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Abstract: The rapid expansion of lithium iron phosphate (LiFePO4) applications has led to a surge in battery decommissioning, making comprehensive recovery of all components from spent LiFePO4 batteries critical to the advancement of the industry. In this study, iron–phosphorus slag remaining after lithium extraction was recovered through washing, acid leaching, and precipitation. The resulting iron phosphate was characterized by SEM, EDS, and XRD to analyze its crystal structure, morphology, and chemical composition. Under optimized conditions, hydrochloric acid concentration of 7 mol/L, temperature of 70 °C, liquid-to-solid ratio of 15 mL/g, and leaching time of 5 h, the leaching rates of Fe and P exceeded 80%, with corresponding activation energies of 93.62 kJ/mol and 85.40 kJ/mol, respectively. Precipitation yielded iron phosphate with good crystallinity. Recycled and commercial-grade iron phosphate were each converted into lithium iron phosphate via carbothermal reduction and assembled into batteries for performance evaluation. The results demonstrated that precise control of the microstructure and morphology of the recycled material is essential for improving its electrochemical performance. This study provides guidance for the wet-process recovery of iron–phosphorus and LiFePO4 from solid waste residues. 
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1. Introduction Compared with other power batteries, lithium-ion batteries offer clear advantages, including high energy density, fast charge-discharge capability, and long service life [1–4]. They have become the primary power source for electric vehicles, hybrid electric vehicles, and plug-in hybrids [5,6]. Among various cathode materials, lithium iron phosphate (LiFePO4) exhibits excellent safety, long cycle life, good high-temperature performance, and environmental compatibility [7–10]. Its widespread industrial adoption is largely driven by environmental considerations [11–13]. In 2021, China produced 219.7 GWh of power batteries, of which 125.4 GWh were lithium iron phosphate batteries—surpassing ternary lithium batteries and accounting for 57.1% of total production, with a year-on-year increase of 263%. The installed capacity of lithium iron phosphate batteries has exceeded that of ternary batteries due to advantages in cost, safety, cycle life, environmental compatibility, 
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and technological maturity [14–17]. With the increasing use of lithium iron phosphate batteries in new energy vehicles, a significant volume of batteries is expected to reach end-of-life status in the near future. By 2030, the total retired capacity is projected to reach 177.85 GWh [18,19]. In this context, achieving comprehensive recovery of all components from spent LiFePO4 batteries has become an important issue in resource recycling and environmental protection. Recent studies have emphasized that sustainable lithium extraction, battery recycling, and environmental protection should be advanced synergistically, and that comprehensive recovery of FePO4 from spent LiFePO4 is of great significance [20,21]. Current recycling processes primarily focus on recovering lithium, while iron and phosphorus are often discarded. The low recovery rate, harsh reaction conditions, and reliance on large volumes of acid–base reagents contribute to secondary pollution [22]. These processes generate substantial solid waste, including iron-phosphorus slag, black slag, and impurity-removal slag [23]. Most lithium recovery operations use wet selective extraction, but the resulting waste residues, if untreated, not only waste resources but also pose environmental hazards. Complete recovery of residual slag is necessary to prevent contamination and mitigate health risks [24]. Recycling methods for waste lithium iron phosphate batteries are primarily categorized into solid-phase and liquid-phase processes [25–28], with the latter being more widely adopted. Song et al. [29] synthesized nanosheet FePO4·2H2O through hydrothermal recrystallization and studied the effects of hydrochloric acid concentration on purity, particle size, crystal structure, and micromorphology. The addition of hydrochloric acid significantly improved the purity of iron phosphate in the phosphating slag. Tu et al. [30] developed a new method for recovering phosphorus and iron from lithium extraction slag (LES) by leaching and precipitation. FePO4·2H2O was obtained by adjusting the temperature and pH, and subsequently used to regenerate lithium iron phosphate cathode material, achieving a discharge capacity of 147 mAh·g−1 at 0.1 C and good cycling stability at 1 C. Huang et al. [31] synthesized FePO4·2H2O with 99.97% purity from LiFePO4 waste via chemical co-precipitation. Bian et al. [32] employed phosphoric acid (H3PO4) for acid leaching of LiFePO4 cathode waste to extract iron phosphate. The resulting nano-flower precursor FePO4·2H2O, combined with Li2CO3 (as a lithium source) and glucose (as a carbon source and reducing agent), was calcined under a nitrogen atmosphere to prepare a new LiFePO4/C composite by carbothermal reduction. This study addresses the underutilization of iron and phosphorus resources discarded after lithium extraction from LiFePO4 battery waste. Iron phosphate products were recovered from iron-phosphorus slag through washing, acid leaching, and precipitation. The process conditions for acid leaching were optimized, and the effects of acid concentration, temperature, leaching time, and liquid-to-solid ratio on leaching efficiency were investigated. This work proposes a complete recovery route for iron and phosphorus from LiFePO4 waste, offering a viable solution for industrial waste reduction, environmental protection, and sustainable resource utilization. 
2. Materials and Methods 

2.1. Materials and Reagents The lithium iron phosphate waste used in this study was sourced from a new energy enterprise in Jiangxi Province. The material comprises high-graphite battery waste residue referred to as iron-phosphorus slag obtained after lithium extraction from lithium iron phosphate cathode material, mixed with anode components. The elemental and phase compositions of the iron-phosphorus slag are presented in Table S1 and Figure S1. The primary elemental contents were as follows: iron (16%), phosphorus (9.04%), aluminum (1.05%), and copper (0.44%), along with various trace elements. The predominant phases included iron phosphate and graphite. The reagents employed in this study were hydrochloric acid (HCl, CP, 36.0–38.0%), ammonium dihydrogen phosphate (NH4H2PO4, AR, ≥99.5%), anhydrous ethanol (C2H₅OH, AR, ≥99.7%), sodium bicarbonate (NaHCO3, ACS, 99%). All chemicals were purchased through a laboratory procurement platform. 
2.2. Experimental Procedures First, the iron-phosphorus slag was dried and pulverized using a high-speed crusher (FW10). The resulting powder was sieved to pass through a 200-mesh screen. The powder was stirred in deionized water for 1 h at a controlled liquid-to-solid ratio to remove the surface graphite layer. The material was then filtered, dried, and ground to uniformity. The experimental procedure is illustrated in Figure 1. 
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Figure 1. Flow of the experimental procedure. Subsequently, iron and phosphorus were extracted from the residue using acid leaching. A defined mass of the ground residue was weighed using an analytical balance (ME403Te/02) and subjected to dissolution in hydrochloric acid under varied experimental conditions. The effects of four parameters on leaching performance were investigated, namely hydrochloric acid concentration (2, 3, 4, 5, 6, 7 mol/L), leaching temperature (30, 40, 50, 60, 70, 80 °C), liquid-to-solid ratio (10, 15, 20, 25 mL/g), and leaching time (2, 3, 4, 5 h). The acid leaching process dissolves major ions from the iron-phosphorus slag based on the reactions: FePO4 + 3HCl = FeCl3 + H3PO4 (1)AlPO4 + 3HCl = AlCl3 + H3PO4 (2)The leaching efficiencies of iron and phosphorus were calculated using the following equations: w = C1(Fe)+C2(Fe)C3(Fe)  × 100% (3)The phosphorus leaching rate was calculated as follows: w = C1(P)+C2(P)C3(P)  × 100% (4)where C1(Fe) and C1(P) are the concentrations of Fe and P in the filtrate after pH adjustment (mg/L); C2(Fe) and C2(P) are the concentrations of Fe and P in the product (mg/L); and C3(Fe) and C3(P) are the concentrations of Fe and P in the raw material (mg/L). In the above calculations, C1, C2 and C3 were normalized to unit mass of raw material. Specifically, the absolute masses of Fe and P in the leachate were obtained by multiplying their concentrations by the solution volume; the absolute masses of Fe and P in the product were obtained by multiplying the product mass by its elemental content; and the absolute masses of Fe and P in the raw material were obtained by multiplying the raw material mass by its elemental content. The mass balance errors for Fe and P were controlled within ±5%. The iron phosphate was recovered by precipitation. The leachate obtained after acid leaching was maintained at 85 °C using a constant-temperature magnetic stirrer (DF101Se), and the pH was adjusted using a pH meter (FE28). Before pH adjustment, the molar ratio of iron to phosphorus was modified using ammonium dihydrogen phosphate and ferric chloride. Sodium bicarbonate (NaHCO3) was then used to adjust the pH. The effects of Fe:P molar ratios (2:1, 1.5:1, 1:1, 1:1.5, and 1:2) and pH values (1.50, 1.60, 1.80, and 2.00) on the purity of iron phosphate were investigated. After the Fe:P ratio and pH were adjusted, the solution was aged at 85 °C for 3 h, followed by vacuum filtration for 3 h. The solid was washed with water and ethanol (3–5 



Luo et al.   Sci. Energy Environ. 2026, 3(2), 11 

https://doi.org/10.53941/see.2026.100011  4 

times each), then dried at 105 °C for 2 h to obtain ferric phosphate dihydrate. The dihydrate was calcined at 300 °C for 2 h and then at 500 °C for another 2 h to yield anhydrous ferric phosphate. Recovery of iron and phosphorus was calculated using the following equations: w = C2(Fe)C1(Fe) + C2(Fe) × 100% (5)
w = C2(P)C1(P) + C2(P) × 100% (6)

2.3. Analytical Method The content of metallic impurities in the iron phosphate products was analyzed using inductively coupled plasma mass spectrometry (ICP-MS, PE-NexION 1000, PerkinElmer, Shelton, CT, USA). Morphology and elemental composition were examined using scanning electron microscopy equipped with energy-dispersive X-ray spectroscopy (SEM-EDS, JSM-6460LV, JEOL, Tokyo, Japan). Iron content was determined by potassium dichromate titration [33–35]. Phosphorus content was measured by the gravimetric precipitation method. Elemental distribution and surface defects were characterized using Raman spectroscopy (InVia Reflex, Renishaw, Gloucestershire, UK). Crystalline phases were identified by X-ray diffraction (XRD) using a Bruker D8 Advance instrument (Bruker AXS GmbH, Karlsruhe, Germany) with a Cu Kα radiation source (λ = 0.15405 nm). 
3. Results and Discussion 

3.1. Optimization of Dissolution Conditions The effects of hydrochloric acid concentration, leaching temperature, liquid–solid ratio, and leaching time on the leaching rates of iron and phosphorus were investigated through single-factor experiments. The leaching performance under various conditions is shown in Figure 2. 

 
Figure 2. (a) Effect of hydrochloric acid concentration on the leaching rates of iron and phosphorus (conditions: temperature = 30 °C, liquid–solid ratio = 15 mL/g, time = 4 h); (b) Effect of liquid–solid ratio (conditions: concentration = 3 mol/L, temperature = 30 °C, time = 4 h); (c) Effect of time (conditions: concentration = 3 mol/L, temperature = 30 °C, liquid–solid ratio = 15 mL/g); (d) Effect of temperature (conditions: concentration = 3 mol/L, liquid–solid ratio = 15 mL/g, time = 4 h). 
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3.1.1. Effect of Hydrochloric Acid Concentration Leaching was conducted for 4 h at 30 °C using hydrochloric acid solutions of varying concentrations (2–7 mol/L) with a fixed liquid–solid ratio of 15 mL/g. The effect of acid concentration on the leaching rates of iron and phosphorus was examined. Increasing the acid concentration generally enhanced the reaction intensity, improving the dissolution rate. As shown in Figure 2a, the leaching rates of Fe and P increased continuously with increasing HCl concentration and reached a maximum at 7 mol/L. Since concentrations above 7 mol/L were not tested in this study, 7 mol/L is not claimed as the absolute optimum, but rather as the condition giving the highest leaching efficiency within the investigated range. Further increasing the acid concentration might improve leaching, but would significantly increase acid volatilization losses, operational risks, and the amount of alkali required for subsequent neutralization. Therefore, 7 mol/L was selected for subsequent experiments. 3.1.2. Effect of Liquid-Solid Ratio The acid concentration and temperature were fixed at 3 mol/L and 30 °C, respectively, and leaching was performed for 4 h. Liquid–solid ratios of 10, 15, 20, and 25 mL/g were tested to determine their effect on the leaching efficiency. As shown in Figure 2b, the leaching rates of iron and phosphorus initially increased with the liquid–solid ratio but later decreased. This trend was attributed to the high graphite content in the raw materials, which limited further leaching at higher ratios. A ratio of 15 mL/g resulted in the highest phosphorus leaching rate, while the iron leaching rate remained relatively stable. Moreover, using 15 mL/g minimized acid consumption and, consequently, reduced the amount of sodium bicarbonate required for pH adjustment. This minimized chemical usage and cost. Thus, 15 mL/g was selected as the optimal liquid–solid ratio. 3.1.3. Effect of Leaching Time The hydrochloric acid concentration was fixed at 3 mol/L, the leaching temperature was maintained at 30 °C, and the liquid–solid ratio was set at 15 mL/g. The effect of leaching time (2, 3, 4, and 5 h) on the leaching rates of iron and phosphorus was investigated. Leaching time is a key parameter influencing extraction efficiency. In general, prolonged reaction time improves the leaching rate. Insufficient duration may lead to incomplete extraction of the target elements, while excessive leaching time can result in unnecessary solvent consumption and increased energy usage. As shown in Figure 2c, the leaching rates of both iron and phosphorus increased progressively with time. However, beyond a certain point, further increases in time yield diminishing returns relative to the added cost and energy input. Based on this tradeoff, 5 h was selected as the optimal leaching time for subsequent experiments. 3.1.4. Effect of Leaching Temperature The effect of temperature was evaluated using a fixed acid concentration of 3 mol/L, a liquid–solid ratio of 15 mL/g, and a leaching time of 4 h. Experiments were conducted at temperatures of 30, 40, 50, 60, 70, and 80 °C. Increasing the temperature enhances the kinetic energy of molecules, accelerates their motion, and promotes diffusion, thereby improving the leaching rate. As shown in Figure 2d, both iron and phosphorus leaching rates increased with temperature. Up to 70 °C, the phosphorus leaching rate rose rapidly, and the iron leaching rate continued to increase. Beyond 70 °C, phosphorus leaching plateaued, while iron leaching declined. This decline may be attributed to the intensified thermal motion, which disrupts the directional transport of free electrons and reduces dissolution efficiency. Therefore, 70 °C was selected as the optimal leaching temperature. 
3.2. Leaching Kinetics of Iron and Phosphorus Residue in Hydrochloric Acid The primary component of the iron–phosphorus slag is iron phosphate. Based on prior studies [36,37], the shrinking core model is commonly applied to describe metal dissolution in cathode materials from spent lithium-ion batteries. In this model, the leaching reaction begins at the particle surface and progresses inward toward the core. Once the chemical reaction is complete, the products diffuse from the particle interior into the solution. Equations (7)–(9) represent the kinetic expressions for different rate-controlling steps [38]. kt = X (7)
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kt = 1 − 3(1 − X)2/3 + 2(1 − X) (8)kt = (1 − X)2/3 − 1 (9)where k, t, and X represent the kinetic constant, leaching time, and fractional leaching rate, respectively. Based on Table S2 and the comparison between curves a1, b1, c1 and a2, b2, c2 in Figure 3, the reaction rate constant increased with temperature. This trend reflects the endothermic nature of the leaching process, where higher temperatures accelerate the reaction rate. The leaching behavior of both iron and phosphorus aligned most closely with the in-layer diffusion model of the solid product. Among the three kinetic models, this model exhibited the best fit, with R2 values exceeding 0.99 across all curves, indicating that the leaching process was primarily controlled by internal diffusion. 

 
Figure 3. Leaching kinetics of iron and phosphorus from iron–phosphorus slag at various temperatures: (a1) External diffusion (liquid boundary layer control, Fe). (b1) Internal diffusion (solid product layer control, Fe). (c1) Surface chemical reaction control (Fe). (a2) External diffusion (liquid boundary layer control, P). (b2) Internal diffusion (solid product layer control, P). (c2) Surface chemical reaction control (P). According to the Arrhenius equation, the apparent activation energy was determined by plotting ln kb versus 1/T using data fitted to the internal diffusion model for both iron and phosphorus. The fitted curves are shown in Figure S2a,b. Based on the slopes, the apparent activation energies for the leaching of iron and phosphorus were calculated as 93.62 kJ/mol and 85.40 kJ/mol, respectively. It should be noted that the apparent activation energies of Fe and P reached 93.62 kJ/mol and 85.40 kJ/mol, respectively. It is generally accepted that internal diffusion-controlled processes exhibit activation energies below ~20 kJ/mol, whereas surface chemical reaction-controlled processes usually show activation energies above ~40 kJ/mol. The relatively high activation energies obtained here suggest that the leaching process may not be controlled solely by internal diffusion, but rather by a mixed mechanism involving both internal diffusion and surface chemical reaction. Although the internal diffusion model gave R2 > 0.99, the high activation energies indicate that the chemical dissolution step at the reaction interface still plays an important role. Therefore, simply attributing the process to internal diffusion control is not rigorous, and future work should further verify the mechanism using mixed-control models. 

3.3. Orthogonal Experiment An orthogonal experiment with four factors at four levels was designed to optimize the leaching conditions, building on the results of the single-factor experiments. The factor levels are summarized in Table S3, and the experimental results are shown in Table S4. Range analysis indicated the following order of influence on the leaching rate of iron: Leaching 
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concentration > Liquid–solid ratio > Leaching temperature > Leaching time. For phosphorus, the influence ranked as follows: Liquid–solid ratio > Leaching concentration > Leaching time > Leaching temperature. Based on these results, the optimal leaching conditions for iron and phosphorus were as follows: hydrochloric acid concentration of 7 mol/L, leaching temperature of 70 °C, liquid–solid ratio of 15 mL/g, and leaching time of 5 h. Under these conditions, the leaching efficiencies of Fe and P reach 83.38% and 96.35%, respectively. 
3.4. Effects of Different Precipitation Conditions on Iron Phosphate Products Single-factor experiments were conducted under the following conditions: sodium bicarbonate concentration of 0.5 mol/L, temperature of 85 °C, and aging time of 3 h. The effects of pH and Fe:P molar ratio on the recovery of iron and phosphorus from iron–phosphorus slag were evaluated to identify optimal precipitation conditions. In this section, the precipitation experiments used a leachate obtained under the conditions of 6 mol/L HCl, 70 °C, liquid-to-solid ratio of 10 mL/g, and 4 h. The reasons are as follows: under these conditions, the leachate volume is moderate and the Fe and P concentrations are relatively high, which facilitates precise control of pH and Fe:P ratio and avoids reagent waste caused by a high liquid-to-solid ratio. It should be noted that these conditions differ from the optimal leaching conditions obtained by the orthogonal experiments in Section 3.3. This section focuses on the precipitation stage; therefore, a representative leachate was selected for precipitation experiments rather than repeating the optimal leaching conditions. Future work will verify the precipitation performance using leachate generated under the orthogonal optimized leaching conditions. 3.4.1. Effects of pH A 10 g sample was leached under the following conditions: hydrochloric acid concentration of 6 mol/L, leaching temperature of 70 °C, liquid–solid ratio of 10, stirring, and a reaction time of 4 h. Four 20 mL aliquots of the leachate were adjusted to pH 1.50, 1.60, 1.80, and 2.00 to investigate the effect of pH on precipitation. As shown in Figure 4a, pH had minimal effect on the recovery rate, with both Fe and P recovery exceeding 95%. The acidic range (pH 1.50–2.00) allowed H+ and H2PO4− to react with NaHCO3, producing H2O and PO43−, while Fe3+ formed dihydrate iron phosphate (FePO4·2H2O) with PO43−. To minimize reagent cost, pH = 1.50 was selected as optimal. At pH > 2.5, FePO4 may convert to Fe(OH)3, releasing PO43− and reducing phosphorus recovery. Therefore, higher pH values were excluded from analysis [39]. 

 
Figure 4. (a) Effect of pH on Fe and P recovery. (a’) Raman spectra of iron phosphate at different pH values. (b) Effect of Fe:P molar ratio on Fe and P recovery. (b’) Raman spectra of iron phosphate at various Fe:P ratios. SEM–EDS of iron phosphate: (a1–a4) pH = 1.50, (b1) Fe:P = 2:1, (b2) Fe:P = 1.5:1, (b3) Fe:P = 1:1, (b4) Fe:P = 1:1.5, and (b5) Fe:P = 1:2. 
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3.4.2. Effect of Fe:P Molar Ratio Under the same leaching conditions, the effect of Fe:P molar ratios (2:1, 1.5:1, 1:1, 1:1.5, 1:2) on iron phosphate formation was investigated. As shown in Figure 4b, Fe and P recovery rates exceeded 95% across all ratios. The highest recovery occurred at a molar ratio of 1:1, indicating that stoichiometric balance favored the complete precipitation of Fe3+ and PO43− as dihydrate iron phosphate. 
3.5. Sample Characterization and Analysis 3.5.1. Phase, Morphology, and Elemental Composition Raman spectroscopy was conducted to characterize the iron phosphate product. As shown in Figure 4a’,b’, all spectra exhibited strong peaks near 1000 cm−1. The characteristic stretching vibration peak of FePO4 appears at 1009 cm−1 [40], with additional FePO4 vibrations observed at 959 cm−1, 948 cm−1, and 1091 cm−1. The symmetric stretching vibration of PO43− (ν₁) occurs at 1026 cm−1, and the asymmetric stretching (ν2) appears near 949 cm−1 [41]. The observed spectral shifts suggest the presence of crystal water in the product, indicating the formation of hydrated iron phosphate. The spectrum at pH = 1.50 and Fe:P = 1:1 shows distinct peaks with minimal background noise, confirming these as the optimal conditions for high-purity product formation. Scanning electron microscopy (SEM) was used to observe particle morphology. Figure 4a1–a4 show FePO4 formed at pH values of 1.50, 1.60, 1.80, and 2.00, respectively. Increasing pH led to a gradual decrease in particle size, suggesting that nucleation dominated over crystal growth during synthesis. Figure 4b1–b5 present SEM images of samples prepared at Fe:P molar ratios of 2:1, 1.5:1, 1:1, 1:1.5, and 1:2. The particles displayed layered structures with thicknesses of several hundred nanometers and size distributions ranging from 100 nm to 5 µm. Minor agglomeration was observed, contributing to D₅₀ values exceeding 10 µm. As the Fe:P ratio decreased, particle size decreased, and morphology became increasingly irregular. This was attributed to the higher pH and increased free PO43− concentration, which enhanced nucleation relative to growth. At a 1:1 ratio (Figure 4b3), particles were uniformly dispersed with amorphous morphology, which is desirable for battery-grade lithium iron phosphate. The corresponding EDS analysis (Figure 4b6) confirmed the presence of Fe and P, with a molar ratio of approximately 1:1 and minimal impurities, consistent with the stoichiometry of FePO4·2H2O. XRD analysis was performed on the recovered product under optimal conditions. As shown in Figure 5, all diffraction peaks matched those of standard FePO4 (PDF#77-0094). The product exhibited well-defined peaks, indicating high crystallinity. The results confirm that Fe was recovered as FePO4·2H2O. Upon heat treatment and dehydration, a crystalline FePO4 phase was obtained. 

 
Figure 5. XRD pattern of iron phosphate sample. 3.5.2. Product Purity and Comparison with Battery-Grade Standards The purified product was analyzed to determine its elemental composition. Iron content was measured by potassium dichromate titration, phosphorus content by precipitation method, and trace metals by ICP-
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MS. The results are presented in Tables S5 and S6. The data confirm that the product composition meets the specifications for battery-grade iron phosphate, indicating its suitability for industrial recycling. 
3.6. Recycled Lithium Iron Phosphate Cathode Material Considering the volatility of lithium at elevated temperatures and its low intercalation efficiency into FePO4, the effect of lithium supplementation on the synthesis of lithium iron phosphate (LiFePO4) was investigated. The recovered FePO4 was mixed with Li2CO3 (as a lithium source) and 10 wt% glucose (as a carbon source and reducing agent), adjusting the elemental molar ratio to Li:Fe:P = 1.03:1:1. The mixture was calcined at 300 °C for 2 h and then at 750 °C for 8 h under N2 atmosphere to obtain the regenerated LiFePO4 cathode material. 3.6.1. Morphology and Structure of Recycled Lithium Iron Phosphate Cathode Material The synthesized lithium iron phosphate was characterized by XRD. As shown in Figure 6, samples prepared using water as the solvent exhibited additional impurity peaks, whereas those synthesized with ethanol showed diffraction patterns consistent with the standard LiFePO4 reference (PDF#40-1499). The diffraction peaks were sharp and well-defined, with no evidence of excess carbon, confirming the successful formation of high-purity LiFePO4. 

 
Figure 6. XRD pattern of lithium iron phosphate. XPS analysis was conducted on both the FePO4 precursor and the regenerated LiFePO4. The elemental contents of C, O, P, and Fe in FePO4 were 3.05%, 18.94%, 4.18%, and 2.14%, respectively. In the regenerated LiFePO4, the corresponding contents were 12.39%, 10.80%, 2.09%, and 1.00%. The XPS full spectrum of LiFePO4 (Figure S3) revealed characteristic orbitals of Fe 2p, O 1s, C 1s, and P 2p. As shown in Figure 7a–d, the C 1s spectra exhibited peaks near 284.8 eV and 289 eV, corresponding to C–C and C–O bonds, respectively. The O 1s spectrum confirmed the presence of P–O (531.59 eV) and C–O (532.87 eV) bonds. High-resolution P 2p spectra (Figure 7e,f) displayed characteristic peaks of P 2p3/2 at approximately 133 eV and P 2p₁/2 at approximately 134 eV. The binding energies and atomic concentrations of Fe 2p orbitals in FePO4 and regenerated LiFePO4 are listed in Table S8. As shown in Figure 8a,b, the high-resolution Fe 2p spectra consist of eight peaks corresponding to Fe 2p3/2, Fe 2p₁/2, and their respective satellite peaks. In FePO4 (Figure 8a), peaks at 711.66 eV and 723.44 eV are assigned to Fe2+ 2p3/2 and Fe2+ 2p₁/2, respectively, while peaks at 712.96 eV and 726.61 eV correspond to Fe3+ 2p3/2 and Fe3+ 2p₁/2. In regenerated LiFePO4 (Figure 8b), peaks at 708.99 eV and 722.19 eV are attributed to Fe2+, and those at 710.83 eV and 723.83 eV to Fe3+. The Fe 2p spectrum of FePO4 shows a higher atomic ratio of Fe3+ relative to Fe2+. In contrast, regenerated LiFePO4 exhibits a higher Fe2+ content than Fe3+, indicating effective reduction of Fe3+ to Fe2+ during regeneration. These results confirm the successful restoration of the desired Fe2+ oxidation state in LiFePO4. 
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Figure 7. XPS spectra of FePO4 (a: C 1s, c: O 1s, e: P 2p) and LiFePO4 (b: C 1s, d: O 1s, f: P 2p). 

 
Figure 8. XPS spectra of (a) FePO4 (Fe 2p) and (b) regenerated Li FePO4 (Fe 2p); (c) CV curve of regenerated LiFePO4; (d) EIS spectrum; (e) charge–discharge curve; (f) rate performance at different current rates; (g) cycle performance at 1C; (h1) SEM of recovered FePO4; (h2) SEM of commercial FePO4; (h3) SEM of regenerated LiFePO4 from recovered FePO4; (h4) SEM of regenerated LiFePO4 from commercial FePO4. 3.6.2. Electrochemical Performance Lithium iron phosphate cathode materials were synthesized from both recovered and commercial iron phosphate through the carbothermal reduction method. These materials were assembled into coin cells for electrochemical testing. The cyclic voltammetry (CV) curve of regenerated LiFePO4 is shown in Figure 8c. In both samples, the redox peaks correspond to the Fe3+/Fe2+ redox couple. The small potential gap between oxidation and reduction peaks indicates low electrode polarization and smooth Li+ intercalation. The electrochemical impedance spectroscopy (EIS) results (Figure 8d) show charge transfer resistances (Rct) of approximately 48 Ω for regenerated LiFePO4 and 155 Ω for commercial LiFePO4. Both values indicate favorable electrochemical reactivity. The charge–discharge profiles at 0.1 C are presented in Figure 8e. The specific capacity of LiFePO4 synthesized from commercial FePO4 reached approximately 140 mAh/g, while the material derived from recycled FePO4 exhibited a reduced capacity of ~48 mAh/g. Rate performance at varying current densities is shown in Figure 8f. At 0.1, 1, and 2 C, the discharge capacities of LiFePO4 from commercial sources were approximately 140, 130, and 122.5 mAh/g, respectively. In contrast, LiFePO4 from recycled FePO4 delivered capacities of 48, 37, and 30 mAh/g. Cycling performance at 1 C is shown in Figure 
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8g. The capacity of LiFePO4 from commercial FePO4 remained stable at ~130 mAh/g, while the recycled counterpart retained only ~30 mAh/g. These results demonstrate that the synthesis method is technically feasible. However, the electrochemical performance of Li FePO4 from recovered FePO4 remains suboptimal. The likely cause is contamination from residual graphite impurities, which are difficult to fully remove due to the combined treatment of cathode and anode materials during lithium extraction. These residuals may go undetected post-leaching but still affect performance. Additionally, poor control of carbothermal reduction conditions may result in structural defects such as irregular morphology and oversized particles in the regenerated cathode material. SEM was used to compare the morphology and microstructure of recycled and commercial iron phosphate. As shown in Figure 8h1,h2, the recycled iron phosphate exhibited a reticular structure with uniformly distributed fine particles. By contrast, the commercial iron phosphate showed a clustered morphology, which enhances lithium-ion diffusion and intercalation. LiFePO4 cathode materials were then regenerated using both types of precursors, and their structural features were compared, as shown in Figure 8h3,h4. The LiFePO4 derived from recycled iron phosphate displayed irregular spherical or block-like particles of non-uniform size, with clear evidence of particle sintering. The sintering of primary particles led to the formation of larger secondary aggregates. Conversely, the LiFePO4 synthesized from commercial iron phosphate consisted of uniformly distributed fine particles with a narrow size distribution. The finer and more homogeneous structure of LiFePO4 from commercial precursors promotes lithium-ion transport by facilitating diffusion pathways within the solid medium. The inferior electrochemical performance of the recycled sample is primarily attributed to its irregular morphology and larger particle size. Another contributing factor is the use of recycled iron-phosphorus slag sourced from industrial processes as the raw material, consisting of mixed cathode and anode waste. Despite acid leaching and purification, trace amounts of residual graphite may persist undetected, negatively affecting the microstructure and electrochemical properties. These findings highlight the importance of precise control over the microstructure during the recycling and regeneration process to enhance the performance of the resulting cathode materials. 
4. Conclusions This paper proposed a method for recovering iron and phosphorus from solid waste iron–phosphorus slag through washing, acid leaching, precipitation, and thermal reduction. Optimal leaching and precipitation conditions were determined through single-factor and orthogonal experiments, and the leaching kinetics were investigated. The resulting iron phosphate exhibited a complete crystal structure, uniform distribution, and small particle size. LiFePO4/C was regenerated from FePO4, Li2CO3, and glucose through a carbothermal reduction approach. LiFePO4 regenerated from commercial iron phosphate and that derived from commercial iron phosphate were compared. The structural morphology of the regenerated LiFePO4was assessed through XRD and SEM, and the electrochemical properties were assessed through battery performance testing. The results confirmed the feasibility of the regeneration method. However, the specific capacity of the LiFePO4 cathode prepared from recycled iron phosphate reached only approximately 30 mAh/g at a current density of 1 C, indicating limited performance. These findings highlight challenges associated with the regeneration process. Effective recycling requires not only improved separation of cathode and anode materials but also precise control over the microstructure of the regenerated LiFePO4 to ensure favorable electrochemical characteristics. This work offers a reference for the wet-process recovery of iron–phosphorus slag and the subsequent preparation of lithium iron phosphate. From an engineering perspective, the proposed process uses hydrochloric acid as the leaching agent and sodium bicarbonate as the precipitant, operates under mild conditions (70–80 °C, ambient pressure), avoids organic solvents, and relies on readily available and low-cost reagents. The leachate can be recycled for subsequent batches, indicating good potential for industrial scale-up. NaCl in the precipitation mother liquor can be recovered by evaporation crystallization, reducing wastewater discharge. Future work should focus on optimizing the pre-separation of cathode and anode materials, minimizing the influence of residual graphite on product purity, and controlling nucleation and growth to tailor the particle size and morphology of the FePO4 precursor, thereby improving the electrochemical performance of regenerated LiFePO4. 
Supplementary Materials The following supporting information can be downloaded at: https://media.sciltp.com/articles/ others/2610141704325664/SEE-26080034-SI.pdf, Figure S1: XRD pattern of iron-phosphorus slag; Figure S2. 
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(a) and (b) are the fitting curves of lnkb-1/T in the leaching process of iron and phosphorus, respectively; Figure S3. XPS full spectrum of iron phosphate and lithium iron phosphate; Table S1: Composition of lithium iron phosphate waste (mass fraction); Table S2. The fitted rate constants of iron and phosphorus leaching at different temperatures and their correlation coefficients; Table S3. Level table of orthogonal experimental factors; Table S4. Orthogonal experimental data and results; Table S5. Iron and phosphorus contents of iron phosphate; Table S6. Quality index of iron phosphate (w/%); Table S7. The content of C, O, P and Fe elements in iron phosphate and lithium iron phosphate; Table S8. Fe 2p orbitals of iron phosphate and lithium iron phosphate. 
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