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A R T I C L E I N F O



A B S T R A C T



Keywords: Spent lithium-ion batteries Recycling Regeneration Oxalate co-precipitation



A novel and closed-loop regeneration process for LiNi0.5Co0.2Mn0.3O2 material of spent Li-ion batteries is pro posed to achieve valuable metal conservation and natural friendliness. The cathode material was regenerated using mixed acid leaching, oxalate co-precipitation and solid-phase reaction. The optimal conditions for the preparation of precursor are reaction temperature of 50 � C, pH of 1.98, the molar ratio of H2C2O4 to Me2þ of 1.20 and aging time of 24 h. The optimal calcination temperature, calcination time and lithium metal ratio (Li/(Ni þ Co þ Mn)) are 850 � C, 12 h and 1.05, respectively. Using characterization and analysis of SEM, XRD, TG-DSC and ICP-AES, it was proved that Ni0.5Co0.2Mn0.3C2O4⋅2H2O precursor, (Ni0.5Co0.2Mn0.3)3O4 intermediate and the regenerative LiNi0.5Co0.2Mn0.3O2 have spherical regularity and uniform particle size under the optimal condi tions. The regenerated LiNi0.5Co0.2Mn0.3O2 explicit an initial discharge capacity of 149.528 mAh/g at 0.2 C. At 1 C, the discharge capacity is 135.351 mAh/g, and the capacity retention ratio is 85.45% after 100 cycles. This recycling process does not need complicated metal separation and has the superiorities of briefness operation and low processing costs. The regenerative cathode materials could be applied in next-generation LIBs.



1. Introduction The recovery of Ni, Co and other rare metals from waste Li-ion batteries (LIBs) solid waste has drawn extensive consideration, for it can be reused in manufacturing of LIBs to reduce the impact on the environment. The recovery process mainly consists of dismantling and discharging, pretreatment process, leaching process and extraction of valuable metals from leaching solution [1]. The leaching system used to recover spent LIBs includes inorganic acid such as hydrochloric acid [2], nitric acid [3], sulfuric acid [4], phosphoric acid [5]. Organic acids including oxalic acid [6], citric acid [7], L-tartaric acid [8], lactic acid [9] and DL-malic acid [10] were also applied into the leaching process. The main methods of separating and extracting metals consist of chemical precipitation [11–13], solvent extraction [14] and electrode position [15,16]. It is difficult to separate metal ions completely from the leaching solution. The similarity of metals requires complex sepa ration processes, which leads to a greater increase in the cost of the recovery process [17]. Because of its low cost, good safety performance and excellent



electrochemical performance, LiNixCoyMnzO2 has gradually replaced LiCoO2 and becomes a widely used cathode material. In order to avoid unnecessary separation process during the recovery of spent LIBs, many researchers have devoted themselves to the direct synthesis of LiNix CoyMnzO2 from spent LIBs in recent years. Metal ions such as Ni, Co and Mn can be formed into oxalate [18], carbonate [19] or hydroxide by co-precipitation. The most generally used approach to prepare NCM material is considered the hydroxide co-precipitation [20]. However, in the precipitation process, the transition metal hydroxides are oxidized in aqueous solution, e.g., Mn(OH)2 is progressively oxidized to MnO2 (Mn4þ) or MnOOH (Mn3þ) under suitable conditions, which results in segregation, reducing the homogeneity of the final product [21]. In order to avoid oxidation, it is necessary to react in a closed vessel with inert gas protection. The carbonate co-precipitation method is another generally used approach to synthesize cathode materials due to the stability of manganese carbonate in solution and the easily controlled synthesis process compared to hydroxide co-precipitation. However, the preparation process is easy to cause the segregation of components, which cannot guarantee the homogeneity of the distribution of the
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Fig. 1. Flow sheet of the whole recycling process.



elements of oxide, negatively affecting the electrochemical performance of the NCM material. In the oxalate co-precipitation method, Mn ion is stable in aqueous solution with the valence state of þ2. So the oxalate precipitation method has the advantages of the simple synthesis process, various components in the solution can be precipitated according to stoichiometric ratio, and materials can achieve homogenous mixing of molecular or atomic linearity. Previous studies on the preparation of electrode materials by coprecipitation method were often synthesized by chemical reagents or single acid leaching solutions (such as sulfuric acid). However, consid ering the cost of the raw material in industrial production, high purity chemical reagents or high concentration of acids are unable to apply in the recycling process on a large scale. Therefore, in this study, the leaching solution containing Li, Ni, Co and Mn ions is obtained by mixed acid leaching (0.2 M H3PO4 and 0.4 M H3Cit) [22] of spent cathode material from LIBs. Low acid consumption during the leaching process meets the requirement of green production. The precursor of Ni0.5C o0.2Mn0.3C2O4⋅2H2O was prepared by oxalic acid precipitation. The in termediate of (Ni0.5Co0.2Mn0.3)3O4 can be obtained through the pre-calcining process (500 � C, 5 h) of oxalate precursor. The (Ni0.5C o0.2Mn0.3)3O4 and Li2CO3 are ground evenly, and to attain fresh LiNi0.5Co0.2Mn0.3O2 product by solid-state reaction [23]. By applying this method, the Ni, Co, Mn ions in the leachate were fully recovered with a recovery rate over 99%, and the regenerated NCM cathode ma terial shows decent electrochemical performances. To sum up, the pro cess does not need complicated metal separation and has the merits of



simple operation and low processing costs compared to former methods and it can be considered as an attempt to synthesize cathode materials with mixed acid leachate (flow sheet of the recycling process was dis played in Fig. 1). 2. Experimental 2.1. Resynthesize of the LiNi0.5Co0.2Mn0.3O2 cathode material from spent LIBs The NCM-type of spent LIBs was collected from the local market. After manual dismantling and calcination as shown in Fig. S1, the waste LiNi0.5Co0.2Mn0.3O2 cathode active material was dissolved in a mixed acid solution of 0.2 M H3PO4 and 0.4 M citric acid. The molar ratio of Ni, Co, Mn in the leaching solution is altered to 5:2:3 by adding (CH3COO)2Ni⋅4H2O, (CH3COO)2Co⋅4H2O, and (CH3COO)2Mn⋅4H2O as required. The regenerated leachate with a total metal concentration of 0.4 M was added into reaction vessel drop by drop, and an oxalic acid solution of 0.4 M was applied as precipitator. The pH of the reaction solution was precisely controlled at 1.98 by adding ammonia water during the oxalate co-precipitation process. After the reaction, solidliquid separation was carried out after 24 h aging. The obtained Ni0.5Co0.2Mn0.3C2O4 precursor was dried at 110 � C for several hours. The Ni0.5Co0.2Mn0.3C2O4 was heated under a temperature of 500 � C for 5 h (with heating rate of 2 � C/min) to produce the (Ni0.5Co0.2Mn0.3)3O4 intermediate. The intermediate was mixed with lithium carbonate 2
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Fig. 2. Effect on precipitation rate of (a) the pH of the reaction system, (b) the molar ratio of H2C2O4 to Me2þ (r). (Me ¼ Ni, Co, Mn).



evenly at a Li/Me (Me ¼ sum of Ni, Co, and Mn) molar ratio of 1.05. After manual grinding with ethanol for an hour, the mixed powder was sifted and pressed into a round sheet under pressure. Then the powder was sintered in a tube furnace at 850 � C for 12 h (with heating rate of 3 � C/min) to acquire fresh LiNi0.5Co0.2Mn0.3O2 material.



be determined by ICP-AES (Optima 5300 DV, PerkinElmer Instruments, U.S.A.). The pH value of the fluids in the study was measured by a pH detector (PHS-25, Shanghai, China). The morphologies and crystal structure of reborn products were characterized by both SEM (JSM6360LV, JEO LTD, Japan) and XRD (X’Pert-PRO MPD, Holland Pan alytical Company, Holland). The thermal behaviors of the precursors were characterized by TG-DSC (thermogravimetry and differential scanning calorimetry, STA449 F3, Netzsch, Germany).



2.2. Sample characterization The concentration of metal ions in leachate and reborn products can



Fig. 3. SEM images of Ni0.5Co0.2Mn0.3C2O4 ⋅2H2O precursor collected at different reaction temperatures of (a) 25 � C, (b) 40 � C, (c) 50 � C, (d) 60 � C. 3
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Fig. 4. SEM images of Ni0.5Co0.2Mn0.3C2O4 ⋅2H2O precursor collected at different aging times of (a) 30 min, (b) 1 h, (c) 2 h, (d) 24 h.



2.3. Electrochemical performances



V0, V are the volume of the solution before and after precipitation (L). Fig. 2(a) shows the influence of the pH of the reaction system on the precipitation rate of Ni, Co, Mn, and Li. When the pH value reached 1.98–2.98, the precipitation rates of Ni, Co, Mn were close to 100%. The precipitation rate of manganese dropped to 96.21%, as the pH value dropped to 0.82. It is mainly because the resulting manganese oxalate was unstable and slightly dissolved into acidity solution. With a pH of 5.52, the precipitation rate of Ni ions declined to 77.91%, while that of Co ions decreased to 81.29%. This is because some nickel and cobalt ions are more likely to be complexed by excess ammonia rather than precipitated by oxalic acid. The complexation stability constants log K of Ni, Co and Mn are 8.74, 5.11 and 1.30 respectively, indicating that ammonia has the strongest complexation affinity for Ni, followed by Co and Mn. Therefore, Ni will be complexed first, which is consistent with the experimental phenomenon. Considering that without the addition of pH regulator, the reaction system itself has a pH value of 1.98 which can completely precipitate nickel-cobalt-manganese ions, the optimal pH value is therefore 1.98. As shown in Fig. 2(b), when r (the molar ratio of H2C2O4 to Me2þ) was 1, the precipitation rates of Co and Ni were close to 100%, while the precipitation rate of Mn was only 92.15%. This is because the solubility products of NiC2O4, CoC2O4 and MnC2O4 are 10 9.4, 10 7.2 and 10 6.77, respectively. The metal corresponding to the product with small solu bility product will be preferentially precipitated by oxalic acid. There fore, it is difficult to achieve the complete precipitation of these transition metals with insufficient oxalic acid. When r reaches 1.2, the precipitation rates of Ni, Co and Mn were nearly 100%. The precipita tion rates hardly changed by adding more oxalic acid. From the perspective of the economy, r is selected as 1.2. Effect of reaction temperature: The influence of reaction



Electrochemical properties of the fresh LiNi0.5Co0.2Mn0.3O2 cathodes were detected by applying the CR-2016-type coin cell. The active ma terial mixture is composed of the regenerated NCM material (70 wt %), acetylene black (20 wt %), and PVDF (10 wt %), which was turned to a paste, then evenly applied to aluminum foil. The average mass loading of the active material is 1.3 mg. It is dried in the vacuum drying box at 70 � C and made into cathode disks. The assembly of the coin battery is carried out in glove boxes filled with argon gas. Lithium metal, Celgard 2400 and 1 M LiPF6 in EC: DMC: EMC (1:1:1 in volume) were applied as the anode, the separator and the electrolyte, respectively. The electro chemical tests (1 C ¼ 160 mA/g) were performed by applying a battery test system (Neware, China) with the voltage range of 2.7–4.3 V. 3. Results and discussion 3.1. Precipitation of nickel, cobalt and manganese Effect of the pH of the reaction system and the molar ratio of H2C2O4 to Me2þ (r): 2 mL of the solution before and after precipitation reaction was diluted 100 times respectively, and the concentration of each metal ion was measured by ICP-AES to calculate the precipitation rate of each metal ion, according to Eq. (1). P¼



C0 VO CV � 100% C 0 V0



(1)



where P is the precipitation rate, C0, C are the concentration of metal ions in the solution before and after precipitation, respectively (mg/L). 4
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Fig. 5. SEM patterns of (a) Ni0.5Co0.2Mn0.3C2O4⋅2H2O precursor, (b) (Ni0.5Co0.2Mn0.3)3O4 intermediate, and (c) regenerated LiNi0.5Co0.2Mn0.3O2 (Li/M ¼ 1.05).



temperature on the synthesis of oxalate precursor was shown in Fig. 3. When the molar ratio of H2C2O4 to Me2þ (r) was fixed at 1.20 with the pH ¼ 1.98 and 1 h reaction time, the product obtained under 25 � C possesses a small particle size. This is because the low temperature provides less energy to the system, which is not conducive to particle growth and high crystallinity. The particle size increases with increasing temperature. When up to 60 � C, severe adhesion phenomenon happened



to particles. This is because the high temperature promotes the particle collisions. Therefore, 50 � C is chosen to be the optimum reaction temperature. Effect of aging time: Because oxalic acid precipitates metal very quickly, nickel, cobalt and manganese can be precipitated completely within 10 min, so the influence of aging time on the particle morphology and size of the oxalic acid precursor is mainly considered (Fig. 4). The



Fig. 6. XRD patterns of (a) Ni0.5Co0.2Mn0.3C2O4 precursor, (b) (Ni0.5Co0.2Mn0.3)3O4 intermediate, (c) regenerated LiNi0.5Co0.2Mn0.3O2 (Li/M ¼ 1.05) and (d) comparison to the standard PDF card. 5
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Fig. 7. TG-DSC curves for (a) Ni0.5Co0.2Mn0.3C2O4 precursor, and (b) a mixture of (Ni0.5Co0.2Mn0.3)3O4 intermediate and Li2CO3 (Li/M ¼ 1.05).



function of aging is to allow the precipitated crystals to continue to grow after the reaction gets to the end. The whole process is a process of dissolution and recrystallization, including the dissolution of small particles and the growth of large particles, to obtain uniform precipi tated particles. The effect of aging time on the synthesis of oxalate precursor was checked by varying aging time from 30 min to 24 h. As exhibited in Fig. 4, the aging time of 30 min will lead to the non-uniform particle size of the oxalic acid precursor. The particle size becomes uniform and tends to be spherical with further prolongation of reaction time. An excellent crystal structure of the precursor is beneficial to sintering the cathode material with the strong crystal structure, which is helpful to excellent electrochemical properties. Therefore, the optimal aging time was selected as 24 h.



Table 1 Theoretical and actual values of metal composition in regenerated products. Sample Ni0.5Co0.2Mn0.3C2O4 theoretical value (Ni0.5Co0.2Mn0.3)3O4 theoretical value LiNi0.5Co0.2Mn0.3O2 theoretical value



Element (wt. %) Co



Li



Mn



Ni



6.925 6.49 16.36 14.44 13.08 12.207



0.076 / 0.227 / 7.387 7.188



9.154 9.075 22.68 20.195 17.54 17.07



16.43 16.158 37.53 35.96 30.64 30.39



250 � C with a small broad endothermic peak at 221.10 � C, which can be seen as the water loss contained in the sample crystals. The actual weight loss rate of the sample (20.97%) is almost consistent with a theoretical weight loss rate of dehydration process (19.82%) calculated from the dehydration of MeC2O4⋅2H2O (Me ¼ metal ion). In the first stage of weight loss, the possible dehydration reaction could be expressed in Eq. (2):



3.2. Characterization of the precursor, intermediate, and recovered LiNi0.5Co0.2Mn0.3O2 SEM images of the Ni0.5Co0.2Mn0.3C2O4⋅2H2O precursor, the (Ni0.5Co0.2Mn0.3)3O4 intermediate and regenerated LiNi0.5Co0.2Mn0.3O2 are displayed in Fig. 5. Both of them are composed of homogeneous spherical particles. The (Ni0.5Co0.2Mn0.3)3O4 (Fig. 5(b)) intermediate has a narrower particle size than the Ni0.5Co0.2Mn0.3C2O4⋅2H2O (Fig. 5 (a)) precursor, which is due to the release of carbon dioxide from the pyrolysis of oxalate precursor to form oxide intermediate. The regen erated LiNi0.5Co0.2Mn0.3O2 (Fig. 5(c)) maintains the sphericity and uniformity of the Ni0.5Co0.2Mn0.3C2O4⋅2H2O precursor and the (Ni0.5C o0.2Mn0.3)3O4 intermediate. Therefore, we can conclude that the morphology of the precursor has a certain effect on the morphology of the final product. The XRD patterns of the Ni0.5Co0.2Mn0.3C2O4⋅2H2O precursor, the (Ni0.5Co0.2Mn0.3)3O4 intermediate, and the regenerated LiNi0.5 Co0.2Mn0.3O2 are showed in Fig. 6. The XRD patterns of the Ni0.5C o0.2Mn0.3C2O4⋅2H2O precursor is similar to the XRD pattern of monoclinic α-FeC2O4⋅2H2O. The (Ni0.5Co0.2Mn0.3)3O4 intermediate was obtained by heating the Ni0.5Co0.2Mn0.3C2O4⋅2H2O precursor in the air for 5 h at 500 � C, shows a spinel-type structure corresponding to that of Co3O4. The recovered LiNi0.5Co0.2Mn0.3O2 belongs to the hexagonal α-NaFeO2 structure (space group: R3m). Its diffraction peak and back ground are clear, demonstrating that the NCM material has high purity and crystallinity. Also, an ordered layered structure of the material was proven by the peak splitting of two pairs of peaks (006)/(102) and (108)/(110) [24]. Fig. 7(a) demonstrates the TG-DSC curves of the Ni0.5Co0.2Mn0.3C2O4 ⋅2H2O precursor. The weight loss of the material was exhibited by two steps. First, a clear weightlessness process can be observed from 50 � C to



ðNi0:5 Co0:2 Mn0:3 ÞC2 O4 � 2H2 O → ðNi0:5 Co0:2 Mn0:3 ÞC2 O4 þ 2H2 O



(2)



Then, a very large weightlessness flat platform appeared in the 250–500 � C range with a strong exothermic peak at 317.15 � C, due to oxalate decomposition. When the temperature is over 500 � C, the decomposition reaction is completed. The metal ions in the oxalate are recombined to form oxides. The theoretical value of weight loss is 36.70 wt % in the reaction and it is closely coincident with the observed value 36.94 wt %. The oxalic acid precursor was decomposed in air, as shown in Eq. (3): 6ðNi0:5 Co0:2 Mn0:3 ÞC2 O4 þ 4O2 → 2ðNi0:5 Co0:2 Mn0:3 Þ3 O4 þ 12CO2



(3)



The TG-DSC curves of the mixture of (Ni0.5Co0.2Mn0.3)3O4 interme diate and Li2CO3 are shown in Fig. 7(b). The endothermic peak at 130.14 � C corresponds to the water loss absorbed from the mixture. With the increase of temperature, (Ni0.5Co0.2Mn0.3)3O4 reacted with Li2CO3 to form LiNi0.5Co0.2Mn0.3O2. When the temperature exceeds 900 � C, the mass change is not obvious; it can be considered that the reaction is completed. The value of weight loss is calculated from Eq. (4), showing a slight difference with the weight loss determined by the TG experiment (16.70 wt % vs. 17.26 wt %). 4ðNi0:5 Co0:2 Mn0:3 Þ3 O4 þ 6Li2 CO3 þ O2 → 12LiðNi0:5 Co0:2 Mn0:3 ÞO2 þ 6CO2



(4)



Table 1 lists the metal contents of the Ni0.5Co0.2Mn0.3C2O4 precursor, the (Ni0.5Co0.2Mn0.3)3O4 intermediate, and the LiNi0.5Co0.2Mn0.3O2 6
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Fig. 8. XRD patterns of samples synthesized at different calcination temperatures.



Fig. 9. SEM images of LiNi0.5Co0.2Mn0.3O2 prepared with various calcination temperatures: (a) 750 � C, (b) 800 � C, (c) 850 � C, and (d) 900 � C. 7
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Fig. 10. (a) Initial charge and discharge curves, (b) cycle performances and (c) rate capability of LiNi0.5Co0.2Mn0.3O2 prepared with different calcination temper atures between 2.7 and 4.3 V.



material. The actual value of the metal composition in the samples is the same as the theoretical value. The molar ratio of nickel, cobalt and manganese is approximately 5:2:3 and the molar ratio of Li: Me (Me ¼ Ni, Co, and Mn) in the recovered NCM material is close to 1:1. The re sults of ICP-AES show that there are almost no impurity metal ions such as Fe、Cu in the sample (less than 0.1 mg/L, respectively). Therefore, the electrochemical performances of the recovered cathode materials will not be affected by the impurities.



degree of cation mixing is confirmed to be low [25,26]. For hexagonal units, the ratio of lattice parameters a and c can characterize the integrity of the hexagonal structure. Generally, the hexagonal structure is considered to be very regular when c/a >4.899 [27]. The diffraction peaks of the cathode materials obtained at 750 � C were low, the peaks were obviously broadened, and there was no splitting in (006)/(102) and (108)/(110) peaks, indicating that the lamellar structure of the samples was not complete. With the increase of sintering temperatures, the diffraction intensity of the cathode material increases obviously, and the peaks of (006)/(102) and (108)/(110) are apparently split, demonstrating that the sample has excellent crystalli zation performance and regular layer structure. The R1 value enhanced at first and started to drop after it reaches the highest point, which is the maximum value of 1.23 at 850 � C. The R2 value was the minimum value of 0.53 at this time, which indicates that the cathode material should have the best layered structure and the minimum cationic mixing. The values of c/a at all temperatures are greater than 4.899, which indicates that the layered structure is very regular. Based on the above results, it can be predicted that the cathode material obtained at 850 � C should have the best electrochemical performance. The SEM images of regenerated LiNi0.5Co0.2Mn0.3O2 material are displayed in Fig. 9. The particle size of the sample increases with the enhancement of the calcination temperature. When the temperature is below 850 � C, the particle size is relatively small, and the particle size is not fully developed and grown. At 850 � C, the particles were small and



3.3. Optimum conditions of resynthesis process Effect of calcination temperature: The effect of sintering temper ature on the synthesis of cathode materials, for example, crystal struc ture, particle size and morphology, was examined by varying the sintering temperature from 750 � C to 950 � C with a sintering time of 12 h, a lithium metal ratio (Li/Ni þ Co þ Mn) of 1.05. The XRD patterns of NCM prepared with various sintering temperatures are depicted in Fig. 8. All four samples can be indexed to the hexagonal α-NaFeO2 structure and no impurity peaks were found. The definite (006)/(102) and (108)/(110) peak splits illustrate that the NCM material sample has a well-ordered layered structure. The intensity ratios of I003/I104 (R1) and (I102þI006)/I101 (R2) can be used to characterize the hexagonal ordering and the degree of cation mixing. A lower cation mixing degree and a better hexagonal ordering in the crystal can be achieved with a higher R1 value and a smaller R2 value. Generally, when R1 > 1.2, the 8
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Fig. 11. XRD patterns of samples synthesized at different calcination times.



dispersed evenly. When the temperature rises above 850 � C, the particle size increases abnormally. Fig. 10(a) shows the initial charge-discharge curves of the samples



synthesized at different calcination temperatures at 0.2 C (between 2.7 and 4.3 V). The initial discharge capacities for samples calcined at 750 � C, 800 � C, 850 � C and 900 � C are 138.688, 154.369, 149.528 and



Fig. 12. SEM images of LiNi0.5Co0.2Mn0.3O2 prepared with various calcination times: (a) 6 h, (b) 12 h, and (c) 18 h. 9
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Fig. 13. (a) Initial charge and discharge curves, (b) cycle performances of LiNi0.5Co0.2Mn0.3O2 prepared at different calcination times between 2.7 and 4.3 V.



140.134 mAh/g, with coulomb efficiencies of 82.41%, 84.66%, 87.25%, and 82.54% respectively. As displayed in Fig. 10(b), the corresponding discharge capacities after 100 cycles under 1 C are 79.675, 92.156, 115.655 and 84.596 mAh/g, respectively, and the capacity retention rates are 75.67%, 69.65%, 85.45% and 72.72%, respectively (shown in Table S1). Excellent rate capability tends to be obtained by calcining at 850 � C from Fig. 10(c). The discharge capacity of the battery decreases as the current density increases and synthetic samples under 850 � C has the best rate capability; its discharge capacities under different current density are higher than other samples. The initial discharge capacities corresponding to 0.1, 0.2, 0.5, 1C are 147.507, 141.189, 132.63, and 119.112 mAh/g, respectively (shown in Table S2). The initial discharge capacity under a high current density of 2 C is 104.28 mAh/g, with a capacity retention of 70.69%. When the current density was returned to 0.1 C, the capacity bounced back to 138.51 mAh/g and it was 93.90% of



the initial discharge capacity. This demonstrates that the structural integrity of the cathode material remained stable at high current density. Lower or higher calcination temperatures will lead to poor electro chemical performance. The underdeveloped crystal structure synthe sized at low temperature is prone to collapse when lithium-ion is repeatedly detached. Large particle size caused by high-temperature calcination will reduce the diffusion rate of Li-ions in the solid phase and the infiltration degree of electrolyte [28]. Effect of calcination time: The effect of calcination time on the material structure is discussed by varying from 6 h to 18 h, as shown in Fig. 11. When the calcination time is 6 h, the R1 value is 1.05, and the unseparated peaks are (006)/(012) and (108)/(110) pairs. The no splitting of (006)/(012) and (108)/(110) pairs indicates a low crystal linity and incomplete lamellar structure due to the short calcination



Fig. 14. XRD patterns of samples synthesized at different Li/M ratios. 10
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Fig. 15(a) is the first charge and discharge curve of the sample syn thesized with different lithium metal ratios at 0.2 C (2.7–4.3 V). When the lithium metal ratio was 1.00, 1.05 and 1.10, the corresponding sample material’s first discharge capacity was 149.443, 149.528 and 142.174 mAh/g, and the coulomb efficiencies were 87.03%, 87.25% and 81.49%, respectively. As shown in Fig. 15(b), after 100 cycles under 1 C, the corresponding capacities are 101.994, 115.655 and 83.067 mAh/g, and the capacity retention rates are 74.11%, 85.45% and 66.87%, respectively. It can be seen that the electrochemical perfor mance for the lithium metal ratio of 1.05 is better than the other ratio. In the actual sintering process, lithium will volatilize, resulting in the lithium metal ratio of the product is less than that of the raw material. Therefore, incomplete crystal structure and increasing cation-mixing degree will occur with the lithium metal ratio of 1.00. When the lithium metal ratio is 1.10, too much lithium enters the material struc ture, causing the material to deviate from the layered structure, and the mixing degree of cation will increase.



Table 2 Crystal parameters of LiNi0.5Co0.2Mn0.3O2 synthesized at different Li/(Ni þ Co þ Mn) ratios. Li/M



a/nm



c/nm



c/a



I003/I104



(I006þI012)/I101



I003



1.00 1.05 1.10



2.8780 2.8637 2.8816



14.1900 14.1639 14.1764



4.9305 4.9460 4.9196



1.07 1.23 1.16



– 0.53 0.58



903 2072 2275



time. Appropriate extension of calcining time promotes grain develop ment to be perfect, which leads to an improved crystallinity. The R1 value of 1.23 at 12 h with a splitting of (006)/(012) and (108)/(110) pairs shows that the lamellar structure of the product tends to be com plete and its order is improved. The calcination time of 18 h witnesses an R1 value of 1.01 with undivided peaks of (006)/(012) and (108)/(110) pairs. The phenomenon indicates an undesirable cation mixing caused by the volatilization of lithium-ion in long sintering time. Hence, the best electrochemical property is most likely to occur at 12 h. Fig. 12 manifests the SEM images of NCM cathode material prepared with distinct calcination times. The primary particles of the material increase with increasing calcination time, which will reduce the specific surface area of the material and go against the release of Li-ions in the material. Fig. 13(a) displays the initial charge-discharge curves of the samples synthesized under different calcining times at 0.2 C. The initial discharge capacities of sample materials are 163.38, 149.528 and 148.247 mAh/g respectively, and the initial charge and discharge effi ciency is 74.07%, 87.25% and 60.99% respectively. As shown in Fig. 13 (b), the corresponding capacity after 100 cycles in 1 C is 102.718, 115.655 and 87.40 mAh/g, and the capacity retention rate is 72.91%, 85.45%, and 70.55% respectively. Therefore, the electrochemical per formance is better with a calcining time of 12 h. In addition, the capacity showed obvious fluctuation during cycling test (Fig. 13(b)). It’s mainly caused by the occasionally poor contact between the electrode and the electrolyte. For better utilization of the electrolyte to achieve greater electrochemical performance, studies of the press density and the modifications of electrode materials [29,30] have been reported previously. Effect of a lithium metal ratio: The effect of lithium metal ratio (Li/ Ni þ Co þ Mn) on the synthesis of cathode materials was studied by changing it between 1.00 and 1.10 under calcining conditions of 850 � C, 12 h (Fig. 14). When the lithium metal ratio is 1.00, 1.05 and 1.10, the R1 value is 1.07, 1.23 and 1.16, respectively (Table 2). The peak splitting degree of (006)/(012) and (108)/(110) pairs from lithium metal ratio of 1.00 and 1.10 were not as obvious as that of 1.05. Therefore, it can be predicted that the material will have a better layered structure and better electrochemical properties with a Li/M ratio of 1.05.



3.4. Material balance of the recycling process To figure out the material balance during the full recovering process, input and output material balance are presented in Table 3. Due to the precipitation rate of oxalate precursor is close to 100%, nickel, cobalt and manganese ions in the leaching solution can be completely regen erated into fresh cathode material of LiNi0.5Co0.2Mn0.3O2. Therefore, the high recovery value part of the waste LIBs can be effectively recycled. In addition, the waste acid produced after co-precipitation needs to be treated sustainably or recycled; otherwise, it may lead to secondary pollution. In the process of synthesis of cathode material precursor by oxalic acid co-precipitation, weak acids such as citric acid (H3Cit) and phosphoric acid (H3PO4) in the solution can be replaced by more acidic oxalic acid (H2C2O4), which is equivalent to regenerative leaching agent. Therefore, the filtrate after oxalic acid co-precipitation can be reused for the leaching of cathode materials, to realize cyclic leaching. Most of the lithium was not precipitated out in the oxalate coTable 3 Material balance of the system. Process input materials



Process output materials



Materials



Amount



Unit



Materials



Amount



Unit



Li, Ni, Co, Mn ions in the leachate Oxalic acid Li2CO3



20



g/L



�20



g/L



0.4 21



M g/L



Fresh LiNi0.5Co0.2Mn0.3O2 Waste acid solution Liþ in the leachate



0.6 20



M g/L



Fig. 15. Initial charge and discharge curves, cycle performances of LiNi0.5Co0.2Mn0.3O2 prepared with different Li/M ratios between 2.7 and 4.3 V. 11
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precipitation process, so lithium ions were enriched in the filtrate after cyclic leaching. The lithium in the lithium-rich filtrate can be adsorbed by λ-MnO2 ion-sieves [31,32]. The experiments on circulating leaching and lithium recovery will be explored in the future.
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4. Conclusions LiNi0.5Co0.2Mn0.3O2 cathode material of spent lithium-ion batteries was successfully regenerated by mixed acid leaching, oxalate coprecipitation, and high-temperature solid-phase reaction. The precipi tation rates of Ni, Co, Mn were close to 100% under optimal conditions of 50 � C, pH of 1.98, r of 1.20. Relatively low temperature is not conducive for precipitation particle growth, and high temperature (over 60 � C) occurred to severe adhesion phenomenon of the particles. Metal ions in the solution are more likely to be complexed by excess ammonia in a high pH value circumstances, which should be avoided in the re covery process. Despite the metal ions precipitated swiftly, the forma tion of spherical oxalate precursor enjoys a relative long aging time of 24 h. Characterizations of SEM, XRD, TG-DSC, and ICP-AES proved that Ni0.5Co0.2Mn0.3C2O4⋅2H2O precursor, (Ni0.5Co0.2Mn0.3)3O4 intermedi ate and the regenerated LiNi0.5Co0.2Mn0.3O2 have spherical regularity and uniform particle size. With a calcination temperature of 850 � C, the regenerated cathode particles were fully developed without increased abnormally. A Li/M ratio of 1.05 can be considered as a supplement to the incomplete crystal structure of the cathode material but not too much to cause the material to deviate from the layered structure, or to increase the mixing degree of cation. The regenerated LiNi0.5Co0.2Mn0.3O2 shows an initial discharge ca pacity of 149.528 mAh/g at 0.2 C, and an initial discharge capacity of 135.351 mAh/g at 1 C, with the capacity retention ratio of 85.45% after 100 cycles. The decent electrochemical performances illustrate the regenerative cathode material by this process could be used in nextgeneration lithium-ion batteries. Declaration of competing interest The authors declared that they have no conflicts of interest to this work. Acknowledgments The authors acknowledge with gratitude for the financial support of the National Natural Science Foundation of China (No. 21376269) and the project supported by the Hunan Provincial Science and Technology Plan, China (No. 2016TP1007). Appendix A. Supplementary data Supplementary data to this article can be found online at https://doi. org/10.1016/j.vacuum.2020.109181. References [1] L.P. He, S.Y. Sun, X.F. Song, J.G. Yu, Leaching process for recovering valuable metals from the LiNi1/3Co1/3Mn1/3O2 cathode of lithium-ion batteries, Waste Manag. 64 (2017) 171–181. [2] J. Li, P. Shi, Z. Wang, Y. Chen, C.-C. Chang, A combined recovery process of metals in spent lithium-ion batteries, Chemosphere 77 (2009) 1132–1136. [3] L. Li, R. Chen, F. Sun, F. Wu, J. Liu, Preparation of LiCoO2 films from spent lithiumion batteries by a combined recycling process, Hydrometallurgy 108 (2011) 220–225. [4] M.K. Jha, A. Kumari, A.K. Jha, V. Kumar, J. Hait, B.D. Pandey, Recovery of lithium and cobalt from waste lithium ion batteries of mobile phone, Waste Manag. 33 (2013) 1890–1897. [5] X. Chen, H. Ma, C. Luo, T. Zhou, Recovery of valuable metals from waste cathode materials of spent lithium-ion batteries using mild phosphoric acid, J. Hazard Mater. 326 (2017) 77–86. [6] L. Sun, K. Qiu, Organic oxalate as leachant and precipitant for the recovery of valuable metals from spent lithium-ion batteries, Waste Manag. 32 (2012) 1575–1582.
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