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A B S T R A C T   

Lithium iron phosphate batteries (LFP), widely used as power sources, are forecasted to reach the terawatt-hour 
scale, inevitably leading to battery waste and expediating the urgency for effective recycling processes for LFP. 
The modern recycling methodologies based on material recovery face significant economic, environmental, and 
energy consumption challenges. This research attempts to resolve these challenges by providing direct cathode 
regeneration based on the principles of an external short-circuit to replenish lithium lost in the spent cathode 
with lithiated materials (LiC6, Li metal). Given that most active lithium loss in the cathode is caused by the 
growth of the solid electrolyte interphase rather than structural damage, restoring the lost lithium can revitalize 
a spent cathode battery’s electrochemical performance to a near-original state. The lithium loss in LFP cathodes 
ranging from 20% to 80% was renewed by supplementing lithium. Relithiation of 10Ah commercial LFP spent 
cathode showed revitalized electrochemical performance. Compared to the modern recycling methods, direct 
cathode regeneration improves the economic benefits of recycling by 33%, decreases energy consumption by 
48%, and reduces carbon emissions by 62%. Direct cathode regeneration provides a scaffold for the next gen
eration of recycling methods to improve recycling efficiency while reducing their environmental footprint.   

Introduction 

Lithium-ion batteries (LIBs) are crucial in electronics, electric vehi
cles, and large-scale energy storage due to their high energy density and 
long service life [1]. Humanities’ reliance on technology and LIBs as the 
preferred power source has increased demand for LIBs worldwide, with 
the global shipping volume of LIBs is projected to reach 3.2 TWh by 
2030 [2,3]. However, LIBs have a limited lifespan (between 5 and 10 
years for advanced batteries), and the rapid growth of the battery 
market is projected to generate millions to tens of millions of spent LIBs 
annually [4]. Recycling spent LIBs has become increasingly crucial 
regarding resource consumption, environmental pollution, and energy 
security [5]. 

Lithium iron phosphate (LiFePO4) battery (LFP) is an olivine-type 
material and one of the three mainstream cathode materials for LIBs, 
which includes layered transition metal oxide [6,7], spinel-like [8], and 

other olivine-type materials [9–11]. The highest demand for LFP cath
odes is in LIB batteries. LIBs accounted for approximately 60% of the 
battery market share in 2022 and are projected to exceed the 
terawatt-hour scale by 2030. Therefore, a practical battery recycling 
strategy based on these chemistries has become increasingly relevant. 
Unfortunately, traditional pyrometallurgy (pyro), hydrometallurgy 
(hydro), and direct material regeneration methods suffer from 
low-profit margins, high consumption, emissions, complex processing, 
and low recycling efficiency. These methods generally require the bat
tery to be discharged due to safety risks. Followed by pretreatment, 
physical and chemical processes adding dozens of additional steps to the 
recycling workflow. These factors currently hinder recycling manufac
turers from creating a more sustainable LIBs future [12–17]. 

Pyrometallurgy and hydrometallurgy methods can extract essential 
elements from the battery materials. Still, these methods may not be the 
best options for recycling lithium, as the binder and conductive agents in 
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the cathode materials cannot be entirely removed. Achieving acceptable 
purity levels from the crushed battery remains complicated and energy 
intensive. After the LIBs are pulverized, they can only be converted into 
a LiFePO4 and a carbon materials mixture with a heat treatment under 
inert gas [18–27]. Direct material regeneration is more straightforward 
and can recycle spent LIBs at the material level. Such strategies depend 
on the spent LIBs materials and components with high to mild repar
ability characteristics. However, recycling would be dramatically 
simplified if spent LIBs or their individual components could be effec
tively repaired or directly reused. This indirectly results in increased 
revenue, reduced consumption, improved workflow, and reduced cost of 
element or material re-manufacturing batteries. 

Fortunately, LFP has a stable olivine crystal structure, and the strong 
interactions between the phosphorus and oxygen covalent bonds give 
the PO4 tetrahedra excellent structural stability [28,29]. Damage to the 
crystal structure of the LFP cathode during long cycling is minimal. The 
main failure mechanisms are the loss of the active lithium source, 
electrolyte deterioration, and increased anode surface resistance [30, 
31]. Therefore, directly replenishing lithium in the cathodes of spent 
LIBs can effectively recycle the cathode. 

The proposed methodology offers a simple and efficient way to 
regenerate the LFP cathode material with lithium supplementation. It 
primarily uses lithiated materials in the form of lithiated graphite (LiC6) 
and lithium metal. Using principles based on the external short-circuit, 
the lithium in the lithiated materials is supplemented into the spent 
LFP cathode through a self-discharge process, during which different 
lithium-deficient cathodes can be regenerated by controlling the lithium 
replenishment time. Various characterization measurements are then 
employed to validate that lithium can be supplemented into the spent 
LFP cathodes, revealing direct cathode regeneration. Microstructure 
characterization and electrochemical performance tests can be applied 
to assess regenerated commercial cathodes from spent batteries and help 
govern applicable processes. Compared to existing recycling strategies, 
direct cathode regeneration offers advantages to simplify the LIB recy
cling process and improve economic efficiency, providing a new 
approach for recycling cathode material through regeneration and 

reference values for the subsequent cathode regeneration research. 

Results and discussion 

Working mechanism of the external short-circuit regeneration for degraded 
LiFePO4 cathode 

Fig. 1a illustrates the process of lithium supplementation and the 
functional mechanism for external short-circuit regeneration. Previous 
studies have established that the main reason for capacity degradation in 
LFP batteries is due to the loss of active lithium sources and an increase 
in anode interfacial resistance [31,32]. The LFP cathodes serve as the 
source for the loss of active lithium, eventually leading to the degra
dation of the battery system and eventual battery failure. The anode is 
structurally damaged during the long cycling process, resulting in cracks 
at the solid electrolyte interface (SEI). During the regeneration of the 
SEI, the active lithium source is continuously consumed, leading to 
irreversible lithium loss from the battery. 

In the crystal structure of LiFePO4, Li+ occupies the 4a site of the 
octahedral co-edge, and Fe2+ occupies the 4c site of the octahedral co- 
angle; lithium vacancy appears at the 4a site due to the loss of the 
active lithium source [33]. The presence of the three-dimensional 
P-O-Fe bonds in the crystal structure lattice does not readily undergo 
oxygen evolution, and it helps maintain the structure from distortion or 
collapse during long charge cycles [34]. The cathode crystal structure 
transforms between LiFePO4 and FePO4 phases during charge and 
discharge. During the charging process, the LiFePO4 phase converts to 
FePO4 as the lithium ions migrate out, forming the FePO4/LiFePO4 
interface (Fig. S1). This interface moves toward the center of the parti
cle, and the LiFePO4 phase continues to shrink until the charging process 
ends or the number of migrating ions is no longer sufficient to maintain 
the limited charge current [35]. During the discharge process, the 
reverse process occurs, and the FePO4 converts back to LiFePO4, starting 
at the center of the particle. The FePO4/LiFePO4 interface continues to 
move toward the surface of the particle until all FePO4 is converted back 
to LiFePO4. 

Fig. 1. Working mechanism of the external short-circuit regeneration. (a) The working mechanism of the external short-circuit regeneration at the crystal level. (b) 
The optimized Li-deficiency structures and reaction energies (Eadh) with Li atoms by VASP. (c) Schematic diagram of the spent battery regeneration. 
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The interactions between Li atoms and Li-deficiency cathodes 
(Li0.75FePO4) were further investigated by measuring the binding energy 
calculated by the first-principles Vienna Abinitio Simulation Package 
(VASP). As shown in Fig. 1b, the binding energy is − 4.69 eV, indicating 
that the reaction can proceed spontaneously at room temperature, with 
the lithium ions replenished to the lithium-deficient 4a site by relying 
only on the potential of the internal material. After the reaction, the 
complete LiFePO4 crystal structure is successfully restored. 

Fig. 1c illustrates the schematic of the spent battery regeneration 
process. The external short-circuit regeneration method exploits how 
batteries discharge to form an external short-circuit structure that 
combines the lithiated materials with Li-deficiency Li1− xFePO4. The 
interaction between the partial FePO4 phase (Li-deficiency Li1− xFePO4) 
and lithiated material creates a potential. Relying on the potential of the 
internal material as the driving force, the lithium ions in the lithiated 
materials can be supplemented into the lithium vacancies of the Li1− x

FePO4 material. The partial FePO4 phase converts to LiFePO4, restoring 
the lithium in the crystal structure. No other energy was consumed 
during the regeneration process, the lithium vacancies are filled with 
lithium supplied by the lithiated material, and the regenerated cathodes 
restore the electrochemical performance essentially to their initial 
capacity. 

Feasibility analysis of the external short-circuit regeneration strategy 

A feasibility study was used to evaluate LFP cathode regeneration. 
Various Li1− xFePO4 cathodes were prepared for the degraded model 
compounds with different Li-deficiency states. The pristine LFP cathodes 
(P-LFP) and Li-deficient cathodes (D-LFP) can be achieved by controlling 
charge time at a current of 0.1 C. Four Li-deficiency cathodes were 
prepared with a charge time of 2, 4, 6, and 8 h and labeled D-LFP-2 h, D- 
LFP-4 h, D-LFP-6 h, and D-LFP-8 h, respectively. The ideal spent battery 
model would have x vary from 0 to 0.8 and mimic degraded LFP bat
teries in any charge state between 20% and 80%. 

The presence of the FePO4 phase in the D-LFP was identified in the 
XRD diffraction pattern results (Fig. 2a) and the enlarged patterns 
(Fig. 2b). These diffraction peaks at 18.10◦, 20.60◦, 23.72◦, 25.72◦, 

30.44◦, 30.98◦, and 33.25◦ correspond to typical FePO4 peaks (PDF 
#85–2384), corresponding to the (200), (101), (210), (111), (211), 
(020), and (301) planes, respectively [31]. The diffraction peak intensity 
of FePO4 gradually increased with the loss of lithium. The galvanostatic 
charge test was carried out to obtain the initial charge capacity for each 
cathode sample (Fig. 2c). The initial charge capacity of P-LFP, 
D-LFP-2 h, D-LFP-4 h, D-LFP-6 h, and D-LFP-8 h was 167.1, 135.4, 
101.5, 62.1, and 31.5 mAh g− 1, respectively. The results suggest the 
gradual decrease in initial capacity is related to the reduced active 
lithium in the LFP lattice. 

Based on the amount of lithium loss in each Li-deficiency cathode 
sample, the external short-circuit relithiation method was performed by 
controlling the reaction time. The XRD pattern diffraction results 
exhibiting the typical diffraction peaks of FePO4 in the D-LFP dis
appeared after relithiation with lithiated graphite (LiC6) or lithium 
metal (Fig. 2d). The XRD diffraction pattern of regenerated LFP (R-LFP) 
contacted the LFP standard diffraction peak (PDF #83–2902). After 
external short-circuit relithiation, the initial charge capacity of all D-LFP 
samples was similar to the initial charge-discharge profiles of P-LFP 
(Fig. 2e), with the reversible capacity around 163.3 mAh g− 1, indicating 
that the external short-circuit relithiation method could intercalate the 
active Li+ successfully into D-LFP lattice to compensate for the loss of the 
active lithium source. 

It was observed that the open-circuit voltage (OCV) of the half cells 
could describe the degree of external short-circuit relithiation. The OCV 
was exposed to the oxidation state of Fe [36]. As shown in Fig. 2f, the 
OCV of the P-LFP half-cell was 3.26 V vs. Li+/Li, but increased to 3.42 V 
for the D-LFP half-cell. The OCV of R-LFP was restored to 3.23 V after 
relithiation, which was similar to the P-LFP. This result suggests that 
active Li+ could be intercalated successfully into the D-LFP lattice using 
the external short-circuit relithiation method, further demonstrating the 
feasibility of the external short-circuit regeneration strategy. 

Structural evolution during the external short-circuit regeneration process 

Generally, if the capacity of LIBs degrades below 80% of their initial 
capacity, the battery is considered retired or spent [37]. Therefore, 

Fig. 2. Regeneration of Li-deficiency Li1− xFePO4 model compounds in different SOC using an external short-circuit regeneration strategy. (a) The XRD patterns of the 
LFP cathodes with various Li-deficiency states. (b) The enlarged XRD patterns of (a). (c) The initial charge capacity of Li-deficiency LFP cathodes at 0.1 C. (d) The 
XRD patterns of the regenerated LFP cathodes with different lithiated materials. (e) The initial charge-discharge capacity of regenerated LFP cathodes at 0.1 C. (f) The 
evolution of open-circuit voltage with the content of Li before and after lithium supplementation. 
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cathode sample D-LFP-4 h was considered a model spent battery with a 
lithium loss of about 40%. This cathode was used as a representative of 
electrochemically-aged cathode material for characterizing the crystal 
structure and oxidation state of Fe during the external short-circuit 
relithiation method. Accordingly, the regenerated material from D-LFP 
is labeled R-LFP unless otherwise indicated. 

SEM was performed to characterize the effects of the external short- 
circuit relithiation process on the morphology of the cathode materials 
(Fig. 3a and S2). The high similarity in the particle size for D-LFP and R- 
LFP suggested that the external short-circuit relithiation process had a 
minimal impact on the cathodes’ morphology. The surface of the cath
odes after relithiation was smooth, with no apparent microcracks. The 
effects of the relithiation process on the internal microstructure of the D- 
LFP and R-LFP cathodes were performed by ion milling and CP char
acterizations. The ion-thinned cathode cross-sectional images are dis
played in Fig. 3b and Fig. S3, and the CP longitudinal section images are 
shown in Fig. S4. There were no apparent defects in the internal struc
ture of D-LFP or R-LFP, such as pores or microcracks, suggesting that the 
relithiation process has negligible effects on the morphology of a treated 
cathode’s surface and interior. 

The external short-circuit relithiation effects on the elemental 
valence of the cathode are further illustrated by the XPS spectra of the D- 
LFP and R-LFP in Fig. S5 and Fig. 3c. Fe 2p was divided into Fe 2p3/2 
peaks and Fe 2p1/2 peaks at 710.6 and 724.4 eV in D-LFP due to the 2p 
spin-orbit coupling splitting. The Fe 2p3/2 peak was divided into 710.3 
and 714.4 eV peaks, the oxidation states of Fe2+ and Fe3+, respectively 
[38,39]. The Fe 2p1/2 peak was split into the Fe2+ peak at 724.3 eV and 
the Fe3+ peak at 729.6 eV [24,40]. The oxidation state of Fe3+ is 
attributed to the lithium deficiency. Based on the principle of electron 
conservation, Fe exists in the form of Fe2+ in the original LiFePO4. 
During the charging process, due to the absence of Li+ ions, material 
oxidation results in the formation of FePO4 phase, leading to the pres
ence of Fe3+. In the XPS spectra of R-LFP, the oxidation state of Fe3+ was 
not measured, and the XPS spectrum is similar to P-LFP (Fig. S6). 
In-depth XPS was further used to investigate the valence state of Fe from 
the surface of the cathode (Fig. S7). For D-LFP, Fe 2p3/2 and Fe 2p1/2 
peaks at 711.4 and 725.3 eV were attributed to the Fe3+. The spectral 
peaks shifted to lower binding energy with increasing etching time, 
indicating the presence of Fe3+ on the D-LFP surface. For R-LFP, there is 
no oxidized state of Fe3+ present as Li is supplemented. The peaks at 
710.2 and 723.8 eV attributed to Fe 2p3/2 and Fe 2p1/2 of Fe2+ did not 
change from the surface of the cathode, indicating the complete elimi
nation of the FePO4 phase after the relithiation process [38]. In addition, 
the P 2p, C 1 s, and O 1 s spectra were analyzed in detail (Fig. S8); the P 
2p spectrum was divided into two peaks, 133.6 eV corresponding to P 
2p3/2 and 134.4 eV corresponding to P 2p1/2 [41]. C 1 s were divided 
into four defined peaks centered at 284.8, 286.4, 288.3, and 290.6 eV, 
which correspond to C–C, C–O, C––O, and C–F bonds, respectively [42]. 
In the XPS spectrum of O 1 s, two peaks were observed at 530.28 and 
533.7 eV, representing the Fe-O bond in the FeO6 octahedron and the 
P-O bond in the PO4 tetrahedron [15]. Therefore, the XPS results indi
cate that the external short-circuit relithiation process only affected Fe 
(i.e., none of the other elements) on the valence and content. 

Considering the two-phase reaction during charge and discharge, the 
LiFePO4 phase in the fully charged state theoretically completely con
verts to the FePO4 phase, which in the fully discharged state converts to 
the LiFePO4 phase [34]. To determine whether a complete two-phase 
reaction exists in R-LFP cathodes, in-situ XRD analysis was performed 
on a half cell with R-LFP as the cathode and lithium metal as the anode. 
The charge-discharge profile at the rate of 0.2 C and the phase change of 
the cathodes were monitored (Fig. 3d–f and Fig. S9). According to the in 
situ XRD patterns, the two-phase reaction was in the R-LFP cathodes 
during charging and discharging; the typical peaks of LiFePO4 dis
appeared during the charging but appeared during the discharging. 
Combined with the HRTEM images, the coexistence of LiFePO4 and 
FePO4 phases is present during the charging plateau (Fig. 3g-m). After 

the half cell was charged to 4 V, the typical peak of the LiFePO4 became 
invisible, indicating a complete phase transition from LiFePO4 to FePO4 
(Fig. 3n-p). In-situ XRD patterns and HRTEM images further suggest that 
during discharge, Li+ was inserted into the lattice of the cathodes to 
complete the phase conversion from FePO4 to LiFePO4 [43] (Fig. 3q-s). 
Moreover, TEM images and EDS spectra (Fig. S10) reveal that the carbon 
coating on the surface of R-LFP particles remained intact. The external 
short-circuit relithiation method of D-LFP cathode regeneration seems 
feasible. 

The electrochemical performance of regenerated LFP cathodes 

The electrochemical performance of the R-LFP cathodes was evalu
ated using half cells after lithium supplementation to validate the elec
trochemical activation of the R-LFP cathodes. The P-LFP cathode was 
used as the reference material. Fig. 4a and b exhibit the cyclic voltam
metry (CV) curves of P-LFP and R-LFP samples at a sweep speed of 
0.1 mV/s between 2.5 and 4.0 V. The first loop of P-LFP and R-LFP had a 
pair of redox peaks at 3.27/3.60 V attributed to the Fe2+/Fe3+ redox 
peaks. Fe2+/Fe3+ peaks of the subsequent CV loops appeared at the same 
position, indicating that the R-LFP had high electrochemical revers
ibility [44]. The initial charge capacity of R-LFP was 160.3 mAh g− 1at 
0.1 C (1 C = 170 mAh g− 1) (Fig. 4c). The charge-discharge voltage 
plateau was ~3.4 V, consistent with the cyclic voltammetry data. P-LFP 
and R-LFP cathode rate capability was characterized by discharge ca
pacities at varying currents. The discharge capacities displayed in 
Fig. 4d measured at 165.5 (0.1 C), 158.4 (0.2 C), 145.7 (0.5 C), 134.3 
(1 C), and 119.2 mAh g− 1 (2 C). When the charge-discharge current was 
restored to 0.5 C, the discharge capacity increased to 144.4 mAh g− 1. 
This signifies that R-LFP cathodes maintained their original structure 
and electrochemical stability at a high current. The long-term cycling 
stability was investigated for P-LFP, D-LFP, and R-LFP cathodes at 1 C 
(Fig. 4g). The Li-deficiency D-LFP cathode discharge capacity (mAh g− 1) 
rapidly degraded after 200 cycles. In comparison, the R-LFP showed a 
discharge capacity of 130.6 mAh g− 1 after 100 cycles and 115.5 mAh 
g− 1 after 500 cycles demonstrating good capacity retention (98.0% after 
100 cycles and 88.4% after 500 cycles). The improvement in discharge 
capacity of the R-LFP cathode was attributed to lithium 
supplementation. 

EIS was used to investigate the interfacial stability of P-LFP and R- 
LFP cathodes. It is widely acknowledged that the interface stability of 
batteries largely influences their electrochemical properties and per
formance. The influence of structure affects the cathode’s electro
chemical properties. P-LFP and R-LFP structural differences were 
characterized via the kinetics of lithium-ion diffusion and Nyquist plots 
(Fig. 4e). The z′~ω− 1/2 fitted curves are shown in Fig. 4f [45]. The slope 
difference in the low-frequency region indicates variance in the 
lithium-ion diffusion kinetics [46]. According to the calculated equa
tions (Eq. (1)), the lithium-ion diffusion coefficients of R-LFP and P-LFP 
were 1.74 × 10− 14 cm2 s− 1and 2.12 × 10− 14 cm2 s− 1, respectively, 
indicating the recovery of lithium-ion migration channels after 
relithiation: 

D =
R2T2

2A2n4F4C2σ2
, (1)  

where D is the diffusion coefficient of lithium-ion, R is the gas constant, 
T is the reaction temperature, A is the surface area of the electrode, n is 
the number of electrons transferred in the redox half-reaction, F is the 
Faraday constant, C is the concentration of lithium-ion in the LiFePO4, 
and σ is the Warburg factor obtained from the equivalent circuit model 
in EIS (the slope of z′~ω− 1/2). 
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Fig. 3. Microstructure characterization of D-LFP and R-LFP. (a) SEM images of R-LFP. (b) SEM-CP images of R-LFP. (c) Fe 2p high-resolution XPS spectra of R-LFP. 
(d) The panel aligned with in situ XRD patterns of R-LFP during the initial charge and discharge at 0.2 C rate displays the half-cell voltage as a function of time. (e, f) 
correspond to the intensity contour maps of the evolution of the prominent characteristic diffraction peaks. (g–m) (n–p), and (q–s) correspond to the HRTEM images 
of the cathode particle at different states marked in I/II/III of (d). 
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Regeneration of commercially degraded LFP cathodes harvested from spent 
prismatic cells 

Based on the above experimental results, the external short-circuit 
relithiation method was applied to naturally degraded LFP cathodes 
from spent commercial prismatic cells to evaluate its practical applica
tion. Fig. S11 shows the optical images of the spent commercial pris
matic cell before and after disassembling. The cathodes were cut into 
12mm electrodes and then regenerated using this relithiation method.  
Fig. 5a shows the XRD pattern diffraction results of different lithiated 
materials. The typical diffraction FePO4 peaks are at 18.10◦, 30.44◦, 
30.98◦, and 33.25◦ [31]. After relithiation, the typical diffraction peaks 
of FePO4 in the commercial D-LFP disappeared. The XRD diffraction 
pattern of commercial R-LFP was contacted with the LFP standard 
diffraction peak (PDF #83–2902). Compared to lithium metal relithia
tion, the lithium graphite relithiation process is shorter and more effi
cient. Fig. S12 shows the FT-IR spectra of commercial D-LFP and R-LFP; 
the characteristic band of olivine FePO4 at 1236.45 cm− 1 can be clearly 
observed in the commercial D-LFP, which is not shown in the com
mercial R-LFP [47]. In the commercial D-LFP, the valence state of Fe and 
the lattice parameters had changed, leading to the change in the vi
bration frequency of the FT-IR spectrum. In the commercial R-LFP, the 
band of the symmetric stretching mode of PO4

3- at 926.43 cm− 1 had 
gradually shifted to 901.04 cm− 1 [48,49]. The band at 631.13 cm− 1 

assigned to the octahedral FeO6 vibration mode had shifted to 
633.71 cm− 1 [47,49]. Overall, the external short-circuit relithiation 

process did not disrupt the octahedral FeO6 and tetrahedral PO4 
framework in the olivine structure, which is consistent with the results 
of the XRD analysis. Fig. 5b shows the Li-Fe ratio and initial charge 
capacity of commercial D-LFP and R-LFP cathodes; compared with 
commercial D-LFP, Li+ was supplemented after relithiation in com
mercial R-LFP, and the initial charging capacity was restored. 

SEM was used to explore the effects of the external short-circuit 
relithiation process on the morphology of commercial D-LFP and R- 
LFP cathodes (Fig. 5c). The CP and HRTEM images exhibit high simi
larity in the particle size for D-LFP and R-LFP, demonstrating no defects 
such as pores and microcracks in the internal structure. The microscopic 
details show that the lithium replenishment process did not damage the 
LiFePO4 structure, which proved that the relithiation process has 
negligible effects on the morphology of the cathodes (Fig. S13). In the 
HRTEM image of D-LFP, the FePO4 phase predominates, aligning with 
the XRD refinement results. The crystalline spacing measures 0.346 nm, 
corresponding to the (111) crystallite of FePO4. Notably, some regions in 
D-LFP exhibit partial disorder (see Fig. S14). In the HRTEM image of R- 
LFP, the FePO4 phase is transformed into LiFePO4 phase with a crystal 
plane spacing of 0.518 nm, corresponding to the (200) crystal plane of 
LiFePO4. Changes in cell size during the external short-circuit relithia
tion process were analyzed by Rietveld refinements performed on the 
commercial R-LFP and D-LFP cathodes with XRD and the different 
lithiated materials (Fig. 5d–f). The errors of XRD refinement results were 
less than 3%, ensuring the reliability of the results (Table S1). As the 
lithium embedding reaction proceeded, the cell size increased 

Fig. 4. The electrochemical performance of R-LFP. The cyclic voltammetry curves of (a) P-LFP and (b) R-LFP. (c) The initial charge and discharge profiles of D-LFP 
and R-LFP. (d) The rate performance test for P-LFP and R-LFP. (e) The electrochemical impedance spectroscopy curves of P-LFP and R-LFP. (f) z′~ω− 1/2 fitting curves 
for P-LFP and R-LFP. (g) The long-term cycling performance of P-LFP, D-LFP, and R-LFP at 1 C. 
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significantly along the a and b axes while decreasing along the c axis 
[31]. This change in cell size is consistent with the characteristic tran
sition from FePO4 to LiFePO4, indicating that lithium-ions were suc
cessfully inserted into olivine during the external short-circuit 
relithiation process [50,51]. 

Evaluation of the electrochemical performance of regenerated commercial 
LFP cathodes 

The electrochemical performance of the commercial D-LFP and R- 
LFP cathodes was investigated with half coin cells from 2.5 to 4.0 V 
(Fig. 6a). The discharge capacity of the commercial D-LFP was 96.3 mAh 
g− 1 after 70 cycles, and the discharge capacity of the commercial R-LFP 
was 121.6 mAh g− 1 after 70 cycles. These results validate that the 
commercial R-LFP dramatically improved electrochemical performance 
after the relithiation process. Fig. 6b,c display the discharge capacities of 
the commercial R-LFP at varying currents were measured at 133.5 
(0.1 C), 131.3 (0.2 C), 125.4 (0.5 C), 117.7 (1 C), and 99.1 mAh g− 1 

(2 C). When the charge-discharge current was restored to 0.5 C, the 
discharge capacity increased to 124.8 mAh g− 1, signifying that R-LFP 
cathodes maintained their original structure and electrochemical sta
bility at higher discharge currents. Considering further applications for 
recycling, the full coin cells were assembled with the lithiated graphite 
from the disassembled prismatic cell as the counter electrode to compare 
the commercial R-LFP’s electrochemical performance to the commercial 
D-LFP cathodes. For the R-LFP cathode, the initial charge capacity of 
commercial R-LFP was 118.5 mAh g− 1 at 0.1 C. In contrast, the initial 
charge capacity of the commercial D-LFP was 58.8 mAh g− 1 (Fig. 6d). 
Fig. 6e,f show the rate performance of full coin cells by using the 
discharge capacities under varying rates. The measurements were 
recorded as 134.7 (0.1 C), 131.9 (0.2 C), 125.5 (0.5 C), 116.8 (1 C), and 
103.2 mAh g− 1 (2 C). When the charge-discharge current was restored 
to 0.5 C, the discharge capacity increased to 121.1 mAh g− 1. This in
dicates that the commercial R-LFP full coin cell substantially improved 
electrochemical performance after relithiation. The commercial R-LFP 
full coin had superior electrochemical discharge capacity compared to 
the D-LFP full coin cell. 

The long-term cycling stability of commercial D-LFP and R-LFP full 

coin cells at 0.5 C (Fig. 6g) was tested. The Li-deficiency commercial D- 
LFP degraded during the initial cycle. In contrast, the R-LFP showed 
discharge capacities of 125.1 mAh g− 1 and 119.8 mAh g− 1 after 300 
cycles at 0.5 C with good capacity retention (98.8% after 100 cycles and 
95.8% after 500 cycles), which was attributed to the supplementation of 
the lithium in commercial R-LFP. After long-term cycling, the full coin 
cell was disassembled to obtain the cycled LFP cathodes and graphite 
anodes. Fig. S15 and Fig. S16 show the SEM images of cycled LFP 
cathodes and graphite anodes, respectively. In comparing the surface 
morphology of LFP cathodes and graphite anodes before and after 
cycling, the LFP particles had smooth surfaces and complete structures. 
Still, the surfaces of the graphite anodes had cracks, and the original 
layer structure was damaged. These are the main reasons the battery 
capacity of LFPs degrades and eventually fails. 

Economic and environmental analysis of different battery recycling 
technologies 

Fig. 7a summarizes the pyramid model for maximizing the economic 
value of LIB recycling, where the direct cascade use of spent batteries is 
the recycling method for maximizing the monetary value of battery 
recycling. The second most economical value from recycling would 
come from the electrode material, with the most negligible value from 
individual battery elements. In this section, the EverBatt 2020 model 
developed by Argonne National Laboratory to estimate the total eco
nomic and environmental profit of four recycling technologies: pyro- 
recovery, hydro-recovery, direct materials, and electrode regeneration 
[52]. The model used one kilogram of spent LFP batteries and 0.457 kg 
of degraded LFP electrodes. This was based on the approximate pro
portion for each spent battery component. The model representing spent 
LFP is Li0.8FePO4, which determines the cost and revenue of different 
recycling routes. For the hydro route, a standard sulfuric acid leaching 
technology was selected as the reference [53]. Fig. 7b displays the cost 
of different routes based on market prices in China. Consumption of raw 
materials is the main cost in recycling spent batteries, accounting for 
~74.5% of the total cost in the pyro-recovery route and ~49.5% in the 
hydro-recovery route (Fig. S17 and Table S2). In comparison, lithium 
salts are an important contributor to the total cost in the direct materials 

Fig. 5. The evaluation of potential applications for the external short-circuit relithiation method. (a) The XRD patterns of the commercial D-LFP and R-LFP with 
different lithiated materials. (b) The relative molar ratio of Li/Fe and the initial charge capacity of D-LFP and R-LFP at 0.1 C. (c) The SEM images for commercial D- 
LFP and R-LFP. The Rietveld refinement of the XRD pattern for (d) D-LFP and (e-f) R-LFP that was regenerated by Li and LiC6. 
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route. 
Profitability will be a key factor in the emergence of a sustainable 

and circular LIBs recycling industry [5,21]. Lithium carbonate and iron 
phosphate are the main revenue in the hydro route (Fig. 7c). Due to the 
low residual lithium in degraded LFP batteries, lithium carbonate pro
duction in the final product is lower. For the direct routes, the LFP 
materials after regeneration are the main components in revenue, with a 
percentage of ~64.5%. In contrast, the LFP-regenerated electrodes ac
count for about 70.6% (Fig. S18 and Table S3). The direct electrode 
route can recover separators and battery shells, slightly improving rev
enue. The profit produced by the hydro route is $3.00 kg− 1 per cell, and 
the direct materials route is 4.69 kg− 1 per cell. Whereas the profits 
produced by the direct electrode regeneration is $6.24 kg− 1 per cell 
(Fig. S19 and Table S4). The direct electrode regeneration route is the 
most profitable of all available methods. 

Energy consumption and greenhouse gas (GHG) emissions are 
important considerations for developing a sustainable recycling system. 
The total energy consumption of the pyro and hydro processes is 12.14 
and 19.57 MJ kg− 1 per cell (Fig. 7d). In hydroprocessing, 89.2% of en
ergy consumption comes from the acid leaching, metal extraction, and 
precipitation steps. In contrast, the energy consumption process of the 
direct materials route requires 16.75 MJ kg− 1 per cell from the heat 
treatment during regeneration. The direct electrode regeneration route 
only requires 6.29 MJ kg− 1 per cell. The total GHG emissions for pyro, 
hydro, and direct materials route processes are 1.96, 1.49, and 1.83 kg− 1 

per cell, respectively. The total GHG emission from the direct electrode 

route was 0.56 kg kg− 1 per cell (Fig. 7e). The results above indicate that 
direct electrode regeneration reduces material consumption, simplifies 
operation procedures, and improves environmental protection and en
ergy conservation. Four battery recycling technologies were compared, 
andthe conclusions are summarized in Fig. 7f. The direct electrode route 
has two advantages: electrodes are valuable, and the process is 
straightforward [54]. Therefore, the direct electrode regeneration route 
holds promise for the future recycling industry. 

Conclusion 

This research proposes an efficient and direct relithiation method to 
regenerate the degraded LiFePO4 cathode using an external short-circuit 
process at room temperature. Utilizing a discharge process to form an 
external short-circuit structure by combining lithiated materials with Li- 
deficient Li1− xFePO4, the created potential serves as the driving force to 
supplement lithium ions into the lithium vacancies of the Li1− xFePO4 
material. Using Li-deficiency cathodes obtained by disassembling spent 
LFP prismatic cells greatly simplifies the pre-processing and recycling 
costs by reducing energy, reagent, and fixed facility cost. The artificially 
degraded Li1− xFePO4 and the degraded LFP obtained from the spent 
commercial prismatic cells were revived through controlling time for the 
relithiation process. The renewed LFP cathode demonstrates compara
ble long-term stability and superior rate capacity over the degraded LFP 
cathode. Few studies have investigated the direct regeneration of cath
ode material, and the relithiation strategy presented in this work 

Fig. 6. The electrochemical performance of regenerated commercial LFP cathodes. (a) The cycle performance of commercial D-LFP and R-LFP half coin cells. (b) The 
rate performance of commercial D-LFP and R-LFP half coin cells. (c) The charge and discharge profiles of commercial R-LFP in different rates. (d)The initial charge 
and discharge profiles of commercial D-LFP and R-LFP full coin cells. (e) The rate performance of commercial D-LFP and R-LFP full coin cells. (f) The charge and 
discharge profiles of commercial R-LFP in different rates of full coin cells (g) The long-term cycling performance of commercial D-LFP and R-LFP full coin cells 
at 0.5 C. 
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demonstrates a unique approach to regenerating the spent cathodes 
from LIBs. Reviewing LIB recycling from a regeneration perspective 
offers LIB recyclers a significant opportunity to improve next-generation 
methods with practical applications. 

Experimental section 

Materials 

Battery grade lithium metal foil was purchased from China Energy 
Lithium Co., Ltd. N-methyl-2-pyrrolidone (NMP) was purchased from 
Shanghai Aladdin Bio-Chem Technology Co., Ltd. LiPF6 (1 M) in 
ethylene carbonate (EC): dimethyl carbonate (DMC): ethyl methyl car
bonate (EMC) (1:1:1 vol%) was purchased from Suzhou Dodo Chemical 
Technology Co., Ltd. LFP materials were purchased from Shenzhen 
Dynanonic Co., Ltd. Spent commercial LFP batteries, battery grade 
Super P, and PVDF binder were purchased from Guangdong Canrd New 
Energy Technology Co., Ltd. 

The preparation of delithiated Li1− xFePO4 cathodes 

The LFP cathodes were prepared using a slurry created by mixing LFP 
powder, Super-P, and PVDF at an 8:1:1 ratio by mass. The cathodes were 
assembled into coin cells, and the cell’s charge time was controlled at a 
charge current of 0.1 C to obtain cathodes with different Li-deficiencies. 
The charged coin cell was disassembled in the glove box, cleaned with 
dimethyl carbonate, and dried in a vacuum oven for four hours to obtain 
Li1− xFePO4 cathodes with various Li-deficiencies. 

The preparation of spent Prismatic LFP cell cathodes 

Spent commercial LFP prismatic cells were discharged to 2.5 V, 
transferred into a glove box, manually disassembled, and washed with 

dimethyl carbonate to remove lithium salt residues. The cathodes were 
dried in a vacuum oven for four hours to procure the commercial Li- 
deficiency cathodes. 

The regeneration of LFP cathodes through an external short-circuit method 

The Li-deficiency Li1− xFePO4 cathodes were transferred into the 
glovebox (under an argon atmosphere), and aluminum foils were used as 
the external conductors. The lithiated material was put on the aluminum 
foil with an appropriate amount of electrolyte, and the polypropylene 
separators (PP) were positioned onto the lithiated material. The Li1− x

FePO4 cathodes were placed on the PP separators and wrapped with 
aluminum foil. The reaction time was used to control the regeneration 
process. After the reaction, the cathodes were cleaned with dimethyl 
carbonate and dried in a vacuum oven for four hours to obtain the re
generated LFP cathodes. 

Characterization of the degraded and regenerated LFP cathodes 

Field emission scanning electron microscope (FESEM, SU-8010, 
Hitachi) and high-resolution transmission electron microscopy 
(HRTEM, Tecnai G2 F30, FEI) were conducted to assess the morphology 
and microstructure of the materials. X-ray diffraction spectroscopy 
(XRD, D8 Advance, Bruker) was used to characterize the crystal struc
tures of the pristine LFP, degraded LFP, and regenerated LFP. Induc
tively coupled plasma spectrometry (ICP, Arcos II MV, SPECTRO) was 
used to determine the elemental contents of the degraded LFPs and re
generated LFPs. X-ray photoelectron spectroscopy (XRS, 5000 V Ver
saProbeII, ULVCA-PHI) was used to analyze the elemental valence on 
the LFP cathode surface. The cathodes were cut with an ion beam 
thinning device (RES102, LEICA) and a triple ion beam cutting and 
polishing device (CP, M1061, FISCHIONE). Electrochemical properties 
were evaluated using the LAND battery test system (Wuhan Land, 

Fig. 7. The economic and environmental analysis of different battery recycling processes. (a) The current pyramid model for maximizing the monetary value of LIB 
recycling. (b) The cost and (c) revenue splits based on the pyro, hydro, direct material, and electrode regeneration routes. (d) Total energy consumption and (e) GHG 
emissions of recycling 1 kg spent LFP batteries based on the pyro, hydro, direct material, and electrode regeneration routes. (f) Comprehensive comparison of battery 
recycling technologies. 
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CT2001A, China). A test that uses a half coin cell (CR 2032) and lithium 
foil as the counter electrode, with a potential range of 2.5–4.0 V at 0.1 C 
(1 C=135 mAh g− 1). Cycling and rate performance tests at various 
current densities were performed with a 2.5–4.0 V potential range. 
Electrochemical impedance spectroscopy and cyclic voltammetry (EIS/ 
CV, BioLogic Science Instruments, France) were measured using a VMP3 
multichannel electrochemical workstation. 

Economic and environmental analysis of different battery recycling 
technologies 

To demonstrate the savings and benefits of our proposed method
ology compared to other main stream ones, we have performed a thor
ough economic and environmental analysis, with the primary focus of 
the economic analysis is D-LFP recycling for one kilogram of cathode 
material. The financial cost was divided into six parts: raw materials, 
reagents, average labor, water and electricity, equipment depreciation, 
and sewage treatment. The values of the separators, electrolytes, and 
battery shells were challenging to assess in the pyro recovery, hydro 
recovery, and direct material regeneration processes, so these compo
nents were omitted in the revenue analysis. The values of the separator 
and battery shells were evaluated for the direct electrode regeneration 
process. The Li0.8FePO4 model was used as a baseline for assessing the D- 
LFP cathode recycling. The detailed process-based costs, revenues, and 
profits are shown in the original data of the techno-economic analysis 
(Tables S7-S15). 

Based on the EverBatt 2020 model developed by Argonne National 
Laboratory, a complete life cycle and techno-economic analysis of pyro 
recovery, hydro recovery, direct material, and electrode regeneration 
processes were performed. The material requirements for pyro recovery, 
hydro recovery, and direct material regeneration were derived from the 
EverBatt 2020 model. This work’s results were used to calculate the 
direct regeneration of cathodes. The four recycling processes’ total en
ergy consumption and emissions comprised of material, energy, and 
process emissions showed in Tables S5–S6. 
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