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A B S T R A C T

The growing use of lithium iron phosphate (LiFePO4, LFP) batteries in electric vehicles and energy storage 
systems highlights the urgent need for efficient and sustainable recycling methods. Direct recovery technologies 
show promise but often require supplementary lithium chemicals. This study introduces a thick electrode system 
for the electrochemical relithiation of spent LFP battery powder, utilizing residual lithium from low-grade Black 
Mass. Unlike previous regeneration techniques, this method eliminates the need for external lithium sources 
beyond the spent battery powder and the minimal amount of aqueous electrolyte. Our approach overcomes the 
limitations of traditional electrochemical relithiation by directly processing the spent battery powder without 
binder, enhancing both industrial scalability and processing capacity. The thick electrode system significantly 
improves powder recovery capacity, achieving 405 g h− 1 m− 2 with low energy consumption (9.3 kWh t− 1), and 
demonstrates excellent performance subsequently. Ecological and economic assessments reveal considerable 
reductions in the recycling cost and environmental impact.

1. Introduction

The rapid adoption of lithium-ion batteries [1–4] across a wide range 
of applications, from electric vehicles to energy storage systems [5,6], 
has created an urgent need for efficient and sustainable recycling 
methods [7–10]. Lithium iron phosphate (LiFePO4, LFP) batteries are 
projected to hold the largest share of the global battery market in the 
coming years [11,12] and have already overtaken nickel cobalt man
ganese (NCM) batteries in Asia [13]. Once lithium-ion batteries reach 
the end of their life cycle (capacity < 80 %) [10], they pose significant 
environmental risks if not properly recycled, along with the loss of 
valuable resources [14]. Recycling not only reduces environmental 
harm but also recovers critical resources, contributing to sustainability 
in battery use [6,10,15–17].

Current industrial recycling methods, primarily pyrometallurgical 
and hydrometallurgical processes [14,18,19], face several challenges, 
including high energy consumption, significant CO₂ emissions, waste 
generation, and lengthy procedures to recover LFP cathodes [6]. While 
these methods can recover metals such as lithium [20], cobalt, and 
nickel [21], the recovered materials often require extensive 

processing—extraction, precipitation, separation, and annealing [18]— 
before they can be reused in battery manufacturing. Recent research has 
increasingly shifted towards direct regeneration methods [8,9,22–25], 
which aim to preserve the structural integrity of cathode materials and 
reduce the need for synthesizing new materials from recovered metals 
[26]. In fact, the degradation of most battery cathodes is primarily due 
to lithium depletion [27]. Therefore, the key to direct regeneration lies 
in replenishing lithium (relithiation) while maintaining the crystal 
structure of the cathode [27–29]. However, these methods typically 
require external lithium sources to replenish lithium content, which 
increases both the cost and carbon footprint. Additionally, direct 
regeneration processes are not compatible with the most common in
dustrial “Black Mass”, the mixed powder from spent cathodes and an
odes, limiting their ability to fully utilize valuable resources. The 
electrochemical lithium recovery method [30–33] is based on the se
lective dissolution and intercalation of lithium ions under current, 
which enables lithium extraction and replenishment. However, current 
proposed electrochemical methods [34,35] require additional steps of 
binding the powder as an electrode and turning the electrode into 
powder again after electrochemical process, making it impossible to 
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directly process waste battery powder.
In this study, we developed a novel thick electrode system for the 

electrochemical relithiation of spent LFP battery powder. This approach 
utilizes the residual lithium present in low-grade Black Mass, to 
replenish the lithium deficit in spent LFP powders, achieving this with 
minimal electrical energy, a minimal amount of lithium aqueous elec
trolyte, and without the need for external lithium sources. The electro
chemically relithiated powder is then heat-treated to repair the LFP 
olivine structure without the additional lithium source. Unlike previous 
electrochemical relithiation methods [32–36], which require 
binder-based electrode fabrication, our binder-free method uses sand
wich thick electrodes, enabling direct processing of the spent powder 
and direct production of regenerated powder. This simplifies loading 
and unloading, making the system more suitable for industrial assembly 
line operations (Fig. 1a). With electrode thicknesses 10 to 30 times 
greater than conventional battery electrodes, the system significantly 
increases the powder recovery capacity to 405 g h− 1 m− 2 under low 
energy consumption (9.3 kWh t− 1). Additionally, we found that constant 
current relithiation outperforms constant voltage relithiation. Ecolog
ical and economic evaluations suggest that this thick electrode method 
could lower the costs of battery regeneration while reducing environ
mental impacts.

2. Results and discussion

2.1. Feasibility of regenerating spent batteries using thick electrodes

Unlike conventional battery regeneration techniques, we propose an 
assembly line process for battery regeneration based on thick electrodes 
(Fig. 1a and 1b). As shown in Fig. 1a, the process involves sequentially 

loading spent LFP (S-LFP) cathode powder and Black Mass powder into 
two stacked thick electrodes separated by a lithium ion (Li+)-permeable 
separator (Fig. 1b). The electrode loaded with Black Mass acts as the 
anode (mass loading ~41 mg cm− 2), while the S-LFP-loaded electrode 
functions as the cathode (mass loading ~101 mg cm− 2) in the thick 
electrodes setup (Fig. 1b and Fig. S1) for electrochemical relithiation. 
When a constant current is applied, Li+ migrates from the Black Mass at 
the anode and intercalate into the S-LFP at the cathode, thereby 
replenishing its lithium content (Fig. 1b). This migration and interca
lation process is monitored by tracking the cell voltage over time, as 
shown in Fig. 1c. The voltage required for relithiation increases gradu
ally until it reaches a pre-set cut-off value.

After reaching the cut-off voltage, the powder from the thick elec
trodes is unloaded by relieving pressure and simply scraping after dry
ing. The powder from the cathode side undergoes a two-hour annealing 
process at 600 ◦C (Fig. 1a) in an inert argon atmosphere to repair and 
stabilize the olivine structure of LFP. This calcination step could also 
remove the cathode electrolyte interphase, binder, and other impurities 
from the spent battery powder. To evaluate lithium replenishment 
across the entire electrode, the final product, regenerated LFP (R-LFP) 
was fully collected, homogenized, and subjected to Inductively Coupled 
Plasma Optical Emission Spectroscopy (ICP-OES) analysis (Fig. 1d and 
Supplementary Note 1). The R-LFP restores the Li/Fe and Li/P ratios to 
1, identical to those of freshly synthesized LFP (F-LFP). These values 
represent the average composition of the entire electrode volume, 
indicating that complete relithiation was achieved throughout the thick 
electrode. Besides, the Fe/P ratio remained close to 1 across all samples, 
confirming that the Fe–P framework of LFP was well preserved during 
the regeneration process. The first charge capacity of the coin cell bat
teries assembled from the R-LFP, S-LFP, and F-LFP powders directly 

Fig. 1. Regeneration process using thick electrodes. (a) Schematic illustration of the regeneration process for spent batteries using thick electrodes; (b) Schematic of 
the electrochemical relithiation process utilizing thick electrodes; (c) Cell voltage versus time during the constant-current electrochemical relithiation process; (d) Li/ 
Fe, Li/P, and Fe/P ratios of different LiFePO4 (LFP) powders; (e) First and second cycle performance of different LFP powders tested with coin cells.
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reflects the lithium content. As shown in Fig. 1e, the first charge capacity 
of S-LFP is only 118.2 mAh g− 1, significantly lower than the 159.2 mAh 
g− 1 of F-LFP. On the other hand, the first charge capacity of R-LFP is 
166.1 mAh g− 1, which is even a bit higher than that of F-LFP. The high 
capacity comparable to F-LFP, as well as charge/discharge cycles, 
demonstrated the completion of electrochemical relithiation and the 
olivine structural repair by subsequent heat treatment. A detailed 
analysis of impurity content in the R-LFP, S-LFP, and black mass is 
provided in Table S1 and Supplementary Note 2. The impurity levels 
in R-LFP remain as low as those in S-LFP, with only trace amounts of 
aluminum (~0.21 wt %) detected in both samples, indicating minimal 
contamination during the regeneration process. These results demon
strate that lithium-deficient S-LFP was successfully regenerated into R- 
LFP, confirming the feasibility of using thick electrode technology for 
spent battery regeneration.

2.2. Electrochemical performance and characterization of LiFePO4

The electrochemical stability of R-LFP exhibit good performance, as 
shown in Fig. 2a, which compares the specific capacity over multiple 
consecutive charge/discharge cycles for R-LFP, F-LFP, and S-LFP. R-LFP 
exhibits stability comparable to F-LFP, with significantly better perfor
mance than S-LFP. The R-LFP retained 97 % of its initial capacity over 
100 cycles, corresponding to a capacity fade of ~0.03 % per cycle. Based 
on this trend, the projected capacity would remain at approximately 
128.8 mAh g− 1 after 500 cycles. Throughout the cycling process, R-LFP 
maintains a Coulombic efficiency close to 99.9 %, indicating minimal 
lithium ion loss during charge-discharge cycles. In the rate performance 
tests shown in Fig. 2b, R-LFP outperforms S-LFP, further demonstrating 
its superior electrochemical properties. To further evaluate the elec
trochemical behavior, cyclic voltammetry (CV), electrochemical 
impedance spectroscopy (EIS), and galvanostatic intermittent titration 
technique (GITT) measurements were performed (Fig. S2). The CV 
profiles of R-LFP exhibit well-defined redox peaks closely matching 
those of F-LFP, indicating successful restoration of redox activity. EIS 
analysis shows comparable charge transfer resistance between R-LFP 
and F-LFP. GITT results further confirm that the lithium-ion diffusion 
behavior of R-LFP is similar to that of F-LFP, supporting the preservation 

of transport kinetics after regeneration. The similarity in cycling 
behavior, rate capability, CV, EIS, and GITT responses between R-LFP 
and F-LFP further validates the effectiveness of the relithiation process.

Further evaluation of the electrochemical relithiation process high
lights significant advantages in both energy consumption (kWh t− 1) and 
recycling capacity (g h− 1 m− 2). As shown in Fig. 2c, this study achieves 
the highest production capacity (405 g h− 1 m− 2) with the lowest energy 
consumption (9.3 kWh t− 1) compared to previously reported works (See 
Table S2 for details [32,33,36–41]). Additional parameters, including 
CO2 equivalent emissions from electricity cost (kg t− 1), discharge ca
pacity of the regenerated LFP (mAh g− 1), binder requirement, and 
lithium source, were also considered to enable a more comprehensive 
comparison (Table S2). Most previously reported electrochemical reli
thiation methods rely on binder-containing electrodes, but their elec
trochemical performance is lower than that of our binder-free thick 
electrodes system. These additional dimensions further highlight the 
electrochemical and environmental advantages of our system. These 
improvements are attributed to the use of binder-free, highly porous 
thick electrodes, which enable the electrochemical relithiation of large 
amounts of battery powder by facilitating both lithium-ion transport and 
uniform current distribution across the entire electrode. The spent LFP 
powder already contains conductive carbon, which ensures sufficient 
electronic conductivity throughout the electrode without the need for 
additional conductive additives. The large porosity of the binder-free 
thick electrodes ensures fast ion transport, enabling electrochemical 
accessibility even in deep electrode regions and allowing complete 
relithiation despite the high thickness. In contrast, earlier electro
chemical relithiation methods relied on conventional systems with thin 
or slurry electrodes submerged in large solution volumes, resulting in 
limited powder processing capacity and higher energy consumption.

X-ray diffraction (XRD) analysis, shown in Fig. 2d, confirms the 
successful regeneration of R-LFP, with a pattern identical to that of F- 
LFP. In contrast, S-LFP displays additional peaks corresponding to 
FePO4, indicating lithium deficiency. X-ray photoelectron spectroscopy 
(XPS) results in Fig. 2e further validate the regeneration, showing that R- 
LFP and F-LFP predominantly contain divalent iron (Fe2+), whereas S- 
LFP contains trivalent iron (Fe3+). The in-depth Fe 2p XPS spectrum of 
R-LFP (Fig. 2f) reveals that the interior of R-LFP is primarily composed 

Fig. 2. Electrochemical performance and characterization of R-LFP, F-LFP, and S-LFP. (a) Charge and discharge cycles for R-LFP, F-LFP, and S-LFP; (b) Rate per
formance test results for R-LFP, F-LFP, and S-LFP; (c) Comparison of electrical energy consumption (kWh t− 1) and production capacity (g h− 1 m− 2) of R-LFP in this 
work versus other electrochemical relithiation studies (See Table S2 for details); (d) XRD patterns of S-LFP, R-LFP, and F-LFP; (e) Fe 2p XPS spectra for S-LFP, R-LFP, 
and F-LFP; (f) In-depth Fe 2p XPS spectrum of R-LFP.
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of Fe2+. While some surface Fe2+ may be slightly affected by air 
oxidation, the internal Fe2+ confirms the full regeneration of the 
LiFePO4 structure. This analysis, corroborated by scanning electron 
microscopy (SEM) and transmission electron microscopy (TEM) images 
(Fig. S3a–3d), shows the regenerated microstructure of R-LFP.

2.3. Difference between the constant-current and constant-voltage 
relithiation

Electrochemical relithiation can be conducted using either constant- 
voltage or constant-current methods. In this study, we compared the 
electrochemical relithiation of S-LFP based on thick electrodes using 
both approaches. Fig. 3a and 3b display the voltage and current profiles, 
for relithiation under constant-current and constant-voltage conditions. 
In the constant-voltage method, the current decreases rapidly, indi
cating a swift decline in relithiation efficiency over time, whereas the 
voltage rise under constant-current conditions is more gradual. Based on 
the ICP results (Fig. 3c), constant-current relithiation successfully re
stores the Li/Fe and Li/P ratios in S-LFP to above 1, indicating complete 
lithium replenishment. In contrast, constant-voltage relithiation only 
achieves Li/Fe and Li/P ratios of ~0.75, suggesting its relative in
efficiency. Additionally, the lithium content in the anodic Black Mass 
decreases significantly more in the constant-current method compared 
to the constant-voltage approach, further demonstrating that constant- 
current relithiation is more effective at migrating Li+ from the anode 
to the cathode. It is worth noting that the initial Li/Fe ratio of Black Mass 
is close to 1. This is because Black Mass is a mixture of waste cathode and 
anode powder, so the “dead lithium” on the anode is also included.

The superiority of constant-current relithiation is primarily due to its 
control over the reaction kinetics. In constant-current mode (Fig. 3a), 
the current directly governs the kinetics of the relithiation process, 
allowing for more consistent performance. This mode brings the system 
closer to thermodynamic equilibrium, making it less susceptible to ki
netic limitations. Therefore, the relithiation results can be affected by 
the kinetics of the reaction, which can be controlled under the constant- 
current mode. While in the constant-voltage mode (Fig. 3b), the initial 
excessive current may lead to the damage of the LFP olivine structure 
[42], which prevents the subsequent electrochemical intercalation of 

lithium. This could be the reason for the rapid drop in current in the 
constant-voltage mode.

But the constant-voltage mode is suitable for system optimization. 
The effectiveness of Li-ion migration can be directly assessed by 
observing the magnitude and variation of the current under a constant 
voltage. We optimized the pressure applied to both sides of the thick 
electrodes using the constant-voltage mode (Fig. 3d–3f). The current 
increases with applied pressure from 0.37 MPa to 1.47 MPa, indicating 
that higher pressure enhances lithiation kinetics by reducing electrical 
resistance between powder particles and facilitating more effective 
lithium intercalation into S-LFP. However, applying pressure beyond 
1.47 MPa risks short-circuiting due to particle penetration through the 
separator. In addition, excessive pressure sharply reduces the porosity of 
the electrode, which can lead to electrolyte being expelled from the 
electrode structure and result in impaired ionic transport pathways. 
Therefore, 1.47 MPa is considered the optimal applied pressure in this 
system.

In addition to pressure, we optimized other parameters, including 
the current collector material (nickel foam or carbon felt, Fig. S4), 
electrolyte volume (Fig. S5), electrolyte Li-ion concentration (Fig. S6), 
the amount of powder loading (Fig. S7), and the type of separator 
(Fig. S8). The optimized thick electrode system achieves rapid and 
large-scale regeneration of S-LFP with minimal energy consumption. 
The amount of powder loaded on the thick electrode system can be 
calculated and balanced in the future based on the Li/Fe ratio of S-LFP 
and Black Mass to further improve the lithium utilization of the Black 
Mass.

2.4. Ecological and economic evaluation

A comparative ecological and economic evaluation of our approach 
against conventional recycling methods—including aqueous direct 
regeneration, annealing direct regeneration, and industrial hydromet
allurgical recycling—demonstrates significant advantages (Fig. 4). We 
based our assessment on a previous study’s ecological and economic 
evaluation [43] of common repair methods for producing 1 ton of 
functional LFP from industrial spent LFP powder. For each recycling 
technology, factors such as feedstock price (~$730 /ton S-LFP) and CO2 

Fig. 3. Comparison of relithiation performance using constant-current (CC) versus constant-voltage (CV). (a) Cell voltage versus time during the CC (I = 1 mA cm− 2) 
relithiation process. (b) Current versus time during the CV (V = 0.3 V) relithiation process. (c) Li/Fe and Li/P ratios of different powders, BM: Black Mass, D-BM: 
delithiated BM. (d–f) Effect of applied pressure on the electrochemical relithiation process under CV mode (V = 0.3 V).
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equivalent (CO2e, 0.121) of the S-LFP, the pre-processing, relithiation 
process, and the post-treatment process, etc., were all included in the 
cost assessment. The results show that the thick electrode method in this 
study excels in both reducing economic costs and minimizing CO2 
emissions, representing a significant advancement in sustainable battery 
material recycling.

A detailed analysis (see Supplementary Note 3), covering every 
stage from spent LFP battery processing to the production of functional 
cathode materials, highlights the superior ecological footprint of our 
method. By optimizing energy consumption and reducing hazardous 
emissions—from 7.7 CO2 equivalent to 1.9 CO2 equivalent—this 
approach addresses the urgent need for greener recycling technologies 
and aligns with global sustainability goals. Moreover, the economic 
viability is evident from the significant reduction in processing costs 
($1878) compared to traditional methods ($4709), ensuring maximum 
material reuse with minimal energy input. Furthermore, the thick 
electrode system presented in this work can be applied not only to 
battery regeneration but also to other electrochemical processes 
involving electrolyte-solid phase active materials, such as aqueous bat
teries and electroplating industries.

3. Conclusion

In summary, this study developed a binder-free thick electrode sys
tem for the electrochemical relithiation of spent LFP battery powders, 
utilizing residual lithium from low-grade Black Mass. This method 
effectively replenishes lithium in spent LFP without requiring external 
lithium sources, apart from the minimal in the aqueous electrolyte, 
thereby enhancing recovery efficiency and simplifying processing. The 
system is well-suited for scaled-up industrial application. The thick 
electrode design allows for increased powder recovery per unit area 
(405 g h− 1 m− 2) with minimal energy consumption (9.3 kWh t− 1). The 
demonstrated superiority of constant-current relithiation over constant- 
voltage relithiation further advances the development of electro
chemical relithiation methods. Ecological and economic evaluations 
confirm the potential of this approach to significantly reduce recycling 
costs and environmental impact, contributing to a more sustainable 
battery lifecycle. This work introduces a promising new approach to 

battery recycling, supporting global sustainability goals and advancing 
the circular economy.

4. Experimental section

4.1. Chemicals and spent LIBs

The black mass powder and S-LFP powder were sourced from Jie
cheng New Energy Company. The F-LFP was purchased from MTI Cor
poration (Richmond, CA, USA) under product ID LIB-LFPO. It is a 
carbon-coated LFP powder designed for use as a cathode material in 
lithium-ion batteries. The D50 particle size is 3.5 ± 1.0 µm. The 
elemental composition includes 4.40 ± 0.50 wt % Li, 34.5 ± 1.0 wt % 
Fe, and 19.5 ± 1.0 wt % P. The main components of S-LFP, F-LFP, and 
Black Mass are listed in Table S3, showing Li:Fe molar ratios of 0.82:1, 
1.03:1, and 0.99:1, respectively. The received spent battery powder was 
used in the research without any additional pretreatment. All chemical 
reagents were of analytical grade and purchased from Sigma-Aldrich.

4.2. Powder loading of thick electrodes

In assembling thick electrodes, the process began by placing a nickel 
foam current collector into a custom cell case with grooves. A specific 
amount of S-LFP powder was uniformly distributed over the surface of 
the collector. Next, a specified volume of aqueous electrolyte solution, 
containing lithium nitrate (LiNO3) at a Li+ concentration of 2 g L⁻¹, was 
added to fully immerse the powder. Another piece of nickel foam was 
placed on top, completing the cathodic thick electrode assembly. A 
separator was then positioned over the current collector. A similar 
procedure was followed for assembling the anode thick electrode. A 
second grooved cell case was placed above, with nickel foam serving as 
the current collector. Black Mass powder was evenly distributed over the 
current collector, followed by a specified volume of the aqueous LiNO3 
electrolyte solution. To enclose the thick electrodes of both the cathode 
and anode, two steel plates were positioned on the outer sides, and a 
predefined mechanical pressure was applied. The final assembly is 
shown in Fig. 1b.

Fig. 4. Cost assessment of our thick electrode against conventional recycling methodologies. This includes pre-processing steps such as raw material prices, powder 
loading, mixing, and leaching; the relithiation process including electricity, annealing, heating, and fuel; and post-treatment procedures like tail gas treatment, 
separation, maintenance, and by-product revenue. The average market prices surveyed in September 2024 was used. CO2e: CO2 equivalent.
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4.3. Regeneration process of electrochemical relithiation

During electrochemical relithiation, either a constant current or 
constant voltage was applied using an electrochemical workstation 
(Gamry Reference 600+). After relithiation, the powders from both the 
cathodic electrode (loaded with S-LFP for relithiation) and the anodic 
electrode (loaded with Black Mass for delithiation) were easily scraped 
off with a spoon and placed in an oven at 100 ◦C for drying. Following 
drying, the powder from the cathode (post-lithiation) was calcined 
under an argon atmosphere at 600 ◦C for 2 h. The calcined powder is 
considered regenerated and is referred to as R-LFP.

4.4. Materials characterizations

The elemental contents of Li, Fe and P were analyzed using induc
tively coupled plasma optical emission spectroscopy (ICP-OES, Agilent 
7900). The phase compositions of the samples were characterized by X- 
ray diffraction (XRD, PANalytical, AERIS, Cu Kα radiation). The 
elemental valence states were examined using X-ray photoelectron 
spectroscopy (XPS, PHI Versaprobe II, Physical Electronics). The 
morphology of the samples was evaluated by scanning electron micro
scopy (SEM, Phenom Pharos G2, Zeiss Merlin) and transmission electron 
microscopy (TEM, FEI Tecnai G2 Spirit TWIN, Thermo Fisher). The 
applied pressure was measured with a Fujifilm pressure indicating film. 
Cyclic voltammetry (CV) and electrochemical impedance spectroscopy 
(EIS) were performed using an electrochemical workstation. The gal
vanostatic intermittent titration technique (GITT) was performed by 
applying a series of constant current pulses (0.1C) for 20 min, each 
followed by a relaxation period of 3 h. The measurements were carried 
out in a two-electrode configuration, using a Li metal sheet as both the 
reference and counter electrode. The apparent lithium-ion diffusion 
coefficient (DLi

+) was calculated based on Fick’s second law of diffusion 
in the single-phase region, using the following equation: 

DLi+ =
4
πτ

(
mBVm

MBA

)2(ΔEs

ΔEτ

)2

τ≪
L2

DLi+

where: mB is the mass of the active material in the electrode, Vm is the 
molar volume of the active material, MB is the molecular weight of the 
active material, A is the active surface area between the electrode and 
the electrolyte, ΔES is the steady-state voltage change during relaxation, 
ΔEτ is the total transient voltage change during the current pulse, τ is the 
duration of the current pulse, L is the effective diffusion length of Li+

ions. This approach allows for quantifying Li+ diffusion coefficients.

4.5. Electrochemical performance tests

The electrochemical properties of R-LFP, S-LFP, and F-LFP were 
evaluated using CR2032 coin cells. The electrode slurry was prepared by 
mixing LFP, carbon black and PVDF in NMP at a mass ratio of 8:1:1, then 
applied to aluminum foil. The electrodes were dried in a vacuum oven at 
100 ◦C. Li/LFP coin cells were assembled using 1 M LiPF6 in an EC:DMC: 
DEC (1:1:1) electrolyte and a Celgard 2325 separator, inside an Ar-filled 
glove box (O2 content < 0.2 ppm, H2O content < 0.01 ppm). The cells 
were tested using a LANHE battery working station system at 25 ◦C over 
a voltage range of 2.5–3.8 V. All electrochemical tests were performed 
after allowing the cells to rest for 6 h.

4.6. Economic and ecological assessment

The overall cost and CO2 equivalent (in kg per kg LFP, representing 
the equivalent CO2 emissions for producing 1 kg of functional LFP, 
excluding impurities) were evaluated using process-based models (see 
Supplementary Note 3 for details). These models encompass every 
step, from spent LFP batteries to functional LFP cathode material based 
on related literature [43].
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