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ABSTRACT: Recycling of spent lithium-ion batteries is
essential for the sustainable development of renewable energy
technologies, as it promotes resource reuse and environmental
protection. Recycling cathode materials is particularly impor-
tant due to their high concentration of strategic elements.
However, traditional recycling methods for cathode materials
are often inefficient due to high energy consumption and
prolonged operation time. Here, we present an efficient, one-
step, nondestructive method for regenerating spent LiCoO2
cathodes within seconds. This method simultaneously achieves
relithiation of the cathode material and repair of the crystal
structure through rapid Joule heating. Compared to traditional
repair methods, this process exhibits low energy consumption
and shortened operation time. After an 8 s repair process, the regenerated LiCoO2 has a well-defined layered structure and is
restored to its original electrochemical performance, with an initial discharge capacity of 133.0 mAh/g and good cycling
performance. This work represents a potentially universal approach for the efficient direct regeneration of cathode materials.

The use of lithium-ion batteries (LIBs) as a sustainable
and efficient energy storage device has diffused
ubiquitously in recent times, primarily in the consumer

electronics, electric vehicle (EV), and grid storage sectors, in
support of carbon neutrality goals.1−6 The global demand for
lithium-ion batteries (LIBs) is expected to exceed hundreds of
gigawatt hours per year over the next five years, accounting for
70% of the rechargeable battery market by 2025.7−9 The
average lifetime of rechargeable LIBs is no more than three
years for portable electronics and five to ten years for EVs,
resulting in a significant number of degraded batteries in the
near future.10,11 These spent batteries contain harmful
substances such as heavy metals and toxic organic compounds,
which pose a risk to the environment and human health.12−14

On the other hand, the metallic resources used to synthesize
cathode materials are becoming increasingly scarce, and the
their soaring price in recent years suggests that the future
demand is approaching the identified reserves.15,16 Therefore,
it is urgent to develop effective methods for dealing with spent
batteries to prevent negative impacts on the environment and
to meet the demand for valuable resources, particularly in the
era of increased transport electrification and grid-scale storage.
Currently, recycling methods for cathode materials are

primarily divided into metallurgical processes (such as
pyrometallurgy and hydrometallurgy) and direct repair

processes.17−19 Although metallurgy has been utilized for a
long time, it is associated with several drawbacks. For example,
hydrometallurgical processes require large amounts of acid to
dissolve metal ions in the cathode materials, resulting in the
subsequent treatment of large volumes of wastewater.20,21 The
pyrometallurgical process, which is used to obtain valuable
metals such as Co, also requires high temperatures and energy
to smelt the cathode materials. These metallurgical-based
recycling processes involve the destruction of spent cathode
materials, metal extraction and purification, and the synthesis
of new cathode materials.22−24 As a result, they are multistep,
energy-intensive, and time-consuming. In recent years, there
has been a growing interest in developing methods for the
direct regeneration of cathode materials without destroying
their crystal structure.25−28 Several methods have been
developed, including solid-state sintering,29,30 molten salt
method,31−33 chemical lithiation strategy,34−36 hydrothermal
method,37−39 and in situ electrochemical method.40,41 For
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example, Zhang et al. reported that degraded LiCoO2 (LCO)
can be regenerated by a solid-state sintering approach in air
using Li2CO3 as the Li source at 900 °C for 12 h.29 The
electrochemical properties of the regenerated cathode are
comparable to those of fresh materials. Zhou et al. reported
that spent LiCoO2 (S-LCO) can be regenerated by annealing
them at 850 °C in air for 2 h after the relithiation in lithium-
containing eutectic solvent, where the phase structure and
electrochemical performance of cathode materials are com-
pletely recovered.33 However, all of the aforementioned
methods require prolonged high-temperature processes to
repair the crystal structure of the cathode material, resulting in
relatively long time and high energy consumption require-
ments. Therefore, a rapid and highly effective method for
efficiently regenerating cathode materials is still in high
demand.
To achieve highly energy- and time-efficient cathode

material regeneration, we propose a nondestructive, ultrafast
method for the regeneration of spent LCO in seconds, as

illustrated in Figure 1a. Compared with the traditional
metallurgical processes and direct repair process based on
furnace heating (Figure 1b), the ultrafast repair method
(URM) utilizes Joule heating with high heating rate, adjustable
temperature, and high cooling rate, which can considerably
reduce the unavoidable heat dissipation.42−46 Notably, the
reaction temperature of the URM is relatively higher than that
of other traditional recycling methods, allowing the S-LCO to
be rapidly repaired within 8 s. The rapid process not only
minimizes the loss of the lithium source at high temperature
but also avoids the melting and possible corrosive reaction
between the lithium source and the container. Our character-
ization results indicate that the bulk crystal structure of
degraded cathodes can be fully recovered despite the rapid
process, where the spinel Co3O4 formed during long-term
cycling is converted to the desired layered structure of LCO.
Additionally, the electrochemical performance of the regen-
erated LCO is comparable to that of fresh commercial cathode
materials. Our results suggest that the URM is highly time- and

Figure 1. Schematic of (a) the ultrafast repair process and (b) furnace repair method; (c) schematic of the regeneration process; (d)
schematic of the repair process of S-LCO; (e) SEM image of S-LCO; (f) XRD patterns of spent LiCoO2 and URM-LCO; (g) energy
consumption and operation times of different regeneration processes.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://doi.org/10.1021/acsenergylett.3c00635
ACS Energy Lett. 2023, 8, 3005−3012

3006

https://pubs.acs.org/doi/10.1021/acsenergylett.3c00635?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c00635?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c00635?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c00635?fig=fig1&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.3c00635?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
Lenovo
Highlight

Lenovo
Highlight

Lenovo
Highlight



energy-efficient and can simultaneously relithiate the spent
cathode materials while repairing their crystal structure. The
proposed method demonstrates a highly effective and
potentially universal approach in regeneration of battery
cathodes.
During the repair and resynthesis of spent cathode materials,

a high temperature treatment is usually required. In a typical
URM process, pressed pellet samples with a diameter of 1.0 cm
are placed between two sheets of carbon paper. The carbon
papers and samples are then heated rapidly through Joule
heating (Figure 1a), avoiding the prolonged low-temperature
reaction stage of furnace-based methods (Figure 1b).
Compared with other cathode regenerating methods (Figure
1c), the URM can complete the reaction in a few seconds,
effectively reducing unnecessary energy consumption and
operating time. Figure 1d illustrates the microscopic repair
process of S-LCO, which consists of two major steps. First, the
added lithium source fills the lithium vacancy, thereby enabling
the reintroduction of lithium ions into the cathode structure.
Second, the spinel Co3O4 is converted into layered LCO. The
highly adjustable nature of URM enables the appropriate

reaction temperature for regenerating the cathode within
several seconds, avoiding volatilization of lithium at prolonged
high temperatures or incomplete crystal phase repair at low
reaction temperatures. The SEM image of the S-LCO (Figures
1e and S1) collected from spent commercial LIBs reveals
nonuniform particle size and rough surface, where its X-ray
diffraction (XRD) result (Figure 1f) shows the coexistence of
spinel Co3O4 and layered LCO, consistent with previous
reports.29 After URM (at around 1440 K and 8 s treatment),
the peak of Co3O4 disappeared, indicating the successful
structural repair of S-LCO. We then compare the energy and
time consumption of URM and conventional recycling
methods. The energy consumption is calculated from the
amount of electrical power used during the cathode materials’
repairing process. As illustrated in Figure 1g, the URM process
exhibits significantly less operating time and energy con-
sumption among various methods.
We carried out several materials characterizations, such as

XRD, transmission electron microscopy (TEM), and X-ray
photoelectron spectroscopy (XPS), to further confirm the
effectiveness of URM for LCO regeneration. To begin with, we

Figure 2. (a) XRD Rietveld refinement results for S-LCO; (b) crystal structures of S-LCO; (c) Rietveld refinement of URM-LCO; (d) crystal
models of URM-LCO; (e) HAADF-STEM image of S-LCO; (f) corresponding FFT pattern of the marked region in panel e; (g) HAADF-
STEM image of URM-LCO; (f) corresponding FFT pattern of the region marked in panel g; high-resolution XPS spectra of the Co 2p for (i)
S-LCO and (j) URM-LCO.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://doi.org/10.1021/acsenergylett.3c00635
ACS Energy Lett. 2023, 8, 3005−3012

3007

https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c00635/suppl_file/nz3c00635_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c00635?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c00635?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c00635?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c00635?fig=fig2&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.3c00635?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


performed refined XRD analysis on both the S-LCO and the
LCO regenerated by URM with Li2CO3 as Li source at 1440 K
(URM-LCO). As shown in Figure 2a, the existence of the
peaks at 31.34° and 36.96° from the S-LCO sample indicates
the presence of spinel Co3O4. Other peaks in the S-LCO
match well with the hexagonal R3̅m structure. The content of
spinel Co3O4 was determined to be 2.606 wt % by the Rietveld
refined process (Table S1), and the corresponding atomic
model of S-LCO is shown in Figure 2b. In contrast, the XRD
patterns of URM-LCO only show an identical layered oxide
structure with R3̅m space group after the URM process (Figure
2c). The Rietveld refined results showed that the cell
parameters of URM-LCO were similar to those of commercial
LiCoO2, which is slightly smaller than that of S-LCO (Table
S1). These results indicate the microstructure and phase
structure of S-LCO can be completely repaired after the
ultrafast treatment (Figure 2d). Atomic resolution TEM
characterizations were then carried out to verify the above
analysis. The high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) images of S-
LCO at different magnifications and regions exhibit the
coexistence of spinel phase and layered structure (Figures 2e
and S2), which was verified by the corresponding fast Fourier
transform (FFT) (Figure 2f). Notably, the cobalt atomic layer
in S-LCO exhibits some degree of distortion. These
observations indicate that the microstructure of LCO
experiences partial collapse after long-term cycling processes
(Figure S2). The highly resolved elemental mapping result
demonstrated the homogeneous distribution of Co and O and

the existent of the impure phase (Figure S3). The lattice
spacing of the corresponding layered structure in S-LCO was
0.486 nm, which corresponds to the (003) peak (Figure S4).
After the URM process, the SEM image showed that the

URM-LCO obtained a uniform particle size and a smooth
surface (Figure S5). Additionally, only an ordered layer
structure was observed in URM-LCO (Figures 2g and S6),
which was confirmed by the FFT corresponding to different
positions in the STEM-HAADF image of URM-LCO (Figure
2h). Moreover, the distortion in the cobalt atomic layer has
been rectified with remarkable precision (Figure S6). A
homogeneous distribution of Co and O atoms is observed in
highly resolved elemental mapping results of the R-LCO
sample (Figure S7), and its (003) crystal plane spacing was
measured to be 0.48 nm (Figure S8). All the above
observations suggest that this method can efficiently repair
the microstructure of S-LCO. The chemical states of Co
element in the samples were explored by XPS. The Co 2p
spectrum of S-LCO exhibited two prominent peaks, with a
peak difference of approximately 15.0 eV, demonstrating the
existence of both Co2+ and Co3+ (Figure 2i).47 The binding
energy of Co 2p at 780.9 and 796.3 eV corresponds to the
Co2+, while 780.3 and 794.6 eV correspond to the Co3+.48 In
contrast, we only observed the peaks corresponding to Co3+ in
the URM-LCO result, manifesting the URM process could
regenerate the LCO cathode (Figure 2j). The XPS O 1s
spectrum of S-LCO and URM-LCO was deconvoluted into
two components corresponding to the lattice oxygen and
O=C−O (Figure S9).48 The intensity peak of lattice oxygen in

Figure 3. (a) Temperature evolution during the experiment; (b) XRD patterns of the R-LCO with the Li2CO3 as Li source under different
temperature; (c) XRD patterns of the regenerated LiCO2 without Li source under different temperature; (d) rate performance of the R-LCO
with the Li2CO3 as Li source under different temperature; (e) charge−discharge curves of R-LCO-Li-1440 (solid line) and R-LCO-1440
(dotted line) under different current; (f) EIS curves of the R-LCO-Li-T; (g) cycling performance of S-LCO, R-LCO-Li-1440, and R-LCO-Li-
1440 at 0.2 C; (h) dQ/dV curve of S-LCO and R-LCO-Li-1440.
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S-LCO was weaker than that in R-LCO, indicating that the
oxygen skeleton-layered structure of URM-LCO was repaired.
We investigated the effect of URM temperature on repairing

the crystal structure of cathode materials using XRD, in which
the reaction temperatures were determined by an infrared
camera (Figure S10). The function of temperature with time
during the URM process is plotted in Figure 3a. This process
exhibited an ultrafast heating rate within one second, and the
heating process was controlled to end after eight seconds. The
repair temperature can be easily adjusted by the input current/
voltage, which in our experiment corresponded to 1300, 1390,
1440, 1560, and 1700 K, respectively. Figure 3b shows that all
the cathode materials regenerated by URM with Li2CO3 as the
lithium source at different repair temperature possess a similar
diffraction pattern, corresponding to the phase of a layered
structure with the R3̅m space group. These samples are labeled
as “R-LCO-Li-temperature” in Figure 3b. In contrast, for
samples that underwent the same heat treatment without
Li2CO3 lithium source (labeled as “R-LCO-temperature”), the
additional peak at ∼37° can be observed in the R-LCO-1300
and R-LCO-1390 samples, corresponding to the spinel Co3O4
(Figure 3c). However, the peak disappears with an increase of
temperature in the other cathode materials, suggesting that the
spinel Co3O4 is unstable at high temperature.
Next, we will discuss the electrochemical properties of the

regenerated cathode under different URM conditions (reaction
temperature and w/o Li supplement), which were evaluated in
half cells via electrochemical impedance spectroscopy (EIS),
battery cycling, and rate performance tests. As shown in Figure
3d, the rate capacity of all R-LCO with Li supplement at
different rates increased with the temperature up to 1440 K
and then decreased at higher temperatures. The R-LCO-Li-
1440 exhibited the best rate capability among all the samples.
The initial discharge capacity of the R-LCO-Li-1440 obtained
at 0.1 C was as high as 133.0 mAh/g for (1 C = 147 mAh/g),

while still maintaining a high value of 99.7 mAh/g at 4 C. The
discharge capacities of R-LCO-Li-1440 were 133.0, 123.9,
119.6, 116.1, 109.9, and 99.6 mAh/g from 0.1 to 4 C (Figure
S11), respectively, higher than those of the other samples
repaired at all temperatures (Figure 3d). The corresponding
voltage profiles of R-LCO-Li-1440 and R-LCO-1440 (without
Li supplement at URM regeneration) at different charge/
discharge rates are displayed in Figure 3e. In contrast, the R-
LCO-1440 exhibits a comparably lower discharge capacity at
all current densities. The EIS results of the different samples
indicate that the R-LCO-Li-1440 exhibits the lowest interface
impedance, which confirms its optimal rate performance
(Figure 3f).
The long-term cycling performance of the R-LCO-Li-1440,

R-LCO-1440, and S-LCO samples is presented in Figure 3g.
During the cycling process, R-LCO-Li-1440 retained a stable
discharge capacity at a relatively high level compared with R-
LCO-1440 and S-LCO. After 300 cycles, the R-LCO-Li-1440
maintained a discharge capacity of 100.0 mAh/g, indicating its
excellent cycling performance. In addition, the R-LCO samples
via URM exhibit the best stability at 1440 K after 300 cycles
(Figure S12), suggesting that this temperature is optimal for
the repair process. Note the repair temperature in URM is
higher than that in the conventional furnace-based method
since the reaction time is significantly shorter. DFT
calculations show that layered-structured LCO possesses
lower free energy compared to spinel LCO at all temperatures,
implying the former can endure high temperature for a short
period.49 According to the incremental capacity analysis
(Figure 3h), the intensity of the discharge peak at 3.9 V in
R-LCO-Li-1440 is higher than that in S-LCO, indicating
lithium supplementation is essential during the repair process.
The electrochemical performance of LCO samples repaired

by different annealing methods (URM at 1440 K, furnace
annealing at 1173 K, which is the temperature commonly used

Figure 4. (a) Charge−discharge curves of S-LCO, R-LCO-1173, R-LCO-Li-1173, R-LCO-1440, and R-LCO-Li-1440; (b) rate performance of
different samples; (c) long-term performance of the S-LCO, R-LCO-Li-1173, and R-LCO-Li-1440; (d) EIS curves of S-LCO, R-LCO-Li-
1173, and R-LCO-Li-1440; GITT curve of (e) S-LCO and (f) R-CO-Li-1440 as a function of time; (g) GITT curve of S-LCO and R-LCO-Li-
1440 at the charging time; chemical diffusion coefficients of Li+(DLi+) of (h) charging and (i) discharge.
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in conventional LCO repair process50,51) was investigated, as
shown in Figure 4a,b. The S-LCO delivered a limited discharge
capacity of 103.9 mAh/g, indicating it was in a Li-deficient
state. In contrast, the R-LCO-Li-1440 exhibited an initial
discharge capacity of 133.0 mAh/g, indicating that the URM
efficiently realizes the lithium supplementation process. The
furnace-annealed R-LCO-Li-1173 sample showed a discharge
capacity of only 111.4 mAh/g, which was only slightly higher
than that of S-LCO and R-LCO-1173. XRD analysis revealed
the crystal structure of R-LCO-Li-1173 was repaired, while
spinel Co3O4 was still present in the R-LCO-1173 (Figure
S13). These results suggest that despite the long heat
treatment, traditional heating processes may only repair
cathode materials to a limited extent under the Ar atmosphere.
The discharge capacity of R-LCO-1440 was also higher than
that of R-LCO-1173, which is attributed to the short reaction
time of the URM, which can avoid further lithium volatilization
at high temperatures. We also conducted long-term cycling of
R-LCO-Li-1173, R-LCO-Li-1440, and S-LCO; our results
suggest that the R-LCO-Li-1440 exhibited better cycling
stability and discharge capacity compared to R-LCO-Li-1173
(Figure 4c). EIS measurements of different samples were taken
at the charged 4.3 V states. As shown in Figure 4d, R-LCO-Li-
1440’s charge transfer resistances (Rct) is lower than that of
any other sample, indicating faster lithiation and delithiation
kinetics. To investigate the kinetic characteristics of the S-LCO
and R-LCO-Li-1440 electrode, we performed the galvanostatic
intermittent titration technique (GITT) analysis from the third
cycle and calculated the corresponding diffusion coefficients of
Li+ ( +DLi ) (Figure 4e-i). The calculated +DLi of R-LCO-Li-
1440 is higher than that of S-LCO during charging and
discharging, indicating that the cathode can be efficiently
repaired by the URM. All of the above results suggest that the
cathode materials repaired by the ultrafast method exhibit
excellent electrochemical performance.
The ultrafast, roll-to-roll manufacturing of the regeneration

process for cathode materials is envisioned using the schematic
shown in Figure 5. During this process, a homogeneously

mixed precursor composed of the cathode material and lithium
source continuously passes through the heating zone, allowing
the cathode material to recover its original crystalline structure
and electrochemical performance after rapid high-temperature
treatment. This approach is made possible by the URM,
making the ultrafast repair of cathode materials highly
compatible with existing industrial protocols. This design
offers great potential for ultrafast and efficient roll-to-roll
regeneration of cathode materials.

In this Letter, we have demonstrated that spent LCO can be
regenerated directly using an ultrafast repair method, taking
only 8 s at the optimal reaction temperature of 1440 K.
Systematic characterizations show that the phase structure of
spent LCO can be completely restored to its original layered
structure, and the electrochemical performance of repaired
LCO is comparable to that of the pristine materials. The initial
discharge capacity of optimized repaired LCO at 0.1 C is
recovered to 133.0 mAh/g with an excellent cycle performance
for more than 300 cycles. Furthermore, the repaired LCO
exhibits superior rate capacity, which outperforms the furnace-
repaired sample. This method is highly time- and energy-
efficient, making it suitable for the practical direct regeneration
of LCO cathodes for lithium-ion batteries. Our work on the
ultrafast repair method opens up new avenues for the ultrafast
and efficient repair of LIB cathode materials.
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