by a voltage-programmable Joule
heating setup at a voltage of ~40 V for ~150 ms along with nat-
ural cooling, a fast-heating treatment was applied to the D-Gra
electrode in an argon (Ar) filled glove box. During this process,
the active lithium may participate in the SEI reconstruction re-
actions or evaporate, leading to a reduction of its content, thus
the obtained R-Gra electrode is in a black color. It is worth not-
ing that due to the limited size of the homemade device, Figure
S1b (Supporting Information) and Figure 2a are digital photos
of the spent graphite anode after being cutted and subsequently
washed with DMC solvent to remove residual lithium salts from
the electrolyte.

The morphology of D-Gra and R-Gra was first explored using
scanning electron microscopy (SEM). As the SEM images are
shown in Figures 2b,c, and Figure S2 (Supporting Information),
unlike D-Gra, which presents fragments, R-Gra shows an inte-
grated and dense surface. The composition of D-Gra and R-Gra
was studied by X-ray diffraction (XRD). As the results displayed in
Figure 2d and Figure S3 (Supporting Information), after the heat-
ing process, new peaks belonging to the inorganic components
(e.g., LiF, Li,O, and Li,CO;) are detected, indicating the forma-
tion of the inorganic SEI in R-Gra. Fourier transform infrared
(FTIR) spectroscopy was employed to identify the conversion of
the SEI components. As the results shown in Figure 2e, com-
pared with D-Gra, R-Gra only shows two main absorption bands
located at 1417 (vC—O) and 864 cm™' (vCO;%7), corresponding
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Figure 2. Structural and compositional analysis of the D-Gra and R-Gra electrodes. The temperature—time curve of the rapid heating process (the inset
shows the digital photos of D-Gra and R-Gra electrodes and the heating device). Scanning electron microscopy (SEM) images of b) D-Gra and c) R-Gra.
d) X-ray diffraction (XRD) patterns and e) Fourier transform infrared (FTIR) spectra of D-Gra and R-Gra. O 1s X-ray photoelectron spectroscopy (XPS)
spectra of f) D-Gra and g) R-Gra. The atomic ratio of different h) O chemical states of D-Gra and R-Gra. F 1s XPS spectra of i) D-Gra and j) R-Gra. The

atomic ratio of different k) F chemical states of D-Gra and R-Gra.

to the characteristic peaks of Li, CO,.["”] While the bands at 1632,
1409, 1300, 1040, and 837 cm™', which belong to the organic
components (e.g., ROCO,Li, and ROLi) disappear,!'] confirming
the transformation of the organic SEI components into inorganic
ones, which is consistent with the XRD results (Figure 2d).

The conversion of the SEI from organic to inorganic could
also be verified by the X-ray photoelectron spectroscopy (XPS,
Figures 2f-k and Figure S4, Supporting Information), where
the densities of peaks belonging to C—O (287.0 eV) of ROLj,
C=0 (533.0 eV) of ROCO,Li decrease, while the one belonging
to Li,CO; (531.9 eV) increases. The relevant chemical reaction
equation! for converting organic components into inorganic
components is shown in Note S1 (Supporting Information). The
increase of inorganic components in the SEI is beneficial to cy-
cling stability, as shall be discussed later. Thermogravimetry dif-
ferential scanning calorimetry (TG-DSC) curves of D-Gra and R-
Gra in the air atmosphere are shown in Figure S5 (Supporting In-
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formation). D-Gra shows a slight mass and heat changes around
554.7 K, which may be ascribed to the conversion of the organic
components in the SEI to inorganic ones. Moreover, the rapid
heating process also healed the damaged crystal structure of D-
Gra, as confirmed by the decreased peak ratio (from 0.18 to 0.14)
of the defect band (I,) to graphite band (I;) in the Raman spectra
(Figure S6, Supporting Information), without damaging the bulk
structure of the graphite particles (Figure S7, Supporting Infor-
mation).

Atomic force microscopy (AFM) was employed to explore the
mechanical properties of the SEI of D-Gra and R-Gra (see the
measurement details in Figure S8, Supporting Information). The
indentation curves record the mechanical response of the SEI
layer. As the results shown in Figures 3a,b, D-Gra exhibits a dis-
tinct double-layer structure with a soft outer layer of >10 nm and
a hard inner layer. In contrast, R-Gra displays a single-layer struc-
ture, which verifies that the organic layer has been transformed

© 2024 Wiley-VCH GmbH
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Figure 3. Mechanical properties and morphological evolution of the solid electrolyte interface (SEI) layers of D-Gra and R-Gra. Indentation curves of the
SEl of a) D-Gra and b) R-Gra. The two-dimensional Young's modulus maps of ¢) D-Gra and d) R-Gra. Histograms of the elastic modulus of €) D-Gra
and f) R-Gra. Transmission electron microscope (TEM) images of g) D-Gra and h) R-Gra. i) The high-resolution TEM (HRTEM) images of R-Gra.

into a robust and dense inorganic layer.2%! Additionally, the AFM
morphology image, as illustrated in Figure S9 (Supporting Infor-
mation), reveals that compared to D-Gra, the surface of R-Gra is
smoother, indicating the reconstruction of SEI on the graphite
surface.

Quantitative nanomechanics (QNM) is an extended applica-
tion mode of AFM that is useful for measuring Young’s mod-
ulus of SEI. Elastic modulus distribution and Young’s modu-
lus mapping diagram are shown in Figures 3c—f. The elastic
modulus of R-Gra is 19.931 + 0.284 Gpa, 26 times that of D-
Gra (0.760 + 0.003 Gpa), such an increase in Young’s modu-
lus may be due to the conversion of organic/inorganic to inor-
ganic components after rapid direct regeneration (organic com-
ponents are softer than inorganic ones).[''>12] This provides
a higher toughness and durability of SEI to tolerate the vol-
ume change of graphite during cycling.?!l Moreover, the higher
Young’s modulus of R-Gra is around 20 GPa, which far ex-

Adv. Mater. 2024, 2312548

2312548 (4 of 11)

ceeds the modulus needed to block the growth of Li dendrite
(6 GPa).[22

We further explored the morphology of D-Gra and R-Gra us-
ing the transmission electron microscope (TEM). The TEM im-
ages in Figures 3g-i further reveal the conversion of the thick
and loose SEI (%100 nm in thickness) into the thin and dense
one (10-30 nm in thickness) after the rapid heating process. In-
organic components (e.g., Li,O, Li,CO,, LiOH, and LiF) are also
detected with the high-resolution transmission electron micro-
scope (HRTEM) image (Figure 3i and Figure S10, Supporting
Information), which agrees with the results of XRD (Figure 2d).
Based on the above results, the SEI constructions of D-Gra and
R-Gra are consistent with the structural schematic in Figure 1a,
the dense and inorganic SEI of R-Gra may lead to lower swelling
and thus provide a prerequisite for stable battery cycling.['?]

The electrochemical behaviors of R-Gra were first investigated
and compared with commercial C-Gra and D-Gra in coin cells
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Figure 4. Electrochemical characterizations of Li||C-Gra, Li||D-Gra, and Li||R-Gra cells. a) The initial cyclic voltammetry (CV) curves at a scan rate of
0.1 mV s~'. b) The initial charge—discharge profiles at 0.1 C. c) The open-circuit voltage (OCV) and initial Coulombic efficiencies (CEs) of C-Gra and
R-Gra with different state-of-charge (SOC). d) Cycling performance at 0.2 C (0.1 C for the initial two cycles). e) Rate performance at 0.1to 2 C. f) Nyquist
plots of the fresh cells. g,h) The initial charge curve of Li||D-Gra and Li||R-Gra cell with the electrode being exposed to air for 0, 0.6, and 6 h. i) The initial

CEs of D-Gra and R-Gra after different exposure times.

using Li-metal as the counter electrodes. As the cyclic voltamme-
try (CV) curves displayed in Figure 4a, the Li||C-Gra cell shows a
typical reduction peak at <0.5 V, which could be assigned to the
formation of SEI on the surface of graphite particles in the initial
cycle. Additionally, the CV curve of HR-Gra also exhibits a notice-
able reduction peak (Figure S11, Supporting Information), indi-
cating that prolonged exposure to high temperatures can com-
promise the integrity of the SEI structure.[?*] In contrast, with R-
Gra electrodes, no obvious SEI formation peak (marked position
in Figure 4a) is observed, indicating the as-inherited SEI from
D-Gra functions well in preventing electrolyte reduction.

The initial charge—discharge curves of C-Gra, D-Gra, and R-
Grahalf cells at 0.1 C (1 C = 372 mA g!) are shown in Figure 4b.
Compared with the C-Gra cell, there is negligible capacity con-
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tribution belonging to the SEI formation during discharging (in
the voltage range from 1.0 to 0.2 V) for both the cells with D-Gra
and R-Gra electrodes (Figure 4b), which is consistent with the CV
curves (Figure 4a). Figure 4c provides a summary of the initial
potential profiles of C-Gra and R-Gra under different SOC condi-
tions, encompassing the initial open-circuit voltages (OCVs) and
initial Coulombic efficiencies (CEs). In the case of Li||R-Gra cell,
the CEs tend to increase while the OCVs tend to decrease with im-
proved SOC.[*] Furthermore, the discharge process free of SEI
formation enables remarkably high CEs for D-Gra (99.7%) and
R-Gra (101.6% for 10% SOC, 104.7% for 20% SOC, and 105.8%
for 30% SOC), which are substantially higher than that of C-Gra
(87.3%). Among the R-Gra samples, the highest specific charge
capacity is observed for R-Gra with 20% SOC (326.3 mAh g™),

(50f 11) © 2024 Wiley-VCH GmbH
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surpassing R-Gra with 10% SOC (318.9 mAh g~') and 30% SOC
(307.5 mAh g7'). The CE of R-Gra exceeding 100% can be at-
tributed to two factors: i) the SEI inherited from D-Gra hinders
electrolyte decomposition; ii) residual active lithium in D-Gra par-
tially survives during the rapid heating treatment and contributes
to the charge capacity.

To further ascertain the optimal heat treatment conditions, we
investigated the electrochemical performance of directly regen-
erated graphite anodes under various conditions. As shown in
Figure S12 (Supporting Information), the initial CE rises from
1300 to 1500 K and then declines from 1500 to 1900 K. On the
other hand, the specific capacity of the regenerated graphite in-
creases with the increase of the treatment temperature. How-
ever, even higher heating (e.g., >2000 K) or much longer oper-
ation (e.g., 1000 K for 3 min) may lead to severe side reactions,
such as degradation of Cu current collector at higher tempera-
ture (Figures S13 and S14, Supporting Information) or signifi-
cant loss of active lithium during prolonged reaction time. This
result not only highlights the importance of transient heating to
avoid severe side reactions and active lithium loss but also opens
up possibilities for further optimization in the direct regenera-
tion of spent graphite with unique combination of initial CE and
capacities.

The active lithium content was calculated through the assem-
bly of Li||R-Gra cells, recording the initial delithiation (charge)
curve (Figure S15, Supporting Information). Li||D-Gra and Li||R-
Gra cells exhibit capacities of 54.9 and 24.5 mAh g1, respectively,
indicating an approximate 55% of active lithium is converted dur-
ing the heat treatment at 1900 K for 150 ms (Figure S16, Support-
ing Information). This conversion can be attributed to a com-
bination of thermal evaporation of a portion of active lithium
and its participation in reactions forming a new SEI (Note S1,
Supporting Information and Equations S2 and S3). The high CE
of R-Gra reduces the consumption of active lithium in the full
cells, thereby increasing the actual energy density of the practical
cells, which will be discussed later. On the other hand, the spe-
cific charge capacity of R-Gra (326.3 mAh g~') is much higher
than that of D-Gra (241.5 mAh g'), indicating that the rapid
heating treatment repairs the damaged structure and dredges the
blocked lithium-ion transport channel of the D-Gra particles. The
cycling stability of C-Gra, D-Gra, and R-Gra at 0.2 C is compared
in Figure 4d (0.1 C for the initial two cycles as the formation
process). R-Gra delivers the desired cycling stability (Table S1,
Supporting Information) with a capacity retention rate of ~#100%
and a specific charge capacity of 321.5 mAh g at the 100th cy-
cle, which is comparable with C-Gra (318.1 mAh g~! and ~#100%)
but much better than D-Gra (205.5 mAh g™ and ~87.8%), These
results further demonstrate the superb durability of the recon-
structed SEI of R-Gra. In addition, R-Gra shows the best rate ca-
pability among the three samples. As the rate performance from
0.1 to 2 C shown in Figure 4e, R-Gra delivers specific charge ca-
pacities of 324.6, 302.7, 237.9, and 104.4 mAh g=! at 0.1, 0.5,
1.0, and 2.0 C (Figure 4d), much higher than those of C-Gra and
D-Gra. The superb rate performance of Li||R-Gra cell could be
ascribed to reconstructed SEI, predominantly composed of inor-
ganic components with low desolvation energy barriers,!** which
facilitate enhanced lithium-ion diffusion kinetics. This is consis-
tent with the results of GITT (Figure S17, Note S2, and Table S2,
Supporting Information) and electrochemical impedance spec-
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troscopy (EIS) (Figure 4f and Figure S18, Supporting Informa-
tion).

Concerning the practical applications of R-Gra, one of the key
considerations is its air stability due to the presence of electro-
chemically active lithium. To address this concern, we conducted
experiments involving the exposure of D-Gra and R-Gra elec-
trodes to air with a relative humidity of 20% for different dura-
tions (0, 0.6, and 6 h). The electrochemical behaviors of Li||D-Gra
and Li||R-Gra cells were investigated. Figure 4g depicts the initial
charge curve of D-Gra. As the exposure time to air increases from
0 to 6 h, air-exposed D-Gra experiences a significant decrease in
charge capacity and initial CE. Specifically, the charge capacity
drops from 240.1 to 161.9 mAh g1, while the initial CE decreases
from 99.7% to 86.3%. In contrast, after being exposed to air for
6 h, R-Gra exhibits an initial capacity of 316.5 mAh g™ and an
initial CE of 99.6%, slightly lower than the values for fresh R-
Gra (326.3 mAh g! and 104.7%). This slight decrease can be as-
cribed to the reaction between a fraction of the active lithium and
ambient moisture. However, the majority of the active lithium is
encapsulated by an organic SEI, effectively isolating it from ex-
ternal moisture and ensuring its preservation. The superior air
stability of R-Gra can be attributed to the presence of a dense SEI
layer on the surface of R-Gra particles.?’! This stability surpasses
that of prelithiated graphite prepared using traditional prelithia-
tion methods.[32¢] The robust air stability of R-Gra ensures its
practical applicability as an electrode material with prelithiation
capability.

To further verify the advantages of R-Gra for practical applica-
tions, we assembled full cells with industry-level LiFePO, cath-
odes (LFP, areal mass loading: 13.2 mg cm™) cathodes. The
schematic diagram of the R-Gra||LFP cell is shown in Figure 5a,
and the blue spheres between graphite layers represent the resid-
ual active lithium in R-Gra, which could compensate for the
lithium loss of the full cells during the electrochemical cycles.
For R-Gra electrodes, there is no SEI formation peak of the R-Gra
full cell in the CV curve (Figure S19, Supporting Information),
which is consistent with the CV results in Figure 4a. Moreover,
the normalized initial charge-discharge curves of the Li||LFP,
Li||C-Gra, and Li||R-Gra cells were used to demonstrate the ben-
efits of upgraded SEI and the reuse of the residual active lithium
in R-Gra electrodes (Figure 5b). In C-Gra electrodes, there is al-
ways irreversible lithium loss due to the formation of SEI in
the initial cycle.[”] In contrast, R-Gra electrodes could even pro-
vide additional active lithium due to the SEI-formation-free pro-
cess and the residual active lithium between the graphite lay-
ers. On the other hand, the LFP electrode also shows an irre-
versible lithium loss, which may be attributed to the formation of
cathode—electrolyte interphase (CEI). Thanks to the high CE of R-
Gra, the R-Gra||LFP cell delivers a high initial specific discharge
capacity of 143.9 mAh g-! with a high initial CE of 98.8%, signifi-
cantly higher than those of the cells using C-Gra and D-Gra elec-
trodes (Figure 5c). Remarkably, the R-Gra||LFP cell demonstrates
an initial energy density of 309.4 Wh kg=' (Figure 5d), which is
higher than C-Gra (281.4 Wh kg™!), and D-Gra (232.3 Wh kg™1),
confirming the effectiveness of R-Gra in reducing the SEI forma-
tion and compensating the lithium loss of the full cells.

As shown in Figure 5e, the R-Gra||LFP cell shows an excel-
lent rate capability and delivers high discharge capacities of 143.5,
140.1, 135.2, 128.1, and 115.8 mAh g, respectively, at 0.1, 0.2,

© 2024 Wiley-VCH GmbH
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Figure 5. Electrochemical performance of C-Gra||LFP, D-Gra||LFP, and R-Gral|LFP cells. a) Schematic diagram of R-Gra||LFP cell composition (with

preintercalated active lithium). b) The normalized charging—discharging

curves of C-Gra, R-Gra, and LFP half cells. c) The initial charge—discharge

curves at 0.1 C. d) The comparison of the energy density at the initial cycle (calculated based on the mass of the cathode and anode only). e) Rate

performance from 0.1 to 2 C. f) Cycle performance at 0.1 C.

0.5, 1, and 2 C. The superb rate performance of R-Gra||LFP
cell could be ascribed to the lowest surface film resistance Ry
and charge transfer resistance R, (Figure S20, Supporting In-
formation). Additional, Figure 5f compares the cycling stabil-
ity of the full cells with D-Gra, and R-Gra electrodes at 0.1 C
(1C=170 mA g!). The R-Gra||LFP cell shows an initial specific
discharge capacity of 145.0 mAh g~! with a capacity retention of
95.3% after 100 cycles. In sharp contrast, the capacity retention of
the D-Gra||LFP cells is 69.5%. Overall, the compact and robust in-
organic SEI possesses excellent mechanical properties and plays
a decisive role in maintaining the cycling stability of graphite an-
ode. Compared with D-Gra||LFP cell, the improved Coulombic
efficiencies of R-Gra||LFP cell (Figure S21, Supporting Informa-
tion) during the cycling should be attributed to the exceptional
stability of the reconstructed SEI. In addition, in order to further
prove the improved cycle stability, we conducted a longer cycle
performance of R-Gra||LFP cell at 0.2 C (Figure S22, Supporting
Information). After 300 cycles, the R-Gra||LFP cell still shows a
capacity retention of 92.2%, which is comparable or better than
other cells composed of recycled materials (Table S1, Supporting
Information).!"3*?8] For practical application, despite the achieve-
ment of a high initial CE and improved rate performance and
energy density, we acknowledge concurrently that there remains
a discernible gap in the cycling performance between the regen-
erated graphite anodes and commercial counterparts in industry,
which may be caused by factors such as the degraded structure

and impurities. To also achieve outstanding and extended cycling
for these directly recycled materials, further significant efforts are
required in future studies.

The economic and environmental benefits of the as-proposed
direct recycling method were further analyzed with Everbatt 2020
model.®] As the schematic shown in Figure 6a, traditional hy-
drometallurgy and pyrometallurgy methods always include high-
temperature smelting and acid/alkali leaching processes, which
are energy-consuming and environmentally unfriendly. In con-
trast, after proper pretreatment (i.e., battery disassembly along
with electrolyte cleaning), our method can effectively regener-
ate and upcycle the spent graphite without using any solvents.
At present, equipment companies are actively developing auto-
matic disassembly devices for pouch cells in an inert environ-
ment to minimize harmful effects and potential hazards to the
personnel and environment during battery disassembly (Figure
S23, Supporting Information). By further companying our Joule
heat treatment device, the continuous and direct regeneration
of spent graphite anodes can be achieved (Figure S24, Support-
ing Information). The cost and revenue, profit, energy consump-
tion, greenhouse gas (GHG) emission, and water consumption
of manufacturing 1 kg graphite from virgin, hydrometallurgi-
cal, and rapid direct regeneration methods are summarized in
Figures 6b—f. Obtaining higher environmental and economic
benefits in the battery recycling process are indispensable to en-
sure the sustainability of the recycling industry. For our rapid
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profit, d) total energy consumption, e) greenhouse gas (GHG) emissions, and f) water consumption of manufacturing 1 kg graphite via virgin, hydro,
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direct regeneration methods, the expenses associated with bat-  ~68% (Figure 6b), energy consumption by ~79% (Figure 6d),
tery disassembly primarily encompass the costs of automated dis- ~GHG emission by ~#91% (Figure 6e), and water consumption by
assembly equipment, labor, and consumables. The disassembly =~ 100% (Figure 6f).

cost amounts to $1.39 Kg™! of graphite, comprising labor costs Such reductions could be attributed to the shorter recycling
of $0.80 kg~!, equipment depreciation of $0.53 kg™', and op-  process and lower electricity consumption. Additionally, unlike
erational electricity expenses of $0.06 kg™!. Compared with the  those reported methods for degraded graphite,'®! our rapid direct
manufacturing graphite from the hydrometallurgical method,  regeneration method obtains upcycled graphite anodes, elim-
our rapid direct regeneration method reduces recycling cost by  inating the need for complex coating processes and offering
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additional reductions in energy consumption and environmen-
tal pollution. Furthermore, compared with the manufacturing
of graphite from virgin materials, our rapid direct regenera-
tion method reduces the cost by ~67%, energy consumption
by ~82%, GHG emission by ~92%, and water consumption by
100%. Notably, the profit of graphite recycling by hydrometal-
lurgy is negative, which is why few researchers are interested in
recycling spent graphite. In sharp contrast, our rapid direct re-
generation method can achieve a profit of $10.6 kg~! (Figure 6¢),
which is significantly higher than the method of producing
graphite from raw materials ($3.3 kg™!). On the other hand, our
regenerated graphite electrode shows a higher energy density
than the pristine commercial graphite electrode (309.4 versus
281.4 Wh kg™), as verified by the comparison of the energy den-
sity in Figure 5d. Therefore, our rapid direct regeneration method
can not only improve the environmental and economic benefits
but also significantly enhance the energy density of regenerated
graphite full cells.

3. Conclusion

In this study, we present a simple and efficient rapid heat-
ing treatment designed to upcycle degraded graphite electrodes
within an impressive timeframe of 2150 ms. Through rapid heat-
ing, the loose organic—inorganic SEI in D-Gra transforms into a
compact and robust inorganic SEI. The reconstructed SEI also
protects the activity of enclosed lithium with largely improved air
stability. As a consequence, our approach leads to a high Coulom-
bic efficiency, stable cycling performance, and increased energy
density in full cells. Importantly, compared with manufacturing
graphite from the hydrometallurgical method, our proposed di-
rect regeneration method yields a substantial reduction in total
energy consumption and in GHG emissions. Therefore, our re-
generation strategy not only offer an innovative solution for the
upcycling of degraded graphite into valuable prelithiated anodes
but also holds significant potential to drive the closed-loop sus-
tainability of batteries and particularly the graphite anodes.

4. Experimental Section

Preparation of D-Gra and R-Gra Anodes: The degraded graphite (D-
Gra) anodes were obtained by disassembling the spent LiCoO, cells (5
Ah pouch cell, received from Wuhan Sunmoon Battery Co., Ltd.) at a
SOC of 20% with ~60% of their designed capacity remained in a glove
box filled with Ar (Unless specified otherwise, D-Gra is acquired through
the disassembly of pouch batteries with a SOC of 20%). The D-Gra elec-
trodes were washed with dimethyl carbonate (DMC) to remove residual
electrolytes and dried naturally in a glove box. Next, the D-Gra electrodes
were placed on a homemade Joule heating device, heated under a 40 V
DC power supply for 2150 ms in a glove box filled with Ar, and finally
cooled naturally to room temperature to obtain regenerated graphite (R-
Gra) electrodes. The graphite obtained from spent anode material, under-
going a 2-h heat treatment at 773.2 K under an Ar atmosphere, is denoted
as high-temperature recycled graphite (HR-Gra). For comparison, com-
mercial graphite electrodes (C-Gra) were fabricated using a mass ratio of
graphite:SP:SBR:CMC = 96:2:1:1, and an area loading of approximately
~6.5 mg cm~2. The air stability test was conducted in an air environment
with a relative humidity of 20%.

Characterizations: XRD patterns were collected on a Bruker D8 AD-
VANCE diffractometer with Cu Ka radiation (A = 1.5405 A) with a diffrac-
tion angle range of 10° to 80°. The morphologies of D-Gra and R-Gra
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were characterized using a field emission SEM (JEOL, JSM-7610F Plus).
A HRTEM was used to investigate the morphology and crystal struc-
ture information of D-Gra and R-Gra. X-ray photoelectron spectra (XPS)
were collected on ESCALAB 250Xi with Al Ka (1486.7 eV) irradiation.
Raman spectra were collected on LabRAM HR Evolution. FTIR spectra
were collected on Nicolet iS50R. The surface morphology and mechani-
cal elasticity of SEI were investigated with an AFM (Nanoscope V Mul-
timode 8 scanning probe microscope, Brucker Dimension lcon) in tap-
ping mode over an area of 1 X 1 pum. The elastic moduli of the SEI
of D-Gra and R-Gra were determined by fitting the force-depth curves
with the Derjaguin—Miiller—Toporov (DMT) model. Young’s modulus data
were obtained using NanoScope Analysis software. Thermogravimetric
analysis was carried out by a TG-DSC (STA 8000, PerkinElmer) in the
air with a heating rate of 10 °C min~". The surface area and pore size
were calculated by the Brunauer—Emmett—Teller (BET) method and the
Barrett—Joyner—Halenda (BJH) method using the specific surface area
and porosity analyzer (Quantachrome, Autosorb iq2-MP).

Electrochemical Measurements: The anodes were fabricated by cutting
the waste graphite anode into a circle with a diameter of 12 mm. The areal
graphite mass loading of as-prepared anodes was ~13 mg cm~2. The elec-
trochemical performance was obtained with 2025-type coin cells assem-
bled with lithium chips (®15.6 x 0.45 mm, China Energy Lithium Co., Ltd)
as an anode, polypropylene membrane (PP, Celgard 2500) as a separa-
tor, 1.0 m LiPFg in ethyl carbonate/diethylene carbonate (EC:DEC = 1:1
by volume) with 5.0% fluoroethylene carbonate additive (DodoChem) as
the electrolyte in an Ar-filled glovebox. The galvanostatic charge-discharge
measurements were carried out on a NEWARE (CT4008) tester within the
voltage range of 0.01to 1.5 V at different rates. CV curves were collected
on an electrochemical workstation (Biological VMP-3) at a scanning rate
of 0.1 mV s~1. EIS was collected on an electrochemical workstation (Bio-
logical VMP-3) within a range of 0.1 Hz to 100 KHz.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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