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Abstract: The recovery of metals from used lithium-ion battery cathode materials is of both 

environmental and economic importance. In this study, acid leaching stepwise precipitation was used 

to separate and recover lithium, iron, and manganese from the mixed cathode material 

LiFePO4/LiMn2O4. The thermodynamic characteristics of lithium, iron, and manganese metal phases, 

especially the stability region, were analyzed by Eh-pH diagrams. The sulfuric acid and hydrogen 

peroxide leaching system released Fe3+, Mn2+, and Li+ ions from the cathode material. Fe3+ in the 

leaching solution was precipitated as Fe(OH)3 and finally recovered as Fe2O3 after calcination. Mn2+ 

in the leaching solution was recovered as MnCO3. The remaining Li+-rich solution was evaporated 

and crystallized into Li2CO3. The purity of the recycled products MnCO3 and Li2CO3 met the standard 

of cathode materials for lithium-ion batteries. XRD and XPS analysis showed that the main phase in 

the leaching residue was FePO4. This process can be used to separate and recover metals from mixed 

waste lithium-ion battery cathode materials, and it also provides raw materials for the preparation of 

lithium-ion battery cathode materials. 
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1 Introduction 

Lithium-ion batteries have low self-discharge, high energy density, light-weight, and low pollution 

[1, 2]. They have become the main choice as the power supply of electric vehicles and hybrid electric 

vehicles. However, the service life of lithium-ion batteries is generally only 5 to 8 years, and many 

waste batteries end up in landfills after their retirement [3]. If electrode materials and electrolytes in 

waste lithium-ion batteries enter the environment without treatment, this will lead to the waste of 

metal resources and the pollution of groundwater resources [4, 5, 6]. Cathode materials can be 

obtained from decommissioned waste lithium-ion batteries by discharge, disassembly, crushing, and 

screening [7]. The cathode material contains lithium, manganese, iron, and other metals [8, 9], which 

can be separated by chemical methods and then recycled. The recovery of metal resources from waste 

lithium-ion batteries cathode materials can reduce environmental pollution and save metal resources 

[10]. 

At present, the recovery of cathode materials from lithium-ion batteries is mainly accomplished by 

leaching metals into a solution using organic or inorganic acids, followed by recovering metal ions in 

the solution [11]. Commonly used inorganic acids include sulfuric acid [12], hydrochloric acid [13], 

and phosphoric acid [14], while organic acids include citric acid [15], formic acid [16], and oxalic 

acid [17]. In order to make the leaching process easier and more efficient, Pourbaix plots can be 

thermodynamically predicted and used to determine the appropriate parameters to be employed in the 
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leaching process [18].The metal ions in the solution can be recovered by adding a precipitant [19, 20], 

but the precipitation reactions make it difficult to obtain only the target metal because it will co-

precipitate with other metal salts [21]. Numerous studies have been done to recover metals from 

cathode materials, such as LiNixMnyCo1-x-yO2, LiFePO4, and LiCoO2 [22, 23, 24]. However, only a 

single cathode material has been studied. Due to the scarcity of metal resources such as lithium, 

researchers have begun to study lithium-ion batteries with low-priced metals such as iron, manganese, 

and aluminum as the cathode [1, 25]. The cathode material is the core of a lithium-ion battery, among 

which LiFexMn1-xPO4 combines the advantages of LiFePO4 and LiMn2O4 and has become a 

promising cathode material. Because various types of retired lithium-ion batteries are stored in 

landfills, it is difficult to guarantee that the cathode material obtained by crushing and screening is a 

single cathode material. Therefore, it is of great practical importance to study the recovery process of 

metals in mixed cathode materials. 

In this study, an acid leaching-stepwise precipitation process was used to recover lithium, iron, and 

manganese metals from the mixed cathode material LiFePO4/LiMn2O4. The focus of this study 

involved recovering metal ions from the solution in a stepwise manner to prepare high-purity Li2CO3, 

MnCO3, and other lithium-ion battery precursors to recover and reuse metal resources. 

2 Experimental 

2.1 Materials 

The reagents and chemicals used in the experiments included sulfuric acid (98 wt.% H2SO4), 

hydrogen peroxide (30 wt.% H2O2), sodium hydroxide (NaOH), and sodium carbonate (Na2CO3), 

which were of analytical grade and used without purification. ICP-OES analysis was performed on 

the mixed cathode material powder LiFePO4/LiMn2O4, in which the contents of the main elements, 

Li, Mn, Fe, and C, were 3.13%, 9.06%, 19.43%, and 19.15%, respectively.  

2.2 Experimental procedure 

First, the mixed cathode material powder was leached in a concentration of 1 M sulfuric acid (100 

mL), to which hydrogen peroxide solution was slowly added. Then, the beaker was sealed and heated 

in a constant-temperature magnetically-stirred water bath. After the leaching experiment, the sample 

was immediately removed for filtration separation. The leaching residue was washed many times 

during filtration to prevent residues from influencing the metal concentration in the leaching solution. 

After the leaching residue was dried in a vacuum drying oven, its components were analyzed and 

further treated (turned to powder by the agate mortar). Valuable metals (lithium, iron, and manganese) 

were recovered from the leaching solution. The schematic diagram of the gradual recovery of valuable 

metals from the mixed cathode material powder is shown in Fig. 1. The stepwise recovery of valuable 

metals was divided into acid leaching and precipitation processes. A leaching system of sulfuric acid 

and hydrogen peroxide was used to leach lithium, iron, and manganese metals from the mixed cathode 

material powder. First, Fe3+ in the leachate was precipitated by adjusting the pH of the system and 

was finally recovered as Fe2O3 after calcination. Next, saturated sodium carbonate solution was added 

to precipitate Mn2+ in the leachate as MnCO3. Finally, the pH of the leaching solution was adjusted 

to evaporate and concentrate Li+ and recover it as Li2CO3. 
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Fig. 1. Schematic diagram of step-by-step recovery of valuable metals from mixed cathode materials 

To avoid large experimental errors, each group of experiments was repeated three times. The 

leaching efficiency of the metals is expressed by Eq. (1): 

𝛼 =
𝐷 ∙ 𝑃

m ∙ 𝑀
× 100% 

(1) 

where 𝐷 denotes the mass concentration of lithium, manganese, and iron in the leaching solution 

(g/L); 𝑃 denotes the volume of the leaching solution (L); m denotes the mass of the reaction raw 

material (g); 𝑀  denotes the content of metals in the raw material (%); 𝛼  denotes the leaching 

efficiency of the metal (%). 

Metals were recovered from the leachate by precipitation, and the metal recovery efficiency was 

reflected by the recovery rate, as expressed by Eq. (2): 

𝛽 = (1 −
𝑉2 ∙ 𝐶2
𝑉1 ∙ 𝐶1

) × 100% 
(2) 

where 𝑉2 denotes the leachate volume after precipitation (L); 𝐶2 denotes the mass concentration of 

metals in the leachate after precipitation (g/L); 𝑉1  denotes the volume of leachate before 

precipitation (L); 𝐶1 denotes the mass concentration of metals in the leachate before precipitation 

(g/L); 𝛽 denotes the metal recovery efficiency (%). 

Progressive metal recovery causes the loss of other non-target recovered metals, and the loss rate 

can be expressed by Eq. (3): 

𝛾 = (1 −
𝑇2 ∙ 𝑅2
𝑇1 ∙ 𝑅1

) × 100% 
(3) 

where 𝑇2 denotes the leachate volume after precipitation (L); 𝑅2 denotes the mass concentration of 

metal in the leachate after precipitation (g/L); 𝑇1 denotes the volume of leachate before precipitation 

(L); 𝑅1  denotes the mass concentration of metals in the leachate before precipitation (g/L); 𝛾 

denotes the metal loss rate (%). 

2.3 Analysis methods 

Field emission scanning electron microscopy (FE-SEM, Nova Nano SEM 450, FEI Company, USA) 

was used to characterize the morphology of mixed cathode materials, recycled products, and leaching 

residue. The contents of metal elements in the mixed cathode material and leaching residue, as well 

as the purity of manganese carbonate and lithium carbonate, were analyzed by inductively coupled 

plasma atomic emission spectrometry (ICP-OES, 7700x, USA). The mixed cathode materials, 

recycled products, and leaching residues were characterized by X-ray diffraction (XRD, 

X'pert3Powder, Netherlands). The surface elements in the leaching residue were analyzed by X-ray 

photoelectron spectroscopy (XPS, PHI 5000 VersaProbe-II, Japan). 

3 Results and discussion 
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3.1 Thermodynamic analysis of Fe, Mn, and Li phases 

To study the leaching behavior of Li, Fe, and Mn during acid leaching, the thermodynamic 

characteristics of the different metal phases, especially the stable regions, were analyzed using Eh-

pH diagrams in HSC 6.0 software. Fig. 2(a) shows the Eh-pH plot of the Fe-H2O system, in which 

the Fe(III) phase was difficult to dissolve under strongly acidic conditions until the redox potential 

reached +0.7704 V. The Fe(II) phase was acid-soluble in this stable region where the redox potential 

reached the range of -0.4386–0.7704 V and the pH was 6.4697. The leaching conditions in this region 

were easy to achieve. Because Fe in the cathode material LiFePO4 existed as Fe(II), it was soluble in 

sulfuric acid [26]. The Eh-pH diagram of the Mn-H2O system in Fig. 2(b) shows that Mn(II) was 

readily soluble in the acidic region. LiMn2O4 has a spinel structure, in which Mn exists as Mn3+ and 

Mn4+ [27]. Mn(IV) can be dissolved into Mn(II) by forming the intermediate Mn(III) of (Mn2O3), but 

this requires strongly acidic or strongly reducing conditions to form a soluble Mn(II) phase. Fig. 2(c) 

shows the Eh-pH diagram of the Li-C-H2O system, which shows that the regions of LiOH and Li+ 

phases were partly located within the stable region of water, indicating that Li can be dissolved in 

both acidic and basic regions. Li2CO3 phase was stable in the alkaline region, which provides 

theoretical support that the pH of the leachate can be adjusted to recover Li. 

 

Fig. 2. Eh-pH diagram of Fe, Mn and Li leaching system (concentration =1.0 M at 298 K and 1 atm 

pressure): (a) Fe-H2O; (b) Mn-H2O; (c) Li-C-H2O 

3.2 Recovery of valuable metals from the leaching solution 

3.2.1 Acid leaching 

Fig. 3 shows the XRD patterns and SEM images of the mixed raw materials and the corresponding 

EDS analysis. The XRD analysis of the mixed cathode materials in Fig. 3(c) shows that the main 

phases of the raw materials were LiFePO4, LiMn2O4, and C (graphite), respectively, and no other 

impurities were present. As shown in Fig. 3(a), two different shapes of particles were observed: one 

was lamellar particles, and the other was irregular particles. Combined with the elemental mapping, 

it can be seen that the lamellar particles were enriched with manganese and oxygen, indicating this 

was LiMn2O4. Iron, oxygen, and phosphorus were distributed in the irregular particles, indicating that 

they were LiFePO4. Fig. 3(b) is the EDS analysis, which shows that the mixed raw materials mainly 

contained iron, phosphorus, manganese, and a small amount of aluminum, which is the same as the 

ICP-OES analysis of raw materials. The existence of aluminum was due to the incomplete separation 

of aluminum foil and the cathode material during crushing and recycling. 
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Fig. 3. SEM-EDS and XRD analysis of raw materials: (a)-(b) SEM-EDS analysis; (c) XRD spectrum 

The conditions used in this study were as follows: sulfuric acid concentration of 1 M, a solid-liquid 

ratio of 0.1 g∙mL-1, hydrogen peroxide volume of 2 mL, leaching time of 30 min, and leaching 

temperature of 70 °C. Since the purpose of this study was to study the leaching of metals in the 

cathode materials of mixed waste lithium-ion batteries and the recovery process of metal ions in the 

leaching solution, this study did not optimize the leaching process parameters. Under the conditions 

used in the study, the leaching efficiencies of lithium, manganese, and iron in the mixed cathode 

material were 98.17%, 100%, and 95.90%, respectively. It is very difficult to destroy the Mn-O bonds 

of LiMn2O4 in the sulfuric acid leaching solution without adding hydrogen peroxide, but the redox 

reaction can occur (Eq. 4). Lithium was dissolved as Li+ into the leaching solution, while manganese 

underwent disproportionation and precipitated as λ-MnO2, resulting in a low leaching rate of the 

leaching system [28]. When hydrogen peroxide was added to the leaching system, MnO2 was reduced 

to Mn2+, thus diffusing into the solution and improving the leaching efficiency of LiMn2O4 (Eq. 5). 

2LiMn2O4+2H2SO4=Li2SO4+3MnO2↓+MnSO4+2H2O (4) 

MnO2+2H++H2O2=2H2O+Mn2++O2↑ (5) 

3.2.2 Fe3+ recovery from leachate 

The leaching solution obtained by acid leaching contained lithium, manganese, and iron with 

concentrations of 3.02 g∙L-1, 8.56 g∙L-1, and 16.17 g∙L-1, respectively. There were also large amounts 

of PO4
3-, but Fe3+ and PO4

3- could not form FePO4 precipitate in the solution due to the low pH of the 

leaching solution [20]. Lithium, iron, and manganese in the leaching solution precipitated and were 

recovered in the order of iron, manganese, and lithium by adding precipitant and adjusting the pH. 

The pH of the leaching solution was adjusted to 5.6 with 2 M NaOH, and Fe3+ was precipitated by 
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heating and stirring at 80 °C for 1 h. The concentration of Fe3+ in the leached solution decreased to 

0.2 g∙L-1 after purification by precipitation, indicating that 98.8% of Fe3+ precipitated and was 

recovered. However, the concentration of lithium and manganese decreased during the precipitation 

process, which can be explained by the following reasons: (1) The amount of iron precipitate in the 

solution was large, which consumed the lithium and manganese adsorbed on the precipitation 

products during solid-liquid separation; (2) the volume of the solution changed before and after 

leaching. XRD analysis of the precipitation product did not show characteristic peaks, indicating a 

poor crystallinity. This may be because Fe3+ precipitated rapidly under the experimental conditions 

and formed a flocculent Fe(OH)3 precipitate. 

To determine its composition, the precipitate was calcined in a muffle furnace at 800 °C for 4 h, 

and the XRD patterns of the calcined products are shown in Fig. 4. The results indicate that the main 

phases were Fe2O3, MnOOH, and a complex compound of lithium-sodium-manganese-iron. The 

reasons for the generation of the MnOOH phase were analyzed. The mixed cathode material reacted 

during leaching due to an insufficient amount of hydrogen peroxide (Eq. 4), and then the generated 

MnO2 reacted with Mn2+ in the leaching solution (Eq. 6) [29]. The existence of lithium-sodium-

manganese-iron compounds fully verified that small amounts of sodium, lithium, and manganese in 

the leaching solution were introduced into the precipitated product after solid-liquid separation. This 

also explains the lower concentration of lithium and manganese in the solution after iron precipitation. 

MnO2+Mn2++2H2O=2MnOOH+2H+ (6) 

 

Fig. 4. XRD analysis of calcined products 

3.2.3 Mn2+ recovery from leachate 

The leaching solution caused a 34% loss of manganese in the first step of iron precipitation, so the 

concentration of Mn2+ in the leaching solution decreased to 3.06 g∙L-1, which was used for the second 

step of manganese recovery. First, saturated sodium carbonate solution was added to the filtrate after 

the purification of Fe3+, and then the pH of the solution was controlled to 10.2. Then, Mn2+ was 

precipitated by heating and stirring at 80 °C for 9 h. The concentration of the leaching solution after 

manganese precipitation recovery was reduced to 0.025 g∙L-1, indicating that the precipitation rate of 

manganese was 99.3%. Fig. 5(a) shows the XRD pattern of manganese products recovered by 

precipitation, in which the diffraction characteristic peaks of the recovered product matched the 
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standard pattern of MnCO3 (PDF#83-1763). This indicates that Mn2+ precipitated in the leaching 

solution as MnCO3. No obvious impurity peak was found, indicating that the purity of the product 

was high. In addition, the diffraction peaks of the MnCO3 product were sharp, indicating that the 

product had good crystallinity and a complete cell structure. 

 
Fig. 5. XRD and SEM-EDS analysis of manganese carbonate: (a) XRD spectrum; (b)-(d) SEM-EDS analysis 

Figs. 5(b)-(d) show the SEM-EDS analysis of the recovered manganese carbonate product. From 

Fig. 5(b), it can be seen that the manganese carbonate particles were spherical, with a particle size of 

around 1.5 μm. Fig. 5(c) is the EDS analysis of manganese carbonate particles. The element maps of 

the manganese carbonate particles showed iron and sodium impurities on the surface of the particles. 

The presence of impurity iron was caused by a very small amount of Fe3+ that was not completely 

precipitated in the solution, which produced a manganese carbonate precipitate, as well as 

unavoidable impurity sodium. The purity of manganese carbonate after ICP-OES analysis was > 96 

wt.%, indicating that manganese carbonate can be used to prepare lithium-ion battery cathode 

materials [30]. 

3.2.4 Li+ recovery from leachate  

After iron and manganese were recovered from the leachate, the remaining solution was lithium-

rich, with a concentration of 1.51 g∙L-1. The pH of the solution was adjusted to 12.0, and then the 

solution was heated and stirred at 90 °C for 2.5 h. The precipitated lithium was concentrated by 

evaporation. Fig. 6(a) is the XRD pattern of the recovered lithium products. From Fig. 6 (a), it can be 

seen that the diffraction peaks of recovered lithium products were consistent with the standard 

spectrum of Li2CO3 (PDF#80-1307), indicating that lithium in the leaching solution was precipitated 

as Li2CO3. The SEM images of the recovered Li2CO3 are shown in Fig. 6(b), indicating that the 
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precipitated Li2CO3 had a cubic shape and aggregated distribution. The mass fraction of the metal 

was determined by inductively coupled plasma emission spectrometry, and the results showed that 

Li2CO3 (purity > 97 wt.%) could be used as a raw material for lithium-ion battery cathode materials 

[22]. 

 
Fig. 6. XRD and FE-SEM analysis of lithium carbonate: (a) XRD spectrum; (b) FE-SEM analysis 

Acid leaching of the mixed waste lithium-ion battery cathode materials was carried out using the 

sulfuric acid and hydrogen peroxide system. Then, the metal ions in the leachate were subjected to 

stepwise recovery. The products recovered from the leachate stepwise were Fe(OH)3, MnCO3, and 

Li2CO3, respectively. Table 1 shows the stepwise recovered metal products from the leaching solution 

and a summary of the total recovery rate. As can be seen from Table 1, the total recoveries of iron and 

manganese were 98.8% and 99.95% (including manganese in the form of MnOOH in Fe(OH)3), 

respectively, but the percentages of manganese and lithium lost during iron recovery were 65.19% 

and 52.38%, respectively. Therefore, understanding how to reduce the loss of manganese and lithium 

during iron recovery will be a key step to improving the recovery of valuable metals. All by-products 

of this process may be valuable input materials for other processes, such as MnOOH, the lithium-

sodium-manganese-iron complex compound, and Fe2O3. The process recovered iron, manganese, and 

lithium without generating secondary waste, which is important for recovering metals from used 

lithium-ion battery cathode materials and has significant economic benefits for environmental and 

social sustainability. 

Table 1 Summary of results for stepwise metal recovery from leachate 

Items Elements 

Li Fe Mn 

Total recovery rate (%) - 98.8 99.95 

Loss rate (%) 52.38 - 65.19 

Product forms Li2CO3 Fe2O3 MnCO3 

Loss forms Li2SO4 - MnOOH/MnSO4 

3.3 Analysis of the leaching residue 

Fe2+ in LiFePO4 must be oxidized to Fe3+ to release Li+ ions, while high-valent metal ions in 

LiMn2O4 must be reduced to low-valent Mn2+ in an acidic solution [31]. The mixed cathode material 

LiFePO4/LiMn2O4 underwent reactions Eq. (7) and Eq. (8) in the H2SO4-H2O2 leaching system. The 

reaction equation shows that when the leaching system had enough sulfuric acid and hydrogen 

peroxide, LiMn2O4 was completely dissolved and mainly existed in the leaching solution as Mn2+. 
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Therefore, the residual leaching residue was produced by LiFePO4 in the leaching process. Fig. 7 

shows the XPS, XRD, and SEM analysis of the leached residue using the H2SO4-H2O2 leaching 

system (particle size: D50=9.45μm). Fig. 7(a) shows that the leaching residue was mainly composed 

of two phases, FePO4 and impurity C (graphite), without other obvious impurity peaks. Impurity C 

was removed by calcination. SEM analysis of the leached residue in Fig. 7(b) showed that the 

morphology of FePO4 was similar to that of LiFePO4 in Fig. 3(a) because FePO4 had an olivine 

structure similar to that of LiFePO4 [16]. FePO4, which formed after lithium dissociated from 

LiFePO4, can be used to prepare LiFePO4 cathode material. No manganese-containing phases were 

detected, and the morphology of LiMn2O4 indicated that LiMn2O4 was completely dissolved, which 

is consistent with the leaching rate data. 

The reaction of LiFePO4 in H2SO4-H2O2 leaching system is written as Eq. (7):                                                                                                                                            

2LiFePO4+H2SO4+H2O2=2FePO4(s)+Li2SO4+2H2O (7) 

The reaction of LiMn2O4 in H2SO4-H2O2 leaching system is written as Eq. (8): 

2LiMn2O4+5H2SO4+3H2O2=Li2SO4+4MnSO4+8H2O+3O2(g)↑ (8) 

 

Fig. 7. XRD, FE-SEM and XPS analysis of leaching residue: (a) XRD spectrum; (b) FE-SEM analysis; (c) 

XPS analysis 

The elemental composition and chemical states in the leaching residue were measured by XPS. Fig. 

7(c) shows that carbon, oxygen, phosphorus, and iron were clearly detected, while manganese was 

not, which also shows that LiMn2O4 was completely dissolved. The Fe2p spectrum in Fig. 7(c) 

showed two obvious peaks at 725.9 eV and 712.2 eV, corresponding to Fe2p1/2 and Fe2p3/2 of Fe3+, 

respectively [32]. In the P2p spectrum, the peak at 133.6 eV was due to PO4
3-. The XPS results showed 

that the leaching residue obtained from the mixed cathode material after acid leaching was FePO4, 

which was consistent with the XRD results. 
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4 Conclusion 

In this study, a system composed of sulfuric acid and hydrogen peroxide was used as the leaching 

agent. Under the experimental conditions of 1M sulfuric acid, 2 mL hydrogen peroxide, a leaching 

temperature of 70 °C, a leaching time of 30 min, and a solid-liquid ratio of 0.1 g∙mL-1, the leaching 

efficiencies of lithium, iron, and manganese were 98.17%, 95.90%, and 100%, respectively. Fe3+ in 

the leaching solution was precipitated as Fe(OH)3 and finally recovered as Fe2O3 after calcination. 

Mn2+ in the leaching solution was recovered as MnCO3, whose purity was > 96 wt.%, as shown by 

ICP-OES analysis. The remaining Li+-rich solution was evaporated and crystallized into Li2CO3. The 

metal products (Fe2O3, MnCO3, and Li2CO3) can be used as raw materials for new cathode materials 

in lithium-ion batteries. This stepwise recycling of metals in the cathode materials of waste lithium-

ion batteries can effectively avoid the waste of resources and the production of environmental 

pollution. 
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Figures and table 

 

Fig. 1. Schematic diagram of step-by-step recovery of valuable metals from mixed cathode materials 

 

Fig. 2. Eh-pH diagram of Fe, Mn and Li leaching system: (a) Fe-H2O; (b) Mn-H2O; (c) Li-C-H2O 
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Fig. 3. SEM-EDS and XRD analysis of raw materials: (a)-(b) SEM-EDS analysis; (c) XRD spectrum 

 

Fig. 4. XRD analysis of calcined products 
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Fig. 5. XRD and SEM-EDS analysis of manganese carbonate: (a) XRD spectrum; (b)-(d) SEM-EDS analysis 

 
Fig. 6. XRD and FE-SEM analysis of lithium carbonate: (a) XRD spectrum; (b) FE-SEM analysis 
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Fig. 7. XRD, FE-SEM and XPS analysis of leaching residue: (a) XRD spectrum; (b) FE-SEM analysis; (c) XPS 

analysis 

Table 1 Summary of results for stepwise metal recovery from leachate 

Items Elements 

Li Fe Mn 

Total recovery rate (%) - 98.8 99.95 

Loss rate (%) 52.38 - 65.19 

Product forms Li2CO3 Fe2O3 MnCO3 

Loss forms Li2SO4 - MnOOH/MnSO4 

 


