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For realizing the goals of “carbon peak” and “carbon neutrality”, lithium-ion batteries (LIB) with LiFePO4
as the cathode material have been widely applied. However, this has also led to a large number of spent
lithium-ion batteries, and the safe disposal of spent lithium-ion batteries is an urgent issue. Currently, the
main reason for the capacity decay of LiFePO4 materials is the Li deficiency and the formation of the Fe3+
phase. In order to address this issue, we performed high-temperature calcination of the discarded lithium
iron phosphate cathode material in a carbon dioxide environment to reduce or partially remove the car-
bon coating on its surface. Subsequently, mechanical grinding was conducted to ensure thorough mixing
of the lithium source with the discarded lithium iron phosphate. The reaction between CO, and the car-
bon coating produced a reducing atmosphere, reducing Fe3+ to Fe?* and thereby reducing the content of
Fe3*. The Fe3* content in the repaired LiFePO, material is reduced. The crystal structure of spent LiFePO,
cathode materials was repaired more completely compare with the traditional pretreatment method, and
the repaired LiFePO, material shows good electrochemical performance and cycling stability. Under 0.1 C

conditions, the initial capacity can reach 149.1 mAh/g. It can be reintroduced for commercial use.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In the context of increasingly scarce global resources, reduc-
ing resource consumption and environmental pollution is gradually
becoming a widespread consensus among people [1-3]. Lithium-
ion batteries (LIBs) are widely used due to their numerous ad-
vantages such as high energy density, low self-discharge, long cy-
cling life, wide working temperature range, and excellent reliabil-
ity. These benefits not only contribute to environmental protection
but also help address energy storage challenges [4-6]. Among vari-
ous lithium-ion batteries (LIBs), batteries with lithium iron phos-
phate (LiFePO4, LFP) as the cathode material have gained sig-
nificant attention due to their high safety, long lifespan, good
high-temperature stability, and relatively low cost [7,8]. However,
with the large-scale application of lithium-ion batteries (LIBs), the
global lithium resource consumption has been increasing at an an-
nual rate of 8% in recent years [9], and a large number of waste
LIBs will be generated in the next five to ten years. By 2023, there
will be 313.3 thousand tons of waste LIBs that need to be recycled.
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Cao).

https://doi.org/10.1016/j.cclet.2024.110041

However, battery-grade lithium materials are limited, and the price
of Li,CO3 has been on an upward trend, so the recycling of end-
of-life lithium-ion batteries has a greater development prospect in
terms of economy as well as resource utilization. Battery recycling
and harmless treatment have become urgent issues that people
need to address [10-13].

Currently, lithium-ion battery recycling technologies include py-
rometallurgical recycling, hydrometallurgical recycling, and solid-
phase direct regeneration [14-18]. The main recycling direction
is the recovery of lithium and other valuable metals. For spent
LFP, the lithium element must be recycled due to its relatively
high value. Pyrometallurgical recycling technology utilizes high-
temperature pyrolysis and mechanical separation methods to di-
rectly recover waste materials and metals, However, the entire pro-
duction process consumes a large amount of energy, and the recov-
ery of the lithium is not complete [14,19,20]. Therefore, it is un-
suitable for recycling spent LFP. Hydrometallurgical recycling tech-
nology utilizes the strong acidic and alkaline solutions to separate
metal ions from spent battery materials. Subsequently, the metal
ions are converted into salts or oxides through processes such
as ion exchange, precipitation, and adsorption, thereby achieving
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the recovery of metal ions [21,22]. For instance, Yang et al. [23]
achieved the recovery of Li and Fe from LFP cathode powder using
a mechanochemical activation-based approach. However, the use of
large amounts of strong acids, bases and other chemical reagents
in the hydrometallurgical recycling process can easily cause pollu-
tion, and the process flow is long, with high repair and regenera-
tion costs [24,25].

Compared with pyrometallurgical and hydrometallurgical recy-
cling, direct regeneration does not produce any secondary pollution
and has a short process flow, which is the most direct and effective
recycling method. Liquid-phase direct regeneration is generally car-
ried out by hydrothermal methods for lithium replenishment and
repair. For example, Jia et al. [26] constructed a heterojunction in-
terface between LFP and nitrogen-doped carbon, which increased
the d-band center of Fe atoms. With the assistance of ethanol, LFP
was repaired and maintained stable performance even at a current
density of 10 C. Tang et al. [27] used L-serine as a reducing agent
to repair LFP, and the capacity can still reach 147.9 mAh/g at a cur-
rent density of 1 C. However, hydrothermal repair methods have
high requirements for equipment due to high temperature and
high pressure, have a small processing capacity, and are not easy to
achieve industrial production. Compared with solid-phase regener-
ation, the samples obtained by the liquid-phase method have uni-
form particles and the reactions are easier to carry out. However,
the liquid-phase method requires high temperature and high pres-
sure, resulting in excessive equipment demands and limited pro-
cessing capacity, thus lacking in industrial scalability compared to
the solid-phase regeneration method.

Solid-phase direct regeneration involves mixing the lithium-
deficient cathode materials with a lithium source, followed by
high-temperature calcination, gradually embedding lithium into
the lattice of the waste cathode materials to achieve the recovery
of spent LFP. And the process requirements are low, suitable for
industrial production. Li et al. [28] successfully repaired discarded
LFP (lithium iron phosphate) using a direct regeneration method,
achieving green recycling of the discarded LFP. The recycled ma-
terial can be charged and discharged up to 147.3 mAh/g for the
first time at 0.2 C. Chen et al. [29] employed a high-temperature
solid-state regeneration method, utilizing lithium carbonate and
glucose, to accomplish the repair of LFP. The recycled material can
be charged and discharged up to 161.6 mAh/g for the first time
at 0.1 C. The recycled LFP materials can be reused after repair,
demonstrating the great potential of direct regeneration in the re-
cycling of spent lithium-ion batteries [30-32].

The solid-phase direct regeneration method requires thorough
contact between the lithium source and the material, thus tradi-
tional direct regeneration approaches necessitate a relatively long
period of physical grinding during lithium source addition, typ-
ically requires 4-8h of grinding, resulting in significant energy
consumption during this stage. This study believe that the pres-
ence of a carbon coating hinders the replenishment of lithium
sources, leading to prolonged physical grinding and increased en-
ergy consumption. Therefore, in our study, the carbon coating on
the surface of spent lithium-ion batteries was thinned or par-
tially removed by heat pretreatment in a CO, environment. Then
the short-term physical milling method was combined with high-
temperature thermal repair to make Li™ more accessible to the cor-
responding crystal structure sites, thus completing the repair of the
spent lithium iron phosphate materials.

In this study, we opted to utilize retired lithium-ion batter-
ies obtained from automobiles. The retired lithium-ion batteries
were recycled using a three-step process (Fig. 1). Firstly, the bat-
tery is discharged and dismantled to separate the aluminum foil
current collector from the LiFePO4 powder under oxygen-free cal-
cination, resulting in retired LiFePO,4 (LFP(S)). Subsequently, LFP(S)
was subjected to high-temperature calcination in a carbon diox-
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ide gas environment to remove PVDF and thin or partially remove
the carbon coating, while simultaneously reducing Fe3* to Fe*, Fi-
nally, through a brief physical grinding process, lithium iron phos-
phate was thoroughly mixed with the lithium source, followed by
high-temperature calcination, ultimately resulting in regenerated
lithium iron phosphate material. The regenerated LiFePO, material
(LFP(R)) has its crystal lattice restored, and the missing lithium ele-
ments are replenished. The lithium ion diffusion pathways are suc-
cessfully unblocked, demonstrating higher capacity and capacity
retention in electrochemical performance testing. Therefore, this
study provides a low-energy and feasible method for regenerating
LiFePO4 materials, which holds promise for industrial battery recy-
cling applications.

Discarded LIB was provided by Harbin Guangyu Battery Co.,
Ltd. The uncoated commercial LiFePO, was provided by Saiber
Electrochemical Materials Co., Ltd., while super P was provided
by Zhangjiagang City Guotai Huarong Chemical New Material Co.,
Ltd. The N-methylpyrrolidone (NMP) and polyvinylidene fluoride
(PVDF) were provided by Guangdong Zhuguang New Energy Tech-
nology Co., Ltd.

The recycling and repair process of spent LiFePO, is shown in
Fig. 1. The spent LiFePO, powder used in this study was obtained
from spent LIB. Before dismantling the battery steel shell, the spent
LIB was pre-treated by discharging to below 1V to eliminate un-
necessary dangers caused by dismantling. The spent LIB was man-
ually dismantled using a steel saw and knife in a fume hood to ob-
tain the battery core. Subsequently, the battery core was disassem-
bled to obtain the cathode and anode plates. The obtained cathode
plate is illustrated in Fig. S1 (Supporting information). The disas-
sembled cathode plate was placed in a drying cabinet for dehydra-
tion, removing the electrolyte from the cathode plate. Due to se-
vere damage to the discarded cathode plate, low-temperature cal-
cination was employed to obtain discarded lithium iron phosphate
powder. Onsequently, the cathode foil was cut into 2cm x 2cm
square pieces, which were then heated in a tube furnace under an
inert gas atmosphere to 400°C and held for 1h. At this point, the
cathode material separated from the aluminum foil current collec-
tor, resulting in the obtained waste LiFePO4 powder (LFP(S)) con-
taining impurities such as PVDF.

The recovered cathode mixture (LFP(S)) was heated to 700°C
by a tube furnace and held for 4h to achieve the removal of
polyvinylidene fluoride (PVDF), and the high-temperature heating
environments were filled with argon and carbon dioxide gases, re-
spectively.

The elemental content of the S-LFP powder was determined by
ICP-OES, allowing for the determination of the molar ratio of the
main elements in LiFePO4, and Li;CO3 was added according to the
molar ratio that could restore the molar ratio of Li:Fe:P to 1.05:1:1,
and then milled and mixed, grinding time 30 min, and then heated
to 700°C under a mixed hydrogen-argon atmosphere and held for
8h. According to different impurity treatment methods, the sam-
ples calcined in hydrogen-argon mixed atmosphere are named as
LFP(R)-Ar and LFP(R)-CO,, respectively.

The above calcination conditions involve a heating rate of
5°C/min, and the gas introduction rate is determined by the ap-
pearance of one tail gas bubble per second. The cooling process
proceeds naturally. In the context of high-temperature calcination
in a carbon dioxide environment, addressing the generation of CO
tail gas, we employed the method illustrated in Fig. S2 (Supporting
information). By igniting with oxygen, we successfully converted
CO back into CO,, achieving a closed-loop system.

The elemental content of the samples was quantified by induc-
tively coupled plasma emission spectroscopy (ICP-OES, ICAP-7400,
USA). The weight loss of the samples as a function of tempera-
ture was determined by thermogravimetric analyzer. The elemen-
tal valence of the materials was determined using an X-ray pho-
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Fig. 1. Schematic diagram of the direct regeneration process for spent LiFePO,.

toelectron spectroscope (XPS, Escalab Xi*, USA), and the bond-
ing category was identified. Determination of the substance classes
and crystal structures contained in the samples by X-ray diffrac-
tometer (XRD, D: max-TTR III, Japan). Materials morphology and
microstructural features were investigated using scanning electron
microscopy (SEM, APREO S LOVAC, USA) and transmission electron
microscopy (TEM, TECNAI F30).

The working electrode was prepared by mixing 80% of the re-
generated cathode material, 10% of the conductive agent (Super-P),
and 10% of the binder (PVDF) in NMP. The obtained mixture was
coated onto aluminum foil and subjected to rolling, followed by
drying in a vacuum environment at 80°C for 12h. With a mass
loading of the active material of a p-proximately 1 mg, and the
mass loading of the active material should not fluctuate by more
than 0.1 mg. The resulting film was then assembled into a button-
type half-cell within a glove box with water oxygen content below
0.5ppm. Lithium foil was employed as the anode, and the elec-
trolyte solution used was LB-002, which is a 1mol/L LiPFg in a
mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC)
(volume ratio of 1:1). Place the button cell in a constant temper-
ature incubator or chamber at a temperature of 27°C during the
testing process to minimize the effects of environmental tempera-
ture fluctuations. The constant current charge/discharge tests were
conducted in the voltage range of 2.8-4.2V using a Neware bat-
tery testing system, at different current densities ranging from 0.1
Cto 2 C (1 C=170 mAh/g), for the electrochemical testing. Cy-
cle voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) tests were carried out within a voltage range of 2.8-4.2V us-
ing a Dutch electrochemical workstation.

Generally, the damage to the crystal structure of the cathode
material and the loss of lithium are the direct causes of perfor-
mance degradation in lithium-ion batteries [33,34]. The formation
of “dead Li” [35,36] also resulted in less and less active lithium,
resulting in a decrease in battery capacity. At the same time, the
reduction of lithium content would cause the formation of Fe3+*
in the crystal structure, thus inducing some lithium-iron antiphase
defects [37-39], which would also hinder the migration of lithium
ions. The damage to the crystal structure is due to the irreversible
structural transformation of the original crystal structure caused by
the absence of lithium [40,41]. This results in changes in volume
and phase, leading to the blockage of lithium ion diffusion chan-
nels, reduction of ion diffusion rate, and increase in polarization
reactions, thereby limiting the reaction kinetics and rate character-
istics (Fig. 2a).

Inductively coupled plasma optical emission spectrometry (ICP-
OES) and carbon-sulfur analyzer were employed to detect the ele-
mental content of each sample. According to the data in Table S1
(Supporting information), the elemental content of Fe, Li, and P in
LFP(S) is 12.75%, 1.297%, and 5.736%, respectively, with a carbon
content of 4.3263%. The higher carbon content may be due to the
presence of conductive agents in the waste lithium iron phosphate
and the decomposition of PVDF. After restoration, the elemental

content of Fe, Li, and P in LFP(R)-CO, is 4.296%, 0.6143%, and
2.233% respectively, and the n(Li):n(Fe):n(P) ratio changes from
0.82:1:0.82 to 1.15:1:0.94. The replenishment of lithium source is
conducive to reducing lithium-iron anti-site defects, and the car-
bon content also decreases to 2.6698%, indicating that the carbon
coating is thinned or partially detached after treatment with car-
bon dioxide.

X-ray photoelectron spectroscopy (XPS) is employed to identify
the types of elemental species present on the surface of LFP and to
assess the variations in the valence states of the surface elements
in LFP. As shown in Fig. 2b, the XPS photoelectron spectroscopy
of LFP(S), LFP(R)-Ar, LFP(R)-CO,, and LFP(C) clearly reveals the ele-
mental peaks of P 2s, C 1s, O 1s, and Fe 2p, respectively. However,
in comparison with LFP(R)-Ar, LFP(R)-CO,, and LFP(C), the XPS full
spectrum of LFP(S) exhibits the presence of F 1s, which disappears
after high-temperature treatment, indicating the removal of impu-
rities. Moreover, the peak heights of each element in LFP(C) and
LFP(R)-CO, are higher than those in LFP(R)-Ar and LFP(S), respec-
tively. This indicates that in a high-temperature environment filled
with carbon dioxide gas, the carbon coating reacts with carbon
dioxide, causing thinning or partial detachment of the carbon coat-
ing encapsulating the lithium iron phosphate, thus exposing the
lithium iron phosphate. On the other hand, LFP(R)-Ar and LFP(S)
are still covered by the carbon coating, preventing the exposure of
LiFePOy4. As a result, X-rays can only detect carbon, leading to sig-
nificant differences in peak heights.

The fine spectrum of the Fe element in XPS is depicted in Fig.
2c, where the main peaks at 711.75eV and 709.84eV in LFP(S)
correspond to Fe3* and FeZt of Fe 2P3p,, respectively, the main
peaks at 724.53eV and 723.25eV correspond to Fe3* and Fe%*
of Fe 2p;p, respectively [42]. The quantification of Fe3*/Fe** is
achieved by determining the area ratio of the fitted peaks. Com-
pared to LFP(S), the main peaks of Fe 2p3;, and Fe 2p;, in LFP(R)-
CO, and LFP(C) shift to higher binding energies. The peak area ra-
tio of Fe3*/Fe2* changes from 1.181 in LFP(S) to 0.5677 in LFP(R)-
CO,, which is close to 0.558 in LFP(C). Meanwhile, in LFP(R)-Ar, the
main peaks of Fe 2p;;, and Fe 2py, shift to lower binding energies.
The peak area ratio of Fe3*/Fe* is 1.0056, which is similar to the
peak area ratio of Fe3t/Fe2+ in LFP(S). H,/Ar mixed gas, acting as
a reducing atmosphere, facilitates the partial reduction of Fe3* to
Fe?*. CO, gas reacts with the carbon coating to generate CO, which
serves as a reducing atmosphere and reduces a significant portion
of Fe3* to Fe*, thereby reducing the content of Fe3+. At the same
time, as the carbon coating is thinned or partially removed, the
lithium source successfully enters the corresponding crystal struc-
ture sites of LFP, the lithium ion diffusion channel is unblocked, the
lithium-iron antisite defects are repaired, the lithium ion transfer
kinetics are improved, and the spent LFP material is successfully
repaired.

Performing X-ray diffraction (XRD) analysis on LFP(S), LFP(R)-
Ar, LFP(R)-CO,, and LFP(C). Fig. 2d illustrates the spectra of LFP(S),
LFP(R)-Ar, and LFP(R)-CO,, which are consistent with the stan-



H. Sun, X. Li, B. Wu et al.

Chinese Chemical Letters 36 (2025) 110041

a
Ingredient Repair
Structural rehabilitation
+2 Livacancy  Fe substitute  Li substitute
t 1
b 'c
| - 1
i : . | Fe'/Fet*
I T | & !
1 z & | % !
= ; ! ' o
g ! i
1= ! .
= b
13 LFPR)-Ar| ! o
= 1 o
1 = L l¥’f —T T 1| LFPR)-AY | 1.0056 iz
1 T Lepsy | .
! = i i) | N
1 | ! S-LFP 1181 .
1 bk — ! h— e
| 1 w Ty
! 0 200 400 600 800 1000 1200 | = fpe
' Binding energy (eV) I XPS-Fe''/Fe* 2 .
iF, il = : : Vs
wha : Al 1
n F oo G *—¥—-d.k\"“ iy
Y
' .
' o N : )
g P L Ay
Z SRS . X
g l J LFP(R)-Ar LFP(S) N o /:n\\
E bl Ji [PHIRIIN TP SO 2 il AN A/: a
FePO, LEP(S] B o _ @ :\
PDE81-1173 LiFePO, shic )y
{100 1P |
10 20 30 40 50 60 70 80 35 36 735 730 725 720 715 710 705
20 (degree) 20 (degree) Binding energy (eV)

Fig. 2. (a) Failure mechanism diagram of LFP(S). (b) XPS full spectra of LFP(S), LFP(R)-Ar, LFP(R)-CO,, and LFP(C). (c) Fe element XPS spectra and the peak area ratio of
Fe3+[Fe?t for LFP(S), LFP(R)-Ar, LFP(R)-CO,, and LFP(C). (d) XRD patterns of LFP(S), LFP(R)-Ar, LFP(R)-CO,, and LFP(C), as well as an enlarged XRD pattern of the (311) crystal

plane.

dard card (LiFePOy4, JCPDS No. 81-1173). From the XRD pattern, the
main diffraction peak of LFP(S) is evident, indicating the preserved
crystal structure of the discarded LiFePO4. However, an impurity
peak corresponding to the (020) crystal plane of FePO, appears
at 20 =18.153¢° in LFP(S). In contrast, this crystal plane is not ob-
served in the LFP(R)-CO, sample, indicating a significant lithium
deficiency in LFP(S). After undergoing high-temperature lithium re-
plenishment treatment, the impurity phase is eliminated. Through
the comparison of diffraction peak intensities, the intensity of the
LFP(R)-CO, diffraction peak is significantly improved compared to
LFP(S), and the LFP(R)-CO, diffraction peak intensity is essentially
consistent with that of commercial LiFePO4. This indicates that
the crystallinity of LiFePOy, treated in a high-temperature environ-
ment filled with CO, gas, has been improved and is now equiv-
alent to that of commercial LiFePO4. However, the crystallinity of
LiFePO,4 treated in a high-temperature environment filled with Ar
gas is inferior to that of LiFePO4 treated in a high-temperature
environment filled with CO, gas. As can be seen from the (311)
crystal magnification spectrum, the LFP(R)-CO, peak is shifted to
the right, close to the position of the main peak of commercial
LiFePO4, compared to LFP(S). In contrast to LFP(S), there is no sig-
nificant change observed in the peak position of LFP(R)-Ar. Ac-
cording to the Bragg's equation, when the lattice spacing increases
when the diffraction peak angle shifts to the left, and vice versa,
the lattice spacing decreases, leading to a smaller lithium ion diffu-
sion distance. After high-temperature treatment in an environment
filled with carbon dioxide gas, the carbon coating was thinned
or partially removed, resulting in successful lithium replenish-
ment. Furthermore, with the application of high-temperature treat-
ment, the lattice structure is restored. The interplanar spacing de-
creases compared to LFP(S), which shortens the lithium ion diffu-
sion distance, leading to the successful restoration of the discarded
LFP.

The surface characteristics of LFP(S), LFP(R)-Ar, LFP(R)-CO,, and
LFP(C) are shown in Fig. 3. Scanning electron microscopy (SEM)
tests showed that LFP(C), in the absence of a carbon coating on
its surface, had a smooth surface morphology (Fig. S3a in Support-
ing information), while the surface of commercial LFP, which was
coated with a carbon layer, was obviously covered with a carbon
coating (Fig. S3b in Supporting information). Fig. 3a regions I, II,
and Il of LFP(S), as well as the surface of commercial LFP coated
with a carbon layer, showed a clearly uniform thick carbon layer
on the surface. The surface morphology of LFP(R)-Ar was identical
to that of LFP(S), but under the influence of CO,, the surface of
LFP(R)-CO, became smooth, and the carbon layer was significantly
reduced and thinner compared to LFP(S). This indicates that CO,
reacted fully with C, compared to LFP(R)-Ar, in the absence of a
carbon coating prot ection, lithium ions can easily penetrate into
LFP through the physical action of grinding, achieving the compo-
nent restoration of waste LFP.

High-resolution transmission electron microscopy (HRTEM) im-
ages reveal the atomic-level microstructure of LFP particles [43].
Fig. 4a and Fig. S4a (Supporting information) show the TEM im-
ages of LFP(S), where the edges of LFP particles clearly contain
a uniform carbon coating. The lattice spacing on the surface of
LFP particles in Fig. 4b is measured to be 0.5166 nm, correspond-
ing to the (200) plane of LFP. The surface region II of LFP parti-
cles in Fig. 4c reveals a disordered interface, indicating structural
degradation. The magnified image of region I in Fig. 4d and Fig.
S4b (Supporting information) show that after high-temperature
treatment in an environment filled with argon gas, the surface of
LFP remains uniformly coated with a carbon layer. However, af-
ter a high-temperature lithium replenishment treatment, the dis-
ordered region disappears, and the lattice spacing is measured to
be 0.366 nm, corresponding to the (011) plane of LFP. The magni-
fied image of region I in Fig. 4e and Fig. S4c (Supporting infor-
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mation) shows that after high-temperature treatment in an envi-
ronment filled with CO, gas, the carbon coating on the LFP sur-
face has disappeared or has a thin thickness, the lattice spacing
of 0.223 nm corresponds to the (401) crystal face of LFP. The lat-
tice fringes on the LFP(R)-CO, surface have significantly enhanced
clarity compared to LFP(S) and LFP(R)-Ar, and are no longer sig-
nificantly different from the LFP(C) surface structure in Figs. S4d
and S5 (Supporting information). By analyzing the EDS element
maps (Figs. 2f-h) of LFP(S), LFP(R)-Ar and LFP(R)-CO,, it can be
seen that the surface carbon element content in LFP(R)-CO, sig-
nificantly decreases. This indicates that CO, and the carbon coat-
ing undergo corresponding reactions, resulting in the thinning or
partial removal of the carbon coating.

A comprehensive analysis of XRD, XPS, SEM, and TEM data re-
veals the regeneration mechanism of spent LFP (Fig. 4i). When
high-temperature calcination in an Ar gas-filled environment, there
is no impact on the carbon coating. Brief mechanical grinding can-
not adequately contact the lithium source with the spent cathode
material, and the problem of lithium deficiency in the cathode ma-
terial cannot be resolved. However, during high-temperature calci-
nation in a carbon dioxide-rich environment, the carbon coating
is partially removed. After brief mechanical grinding, the lithium
source can make full contact with the cathode material, and the
problem of lithium deficiency in the cathode material can be
solved. In addition, the crystal structure is also reconstructed and
repaired, and the content of Fe3* is significantly reduced. Thin-
ning or partial removal of the carbon coating facilitates the entry
of lithium ions during the lithium repletion phase, which has sig-
nificant advantages over traditional lithium repletion methods.

The current density 1 C long-cycling behavior of LFP(S), LFP(R)-
Ar, LFP(R)-CO,, and LFP(C) in the voltage range of 2.8-4.2V is

(g) EDS elemental mapping image of LFP(R)-Ar. (h) EDS elemental mapping image of LFP(R)-CO,. (i) Mechanism map

shown in Fig. 5a. Compared to LFP(S) and LFP(R)-Ar, LFP(R)-CO,
exhibits superior stability, with a maximum discharge capacity of
up to 131.2 mAh/g, and a reversible capacity of 116.3 mAh/g still
remaining after 400 cycles. In comparison, the discharge specific
capacity of LFP(S) and LFP(R)-Ar is lower and the capacity retention
rate is poor, which may be due to the low content of lithium ions,
the formation of Lit/Fe2* anti-isomeric structures, causing block-
age of lithium ion diffusion channels, leading to stagnation of dif-
fusion kinetics. Figs. S6a and b (Supporting information) show the
charge-discharge curves of S-LFP and LFP(R)-CO, at a 1 C current
density for different times. which are typical characteristic of flat
voltage plateau relating to the reverse reaction of Fe*/Fe3+ cou-
ple and coincide well with the CV results. Furthermore, a signifi-
cant polarization phenomenon was observed in LFP(S) during the
first 100 cycles, and the curves of the regenerated samples almost
overlap, indicating its superior cycling stability and electrochemical
reversibility.

Fig. 5b displays the rate capability of LFP(S), LFP(R)-Ar, LFP(R)-
CO,, and LFP(C) from current density 0.1 C to 2 C. The discharge
specific capacities of LFP(R)-CO, at 0.1, 0.2, 0.5, 1, and 2 C are 149.1,
139.2, 131.5, 121.8, and 106.1 mAh/g, respectively. At the same cur-
rent density, the discharge specific capacity of LFP(R)-CO, is higher
than that of LFP(S) and LFP(R)-Ar, and slightly lower than that of
LFP(C). However, due to thinning or partial removal of the car-
bon coating, the capacity retention of LFP(R)-CO, decreases when
the rate is restored to 0.2 C. Figs. S6¢c and d (Supporting infor-
mation) show the charge-discharge curves of LFP(S) and LFP(R)-
CO,, at different current densities. After the regeneration treatment,
the polarization phenomenon was significantly reduced, indicating
the successful insertion of lithium ions, unblocking of lithium ion
diffusion channels, and the repair and recrystallization of the LFP
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Fig. 5. (a) Long-term cycling curves of LFP(S), LFP(R)-Ar, LFP(R)-CO,, and LFP(C) at 1 C. (b) Rate curves of LFP(S), LFP(R)-Ar, LFP(R)-CO,, and LFP(C) at different current
densities. (c) Nyquist plots of LFP(S), LFP(R)-Ar, LFP(R)-CO,, and LFP(C). (d) Corresponding linear fits of the Z and w~'/2 values for the LFP(S), LFP(R)-Ar, LFP(R)-CO,, and
LFP(C) electrodes. (e) CV curves of LFP(S), LFP(R)-Ar, LFP(R)-CO,, and LFP(C) electrodes at a scan rate of 0.2mV/s. (f) The first 5 cycles of CV curves for the LFP(R)-CO,

electrode at a scan rate of 0.2 mV/s.

Table 1

Equivalent circuit fitting.
Sample Rs (2) Ret (2)
LFP(S) 10.29 585.7
LFP(R)-CO, 9.875 213.5

structure. The successful recovery of LFP in XRD, XPS, and TEM
mentioned above is also confirmed.

In addition, we also conducted EIS tests on LFP(S), LFP(R)-Ar,
LFP(R)-CO,, and LFP(C). All the ac impedance plots of the sam-
ples show a concave semi-circle related to charge transfer resis-
tance (Rct) in the high- and mid-frequency regions, and a linear
graph related to the o impedance (Ws) of lithium ion diffusion in
the low-frequency region in Fig. 5c [44]. Table 1 shows that the
Rt of LFP(R)-CO, is smaller than LFP(S) [45], which proves that
the charge transfer efficiency of the LFP(R)-CO, electrode is higher
and the lithium ion diffusion kinetics is faster. This may be due
to the successful repair of components and lattice in LFP(R)-CO,,
which unblocks the lithium ion diffusion channels and reduces re-
sistance. Simultaneously, the ion diffusion coefficient (Dj;+) can be
expressed by the formula: Dj;+ =R*T?[2A%n*F*c202, where o is in-
versely proportional to Dy;+. Dy;+ is the inverse square root of the
slope of the actual resistance and the low-frequency region angu-
lar frequency. As expected, the o value of LFP(R)-CO, is the low-
est (135.42), but the Dy;+ is the highest, which is higher than both
LFP(R)-Ar (361) and LFP(S) (881.82) (Fig. 5d). This result confirms
that resolving the lithium deficiency and structural reconstruction
contribute to enhancing electronic conductivity and charge diffu-
sion.

The cyclic voltammetry (CV) of LFP(S), LFP(R)-Ar, LFP(R)-CO,,
and LFP(C) in the voltage range of 2.8-4.2V is shown in Fig. 5e.
All the CV curves of the samples exhibit a pair of similar cathode-
anode peaks, which correspond to the oxidation-reduction re-
actions of FeZt[Fe3*, respectively. The potential difference be-
tween the oxidation peak and reduction peak for LFP(S), LFP(R)-
Ar, LFP(R)-CO,, and LFP(C) is 0.469, 0.41, 0.378, and 0.53V, re-
spectively. Due to the absence of a carbon coating on the sur-
face, LFP(C) has poor conductivity, resulting in a larger polariza-
tion resistance and the maximum potential difference. In compari-

son, LFP(R)-CO, has the smallest potential difference among LFP(S),
LFP(R)-Ar, and LFP(R)-CO,, indicating lower electrode polarization.
This suggests that Li™ ions are more easily extracted and inserted,
indicating better electrochemical performance. Simultaneously, the
oxidation-reduction peaks of the LFP(R)-CO, electrode are sharper,
narrower, more symmetrical, and exhibit the highest peak current
compared to other similar electrodes. The electrochemical kinet-
ics of LFP(R)-CO, are improved, charge diffusion is accelerated,
and electrode polarization is reduced, which can be attributed to
the presence of a partial carbon coating in LFP(R)-CO,, which still
retains a certain conductivity. Additionally, the lithium deficiency
issue is resolved, filling the vacant lithium ions and unblocking
the lithium ion diffusion channels. The structure of the phosphate
lithium iron material is repaired and the lattice recrystallizes. Fig.
5f shows that the positions and corresponding intensities of the
first five peaks in the CV curve of LFP(R)-CO, remain stable, while
those of the LFP(S) CV curve in Fig. S7 (Supporting information)
are unstable. This indicates that the reversibility issue in LFP(S) has
been resolved, and the regenerated LFP possesses high reversibil-
ity. This also suggests that the cycling performance of LFP(R)-CO,
is superior to that of LFP(S).

The large-scale application potential of thinning or partial re-
moval of carbon coating in high-temperature, CO,-rich environ-
ment for the recovery of spent lithium iron phosphate cathode ma-
terials is evaluated through economic benefit analysis. The details
are shown in Tables S2 and S3 (Supporting information). The re-
sults indicate that the economic benefit of recovering 2 kg of spent
lithium iron phosphate cathode material is $3.7512. Compared to
traditional solid-phase regeneration methods, significant energy
savings can be achieved during the Li,CO3; and LFP(S) blending
stage. Therefore, this process can achieve significant economic ben-
efits in the restoration and recovery of spent lithium iron phos-
phate materials.

In summary, we have improved the traditional solid-state re-
generation method for the repair of lithium iron phosphate mate-
rials, successfully repairing spent lithium iron phosphate in a more
environmentally friendly and cost-effective manner. The regener-
ation of used LFP materials involves a series of steps, including
high-temperature separation, impurity removal, solid-phase grind-
ing lithiation, and heat treatment. After electrochemical and char-
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acterization tests, it was confirmed that the problem of missing
lithium in the LFP material has been solved by means of lithium
replenishment by solid-phase milling and that the structure has
been restored and the crystallinity has been improved under high-
temperature treatment. The lack of lithium in the long cycle of the
used LFP caused the formation of Fe3+, and after regeneration, the
content of Fe3* decreased significantly, and thus the electrochem-
ical performance of the battery was improved accordingly. The re-
generated LFP exhibits a capacity of 149.1 mAh/g at 0.1C, which
is almost identical to the performance of the original LFP without
the carbon coating. The recovered LFP material can be reintroduced
into the market, successfully providing an effective method for the
disposal of spent LIBs.
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