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Abstract: The cathode materials of spent lithium-ion batteries (LIBs) were recovered via reductive roasting, Na2CO3 
leaching, and ammonia leaching. The effects of roasting parameters, Na2CO3 leaching parameters, and ammonia 
leaching parameters on the leaching efficiencies of metals were explored. The results show that the mineral phase of 
spent LIBs is reconstructed during reductive roasting, and more than 99% of Li can be preferentially leached via 
Na2CO3 leaching. Ni (99.7%) and Co (99.9%) can be leached via one-step ammonia leaching, and Mn cannot be 
leached. Thus, good leaching selectivity is achieved. The kinetic study shows that the leaching of Ni and Co conforms 
to chemical reaction control. 
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1 Introduction 
 

The lithium-ion battery (LIB) industry has 
developed rapidly with the support of the new 
alternative energy automobile industry. Lithium-ion 
battery production reached 3.74 million tons in 
2016, according to relevant reports [1]. The rapid 
development of LIBs has led to the emergence of a 
larger number of spent LIBs. It has been estimated 
that the end-of-life LIBs will reach approximately 
11 million tons by 2030 [2]. End-of-life LIBs 
contain heavy metals (Ni, Co, Mn, Li, Al, etc.) and 
electrolytes, which are all harmful substances. If the 
batteries were discarded directly without treatment, 
the environment would become severely polluted, 
and human survival would also be threatened [3]. 
At the same time, with the widespread use of LIBs, 
the demand for the raw materials obtained from 
them, including valuable metals, has also increased 
sharply. Valuable metals in spent LIBs provide 
important raw materials to be reused. If an effective 

method is developed to retrieve valuable metals 
from spent LIBs, it would provide an important 
benefit for environmental protection and the 
possibility to reuse valuable resources. 

The recovery and treatment of spent LIBs has 
already been studied extensively [4,5]. The 
hydrometallurgical recovery of cathode materials 
has aroused widespread attention [6,7] because of 
its low energy consumption and benefit to the 
environment. Valuable metals such as Ni, Co, Mn, 
Li, Cu, and Al are leached by acid [8]. H2SO4 [9] 
and citric acid [10] are generally used to leach 
valuable metals, with high leaching efficiency. 
However, acid leaching is applied to leaching most 
metals with poor selectivity, which increases the 
costs of subsequent separation and purification, and 
strong acids cause corrosion of the equipment. The 
ammonia leaching method has aroused considerable 
concern due to its high selectivity [11]. Metals such 
as Ni, Co, Li, and Cu, which can be complexed 
with ammonia, are leached, while other metals  
such as Mn and Al are not leached. WANG et al [8] 
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developed a reduction-ammoniacal method and 
used ammonia, ammonium salts, and reduction 
agents to leach metals. In total, 100% Co, 98.3% Ni, 
and 90.3% Li were dissolved within the solutions. 
QI et al [12] proposed an ammonia leaching method 
and used an NH3·H2O−NH4HCO3−Na2SO3 solution 
to leach Co and Li, with leaching efficiencies of 
91.16% and 97.57%, respectively. WU et al [13] 
used a ternary leaching system (NH3−(NH4)2SO3− 
NH4HCO3) to leach Li, Ni, Co, Cu, and Al. In  
their study, Li, Co, Ni, and Cu achieved high 
leaching efficiencies, whereas Al was barely 
leached. WANG et al [14] proposed an NH3− 
(NH4)2CO3−Na2SO3 leaching system, and 79.1% of 
Li, 86.4% of Co, and 85.3% of Ni were selectively 
leached. 

The above study indicated that Ni, Co, Li, and 
Cu could be selectively leached by a system of 
ammonia, ammonium salts, and reducing agents. 
However, similar to acid leaching, Li is leached 
together with Ni and Co, and the separation of Li 
from nickel−cobalt is expected to cause a loss of Li. 
The prioritized recovery of Li causes a technical 
bottleneck for the efficient recovery of Li; 
meanwhile, the leaching efficiencies of metals are 
not high. MA et al [15] preferentially leached Li 
through carbothermic reduction−water immersion, 
and then Ni and Co were leached using the 
ammonia leaching method. However, the leaching 
efficiency of Li was only 82.2%, and 97.7% Ni and 
99.1% Co could be selectively leached by NH3·H2O 
and (NH4)2SO3. Therefore, the leaching efficiencies 
of Li and Ni need to be improved. 

In this study, (NH4)2SO3 was used as the 
reducing agent to reconstruct the mineral phase 
through reductive roasting. Li was preferentially 
recovered by Na2CO3 leaching, which prevented the 
loss of Li+ during the subsequent separation process. 
The mechanism of phase transformation was 
analyzed and discussed based on the morphology 
and valence state of the pre-roasted and 
post-roasted cathode materials. Ni and Co were 
selectively leached by ammonia leaching, and Mn 
was recovered as MnCO3. The kinetics of Ni and 
Co during ammonia leaching were studied. In 
addition, the effects of different reductive roasting 
conditions and leaching conditions on Li, Ni, and 
Co were also investigated, and the recovered 

Li2CO3 and MnCO3 were characterized and 
analyzed. 
 
2 Experimental 
 
2.1 Materials and analysis 

The cathode material used in this study was 
Li(NixCoyMnz)O2, which was provided by an LIB 
recovery company in Guangzhou, China. After 
crushing, the spent cathode material was first 
roasted in a muffle furnace at 550 °C for 1 h to 
separate the active material from the Al foil and 
remove the binder and conductive agent [16]. Then, 
the active material was passed through a 325-mesh 
sieve, and the metal content was measured by 
atomic absorption spectroscopy (AAS, TAS−990F). 
The results are presented in Table 1. All reagents 
used in this study were of analytical grade, and the 
solutions were diluted with deionized water. 
 
Table 1 Contents of metals in spent cathode material 
(wt.%) 

Ni Co Mn Li Al Cu* 

17.2 6.2 35.2 6.3 0.72 0.08 
*−mg/g 

 
2.2 Mineral phase reconstruction by roasting 

Mineral phase reconstruction of the cathode 
materials was carried out by roasting, and Li was 
preferentially leached in a sodium carbonate 
solution, with priority recovery of Li achieved. The 
cathode materials and (NH4)2SO3 were uniformly 
mixed and roasted in a tube furnace in a N2 
atmosphere at 550 °C for 150 min. To study the 
effect of the roasting process on the mineral phase 
reconstruction, the pre-roasted and post-roasted 
cathode materials were characterized and analyzed 
using a scanning electron microscopy (SEM, 
Quanta 250) with energy-dispersive X-ray 
spectroscopy (EDS), X-ray diffraction (XRD, 
Bruker AXS D8 Advance), and X-ray photoelectron 
spectroscopy (XPS, Thermo ESCALAB 250XI). 
The effect of the additive ((NH4)2SO3) on the 
leaching efficiency of Li was investigated under the 
same Na2CO3 leaching conditions: a liquid-to-solid 
ratio of 50:1, a leaching temperature of 0 °C, a 
molar ratio of 1:1.3 for the cathode materials and 
Na2CO3, and a treatment period of 3 h. 
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2.3 Recovery of lithium 
The post-roasted cathode materials and 

Na2CO3 were first added into a round bottom flask 
at specific molar ratios (1:0, 1:1, 1:1.3, and 1:1.5) 
and then leached for set time periods (2, 2.5, 3, and 
3.5 h) for different liquid-to-solid ratios (20:1, 40:1, 
50:1, 60:1, and 80:1) at 0 °C. The mixture was 
filtered immediately after reaching the reaction  
time, and the filter cake was washed three times 
with deionized water at 0 °C. The metal content in 
the leachate was measured by AAS, and the 
leaching efficiencies (%) of metal ions were 
calculated using Eq. (1): 
 

0 0
100%cVx

m w
= ×                         (1) 

 
where m0 (g) is the mass of the cathode materials 
used in this experiment, w0 (%) is the metal ion 
content in the cathode material, c (g/L) is the 
concentration of metal ions in the leachate, and   
V (L) is the volume of leachate. The filter cake was 
first dried in a drying oven and then used in 
subsequent ammonia leaching experiments. Li2CO3 
in the leachate was recovered by evaporation and 
concentration, and the recovered Li2CO3 was 
characterized by XRD. The leaching residue was 
characterized using XRD and SEM. 
 
2.4 Recovery of Ni and Co 

Ammonia leaching experiments were carried 
out in a three-necked flask equipped with a reflux 
device. The dried Na2CO3 leaching residue was 
added to the ammonia leaching solution according 
to a liquid-to-solid ratio (20:1, 30:1, 40:1, 50:1, 
60:1, 80:1, and 100:1). The ammonia leaching 
solution was composed of NH3H2O (2, 3, 4, and 
5 mol/L), (NH4)2CO3 (1, 2, 2.5, 3, and 4 mol/L), 
Na2SO3 (0.1, 0.2, 0.3, 0.4, and 0.5 mol/L) and 
deionized water. Ammonia leaching experiments 
were carried out at specific temperatures (20, 40, 60, 
and 80 °C) as well as for a prescribed time (1, 2, 3, 
4, 5, and 6 h). The ammonia leachate was filtered 
immediately after reaching the reaction time, and 
the filter cake was washed three times. The metal 
ion content in the ammonia leaching solution was 
measured by AAS, and the leaching efficiency of 
metals was calculated using Eq. (1). The ammonia 
leaching residue was dried in a drying oven and 
analyzed by XRD. 

 
3 Results and discussion 
 
3.1 Priority recovery of lithium 
3.1.1 Characterization and analysis of pre-roasted 

and post-roasted cathode materials 
The pre-roasted and post-roasted cathode 

materials were characterized by XRD, SEM, EDS 
and XPS. The XRD patterns of the pre-roasted  
and post-roasted cathode materials are shown    
in Figs. 1(a, b), respectively. The crystal plane 
diffraction peaks of the pre-roasted cathode 
materials were consistent with those of standard 
Li(NixCoyMnz)O2. However, these diffraction peaks 
were not observed in the post-roasted cathode 
materials; obvious diffraction peaks of Li2SO4, 
CoSO4, NiSO4, Co3O4, MnO2, and (NiO)m·(MnO)n 
are shown in Fig. 1(b). 
 

 
Fig. 1 XRD patterns of pre-roasted (a) and post-  
roasted (b) cathode materials 
 

The morphologies of the pre-roasted and 
post-roasted cathode materials were characterized 
by SEM, as shown in Figs. 2(a, c), respectively. The 
EDS results are shown in Figs. 2(b, d), respectively. 
From Figs. 2(a, c), it can be seen that the 
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morphology of the pre-roasted cathode materials 
was spherical and the surface was relatively smooth. 
However, the spherical structure was destroyed 
after roasting, and the surface became rough. It can 
be observed from Figs. 2(b, d) that Ni, Co, and Mn 
were uniformly distributed on the surface of the 
cathode materials, while the distribution of Cu and 
Al was uneven and the amounts were small. 

To further explore the change in the valence 
state of metals during reductive roasting, the 
pre-roasted and post-roasted cathode materials were 
analyzed by XPS. The Ni 2p spectra of the 
pre-roasted and post-roasted cathode materials are 
shown in Fig. 3(a). The binding energies of the 
main peaks for the pre-roasted cathode materials at 

Ni 2p3/2 and Ni 2p1/2 were 855.3 and 872.75 eV, 
respectively, and these peaks were attributed     
to Ni2+ [17]; The peaks at 861.86 and 879.88 eV 
corresponded to the satellite peaks of Ni 2p3/2 and 
Ni 2p1/2, respectively [18]. For the post-roasted 
cathode materials, the characteristic peaks at 855.3 
and 873.69 eV corresponded to Ni2+ [19], revealing 
that the Ni element always existed in the divalent 
state, and had no change in valence state. The Co 2p 
spectra of the pre-roasted and post-roasted cathode 
materials are shown in Fig. 3(b). For the pre- 
roasted cathode materials, the major peaks of     
Co element with binding energies at 780.7 and 
795.55 eV (Co 2p3/2 and Co 2p1/2) were assigned to 
Co3+ [20,21]. In the post-roasted cathode materials, 

 

 
Fig. 2 SEM images (a, c) and EDS results (b, d) of pre-roasted (a, b) and post-roasted (c, d) cathode materials  
 

 
Fig. 3 XPS scans of Ni 2p (a), Co 2p (b), and Mn 2p (c) of pre-roasted and post-roasted cathode materials 
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the main peak of Co 2p3/2 was fitted by 780.5 and 
781.5 eV, corresponding to Co3+ and Co2+ [22], 
respectively. This proved that part of the Co was 
reduced from trivalence to divalence after roasting. 
The Mn 2p spectra of the pre-roasted and post- 
roasted cathode materials are shown in Fig. 3(c). 
The peaks near 642.8 and 654.2 eV (Mn 2p3/2   
and 2p1/2) in the pre-roasted cathode materials 
corresponded to Mn4+ [23,24]. The binding energies 
at Mn 2p3/2 of the post-roasted cathode materials 
were 641.7 and 643.1 eV, attributed to Mn2+ and 
Mn4+ [23,25], respectively; The binding energies  
at Mn 2p1/2 were 646.88 and 654 eV, and 
corresponded to Mn2+ and Mn4+ [24,26], 
respectively. Part of the Mn was reduced from 
tetravalence to divalence after roasting. The 
characterization results of XRD, SEM, and XPS 
proved that some metals were reduced by 
(NH4)2SO3 during the roasting process, and the 
mineral phase structure of the cathode materials 
was reconstructed. 
3.1.2 Mineral phase reconstruction of cathode 

materials during roasting process 
The mineral phase reconstruction of the 

cathode materials during the roasting process is 
shown in Fig. 4. The uniformly mixed cathode 
materials and (NH4)2SO3 were roasted in N2 
atmosphere. (NH4)2SO3, which is easily 
decomposed by heat, produces SO2. The trivalent 
Co and tetravalent Mn were reduced to a divalent 
state, and SO2 was transformed into SO4

2− when the 
cathode materials were in sufficient contact with 
SO2. At the same time, as the frame structure of the 
cathode materials was destroyed, the stable 
chemical bond between the metals and oxygen 
atoms was also destroyed, and the Li escaped from 
the lattice. Ni2+, Co2+, and Mn2+ produced new 
substances with other elements, such as CoSO4, 
 

 

Fig. 4 Reductive roasting process 

NiSO4, and (NiO)m·(MnO)n. Co3+ and Mn4+ were 
not completely reduced owing to insufficient 
contact with SO2 during roasting. The stable crystal 
structure was destroyed by the reduction reaction, 
and the unreduced metal ions combined with 
oxygen atoms to form Co3O4 and MnO2. 
3.1.3 Effect of additive (NH4)2SO3 dosage on 

leaching efficiency of Li during roasting 
Lithium recovery was prioritized after roasting. 

To explore the effect of the reducing agent on the 
leaching efficiency of Li, the cathode materials 
were mixed with Na2SO3 and (NH4)2SO3, 
respectively, at the same molar ratio (2:1) and then 
roasted in a tube furnace filled with N2 at 550 °C 
for 150 min. After reductive roasting, the materials 
were leached under the same conditions (liquid-to- 
solid ratio of 30:1, leaching temperature of 0 °C, 
molar ratio of 1:1 for the cathode materials and 
Na2CO3, and leaching time of 2 h). The effects of 
different reducing agents on the leaching efficiency 
of Li are shown in Fig. 5(a). Compared with 
Na2SO3 (9%), the leaching efficiency of (NH4)2SO3  
 

 
Fig. 5 Effects of (NH4)2SO3 and Na2SO3 on leaching 
efficiencies of Ni, Co, Mn, and Li (molar ratio of cathode 
materials to additives of 2:1) (a) and effect of molar ratio 
of cathode materials to (NH4)2SO3 on leaching efficiency 
of Li (b) 
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on Li was significantly higher, reaching 88%. The 
leaching efficiencies of Ni, Co, and Mn were all 
less than 0.03%. This was because (NH4)2SO3 was 
thermally decomposed and produced a gas 
reduction during the roasting process, thereby 
increasing the reduction contact area with the 
cathode materials. The decomposition equation is 
shown in Reaction (2):  

4 2 3 3 2 2(NH ) SO 2NH SO H O↑ + ↑ +             (2) 
 

Since Na2SO3 cannot be decomposed thermally, 
its ability to reduce cathode materials is poor. 
Therefore, (NH4)2SO3 was selected as the reducing 
agent in subsequent experiments. 

The effect of the (NH4)2SO3 dosage on the 
leaching efficiency of Li is shown in Fig. 5(b). As 
the molar ratio of the cathode materials to 
(NH4)2SO3 increased from 1:1 to 2:1, the leaching 
efficiency of Li also gradually increased. When the 
molar ratio was increased from 2:1 to 3:1, the 
leaching efficiency of Li decreased from 96.7% to 
65.5%. 
3.1.4 Effect of sodium carbonate leaching 

parameters on leaching efficiency of Li 
Because the solubility of Li2CO3 decreased as 

the temperature increased [15], the optimal leaching 
temperature was selected as 0 °C. The effect of the 
leaching parameters on the Li leaching efficiency is 
shown in Fig. 6. As shown in Fig. 6(a), Li was 
recovered by water leaching (the molar ratio of 
cathode materials to Na2CO3 of 1:0) at liquid-to- 
solid ratio of 50:1, temperature of 0 °C, and 
leaching time of 3 h. In addition, 0.4% Ni, 0.86% 
Co, and 15.37% Mn were leached simultaneously. 
Ni2+, Co2+, and Mn2+ were converted to carbonate 
precipitates when Na2CO3 was added to the water 
leaching solution. Owing to the high solubility of 
Li2CO3 at 0 °C, it was found that Li could be 
preferentially recovered and separated from Ni, Co, 
and Mn. In addition, with the increase in Na2CO3 

dosage, the leaching efficiency of Li progressively 
increased at first and then tended to level off. This 
was because more CO3

2− promoted the precipitation 
of Ni2+, Co2+, and Mn2+, and thereafter promoted 
the leaching of Li+. When the molar ratio of cathode 
materials to Na2CO3 was 1:1.3, the leaching 
efficiency of Li+ was high, reaching 98.1%. 

The effect of the liquid-to-solid ratio on    
the leaching efficiency of Li was investigated. As 
shown in Fig. 6(b), the solution was not sufficient  

 

 

Fig. 6 Effect of molar ratio of cathode materials to 
Na2CO3 on leaching efficiencies of Li, Ni, Co, and Mn (a) 
and effects of liquid-to-solid ratio (b), and leaching  
time (c) on leaching efficiency of Li 
 
to dissolve more Li2CO3 when the liquid-to-solid 
ratio was less than 50:1, resulting in a lower Li 
leaching efficiency. With an increase in the 
liquid-to-solid ratio, the leaching efficiency of Li 
also increased and then tended to level off. In this 
experiment, the optimal liquid-to-solid ratio was 
selected as 50:1. 
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The effect of the leaching time on the leaching 
efficiency of Li is shown in Fig. 6(c). The time is 
positively related to the leaching efficiency of Li. 
When the leaching time was 3 h, the leaching 
efficiency of Li reached 98.1%. The leaching 
efficiencies of Al3+ and Cu2+ were not discussed in 
the experimental results because the Cu2+ content 
was less than 0.012 mg/g, and no Al3+ was detected. 
3.1.5 Characterization of Li2CO3 and Na2CO3 

leaching residue 
The XRD patterns of the recovered Li2CO3 and 

Na2CO3 leaching residue are shown in Figs. 7(a, b), 
respectively. From Fig. 7(a), it could be observed 
that the diffraction peaks of the recovered Li2CO3 
were in good agreement with the diffraction peaks 
of the standard Li2CO3. At the same time, no   
other impurities were detected. Compared with  
the XRD pattern (Fig. 1(b)) of the post-roasted 
cathode materials, the diffraction peaks of Li2SO4 
disappeared, and only the weak diffraction peak of 
Li2CO3 was observed from the XRD pattern of 
Na2CO3 leaching residue. The diffraction peaks of 
CoCO3, NiCO3, Co3O4, Mn3O4, MnO2 and 
(NiO)m·(MnO)n were also detected in Na2CO3 
leaching residue, which proved that Li was 
successfully and preferentially leached via Na2CO3 
leaching process. 

The SEM image and EDS results of the 
Na2CO3 leaching residue are shown in Figs. 8(a, b), 
respectively. The morphology of the leaching 
residue was almost spherical, which mainly 
corresponded to the destruction of the cathode 
material structure during the reductive roasting. 
Obvious lamellar morphology of the carbon 
element was observed in the SEM image, which 
was due to the formation of carbonate precipitation 
during the Na2CO3 leaching process. The same 

distribution of C and O was also clearly observed in 
the EDS spectra of the leaching residue, proving the 
formation of carbonate. 

 
3.2 Ammonia leaching of Ni and Co 
3.2.1 Effect of ammonia leaching parameters on 

leaching efficiency of Ni, Co, and Mn 
The effects of ammonia leaching parameters 

on the leaching efficiencies of Ni, Co, and Mn are 
shown in Fig. 9. Under different experimental 
conditions, the contents of Cu2+ were all less than 
0.06%, and no Al3+ was detected. The effect of 
leaching time on the leaching efficiencies of Ni, Co, 
and Mn was investigated with 3 mol/L of 
(NH4)2CO3, 0.5 mol/L of Na2SO3, 4 mol/L of 
NH3H2O, at temperature of 80 °C and liquid-to- 
solid ratio of 40:1. As shown in Fig. 9(a), the 
leaching efficiency of Mn was less than 0.2% for 
different ammonia leaching time. With an increase 
in the leaching time, the leaching efficiencies of Ni 
and Co gradually increased and then stabilized. At 
5 h, the leaching efficiencies of Ni and Co were 
higher, reaching 99.5% and 99.9%, respectively. 

NH3H2O and (NH4)2CO3 were used as the 
complexes to provide an ammonia source in the 
ammonia leaching solution. The effect of the 
(NH4)2CO3 dosage on the leaching efficiencies of Ni, 
Co, and Mn was investigated. As shown in Fig. 9(b), 
the leaching efficiency of Mn was below 0.12%. 
With an increase in the (NH4)2CO3 dosage from 1  
to 3 mol/L, the leaching efficiencies of Ni and   
Co increased from 81.4% and 85.2% to 99.5%  
and 99.9%, respectively. This could be attributed to 
the additional sources of ammonia which could 
react with Ni and Co. When the (NH4)2CO3 dosage 
was continuously increased, the leaching 
efficiencies of Ni and Co became steady. 

 

 
Fig. 7 XRD patterns of recovered Li2CO3 (a) and Na2CO3 (b) leaching residue 
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Fig. 8 SEM image (a) and EDS results (b−g) of Na2CO3 leaching residue 
 

 

Fig. 9 Effects of leaching time (a), (NH4)2CO3 dosage (b), Na2SO3 dosage (c), NH3H2O dosage (d), liquid-to-solid  
ratio (e) and temperature (f) on leaching efficiencies of Ni, Co, and Mn 
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XRD and XPS showed that the Co and Mn 
were still in a high valence state after reductive 
roasting, so they could not react with ammonia 
during ammonia leaching. Therefore, a small 
amount of reductant needed to be added to the 
ammonia leaching solution. The effect of the 
Na2SO3 dosage on the leaching efficiencies of Ni, 
Co, and Mn is shown in Fig. 9(c). It was found that 
the leaching efficiencies of Ni and Co were 
significantly improved by adding a reducing agent. 
When the Na2SO3 dosage was 0.1 mol/L, the 
leaching efficiencies of Ni and Co were only 63.4% 
and 78.6%, respectively. By increasing the dosage 
of the reducing agent, high-valence Co and Mn 
were fully reduced and reacted with ammonia to 
form soluble complexes. However, the complexes 
of Mn were unstable and changed into MnCO3 
precipitates along with CO3

2− in the ammonia 
leaching solution, so the leaching efficiency of Mn 
was less than 0.15%. The leaching efficiencies of 
Ni and Co remained relatively stable when the 
Na2SO3 dosage was more than 0.3 mol/L. In the 
subsequent experiments, the Na2SO3 dosage was 
selected as 0.3 mol/L. 

The effect of the NH3H2O dosage on the 
leaching efficiencies of Ni, Co, and Mn is shown in 
Fig. 9(d). The leaching efficiency of Mn is always 
low (approximately 0.1%). The leaching efficiency 
of Co was significantly higher than that of Ni at 
NH3H2O dosage less than 4 mol/L. The leaching 
efficiencies of Ni and Co tended to be the same 
when the dosage of NH3H2O was higher than 
4 mol/L. With an increase in the NH3H2O dosage, 
more ammonia was added to complex Ni and Co, 
thereby increasing the leaching efficiencies of Ni 
and Co. When the dosage of NH3H2O was 4 mol/L, 
the leaching efficiencies of Ni and Co were 97.8% 
and 99.9%, respectively, and tended to be stable. 

The effect of the liquid-to-solid ratio on the 
leaching efficiencies of Ni, Co, and Mn is shown in 
Fig. 9(e). The leaching efficiency of Mn was less 
than 0.25%. With an increase in the liquid-to-solid 
ratio, the contact area among ions increased, and the 
leaching efficiencies of Ni and Co first increased 
and then became steady. At 30:1, the leaching 
efficiency of Co reached 98.8%, but the leaching 
efficiency of Ni was only 93.6%. At 40:1, the 
leaching efficiencies of Ni and Co were higher, 
reaching 98.1% and 99.9%, respectively. 

The effect of temperature on the leaching 

efficiencies of Ni, Co, and Mn is shown in Fig. 9(f). 
The leaching efficiencies of Mn at 20, 40, and 
60 °C were 2.4%, 1.6%, and 1.6%, respectively. 
However, the leaching efficiency of Mn was only 
0.15% at 80 °C. This was attributed to the slower 
reaction rate at lower temperatures and the slower 
precipitation formation, which caused more Mn2+ to 
remain in the ammonia leaching solution. In 
addition, temperature had a significant influence on 
the leaching efficiencies of Ni and Co, and the 
leaching efficiency was positively and linearly 
correlated with temperature, which was attributed to 
the accelerated reaction rate and the increased 
frequency of molecular collisions. 
3.2.2 Composition of ammonia leaching residue 

Ni and Co could be selectively leached by 
ammonia, and Mn was recovered as MnCO3 from 
the ammonia leaching residue. The XRD pattern of 
the ammonia leaching residue is shown in Fig. 10. 
It could be seen that the diffraction peaks of the 
ammonia leaching residue were in line with the 
characteristic diffraction peaks of MnCO3; only 
small amounts of Mn3O4 and Al2O3 were detected  
in the ammonia leaching residue, and the 
characteristic peaks of existing impurities were not 
detected. Mn was recovered as MnCO3 in this study. 
 

 
Fig. 10 XRD pattern of ammonia leaching residue 
 
3.2.3 Kinetic analysis of ammonia leaching 

To fully understand the kinetics of Ni and Co 
in the ammonia leaching process and to determine 
the control steps, the kinetics of the leaching of  
the cathode materials was explored at different 
temperatures. The kinetics of ammonia leaching 
was based on the shrinking core model. This 
experiment conformed to the three conditions of the 
shrinking core model: (1) The cathode materials 
were passed through a 325-mesh sieve after 
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grinding and had uniform particle size; (2) the 
liquid-to-solid ratio of the ammonia leaching 
experiments was 40:1, and the concentration of 
reactant was high; (3) From the SEM image of   
the Na2CO3 leaching residue of cathode materials 
(Fig. 8(a)), it was found that the materials used in 
the ammonia leaching experiments were dense and 
almost spherical. Therefore, the shrinking core 
model was suitable for this experiment. Chemical 
reaction control and internal diffusion control are 
the two most typical models in the shrinking core 
model, and the corresponding equations are shown 
in Eqs. (3) and (4), respectively. The activation 
energies of Ni and Co were calculated using the 
Arrhenius equation, as shown in Eq. (5):  
1−(1−x)1/3=k1t                           (3)  
1−(2/3)x−(1−x)2/3=k2t                      (4)  

aexp Ek A
RT
− =  

 
                         (5) 

 
where k (min−1) is the rate constant, t (min) is the 
leaching time, A (min−1) is the frequency factor, Ea 
(J/mol) is the activation energy, R (8.314 J/(K·mol)) 
is the molar gas constant, and T (K) is the reaction 
temperature. 

The leaching kinetic curves of Ni and Co were 
divided into two stages. The period of 0−60 min 
was considered as the first stage; the period of 
60−300 min was considered the second stage of the 
ammonia leaching process. The data for Ni and Co 
in the ammonia leaching process were calculated 
using Eqs. (3) and (4): The chemical reaction 
control model was more suitable for the leaching 
process in this experiment than the internal 
diffusion control model. The fitting results of Ni 
and Co in 0−60 min and 60−300 min are listed in 
Table 2. The fitting results of the chemical reaction 
control model for Ni and Co at 20−80 °C are  
shown in Figs. 11(a, b), respectively. The activation  

energies of Ni and Co in 0−60 min were 29.1   
and 29.3 kJ/mol, respectively (Fig. 11(c)), and in 
60−300 min, they were 37.8 and 40.2 kJ/mol, 
respectively (Fig. 11(d)). The activation energies of 
0−60 min were smaller than those in 60−300 min, 
because the cathode materials were reduced during 
the roasting process. 
3.2.4 Mechanism of ammonia leaching 

Ni, Co, and Mn can be effectively separated by 
ammonia leaching experiments. The ammonia 
leaching process is illustrated in Fig. 12. The 
ammonia leaching solution was maintained at a 
relatively stable pH through the ionization balance 
of NH3H2O and (NH4)2CO3 in the ammonia 
leaching solution. A stable pH environment created 
a favorable complex environment for Ni, Co, and 
Mn to form stable complexes. The unreduced Ni, 
Co, and Mn in the roasting process were reduced to 
divalence by the reduction of Na2SO3. In the 
ammonia leaching solution, Ni2+, Co2+, and Mn2+ 
were complexed by free ammonia to form 
complexes of Ni(NH3)n

2+, Co(NH3)n
2+, and  

Mn(NH3) n
2+, respectively. Ni(NH3) n

2+ and Co(NH3)n
 2+ 

existed stably in the ammonia leaching solution, 
while Mn(NH3)n

2+ was unstable and precipitated 
easily to form MnCO3 with CO3

2−, which is 
consistent with previous reports [27]. Relevant 
reports [11] indicated that, when the pH of the 
ammonia leaching solution was 8−10, Ni(NH3) n

2+ 

mainly existed as Ni(NH3) 4
2+ and Ni(NH3) 5

2+, and 
Co(NH3)n

2+ mainly existed as Co(NH3)3
2+, Co(NH3) 4

2+, 
Co(NH3) 5

2+, and Co(NH3) 6
2+. The ammonia leaching 

reactions are shown as follows:  
2 2

3 3Ni NH Ni(NH )nn+ ++ = (n=4, 5)          (6) 
 

2 2
3 3Co NH Co(NH )nn+ ++ = (n=3, 4, 5, 6)      (7) 

 
2 2

3 3Mn NH Mn(NH )nn+ ++ =                (8) 
 

2 2
3 3 3 3Mn(NH ) CO MnCO NHn n+ −+ = ↓ +       (9) 

 
Table 2 Fitting results of chemical reaction control model for Ni and Co in 0−60 min and 60−300 min 

T/K 

Ni Co 

0−60 min  60−300 min 0−60 min  60−300 min 

k1/min−1 R2  k1/min−1 R2 k1/min−1 R2  k1/min−1 R2 

293.15 0.000433 0.99567  0.000108 0.98315 0.000485 0.95362  0.000099 0.99635

313.15 0.000958 0.99088  0.000359 0.99338 0.001040 0.95206  0.000334 0.94772

333.15 0.001820 0.99678  0.000631 0.99725 0.002100 0.99091  0.000561 0.97992

353.15 0.003220 0.99010  0.001650 0.99518 0.003730 0.99601  0.001890 0.99076
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Fig. 11 Relationship between 1−(1−x)1/3 and time for Ni (a) and Co (b) at 20−80 °C in leaching; Arrhenius plots of Ni 
and Co in 0−60 min (c) and 60−300 min (d) at 20−80 °C for leaching 
 

 

Fig. 12 Ammonia leaching process 
 
3.3 Comprehensive experiments 

To improve the leaching efficiencies of metals 
in LIB cathode materials, the reductive roasting 
conditions, Na2CO3 leaching conditions, and 
ammonia leaching conditions were explored, and 
the optimal conditions were obtained. Three sets of 
parallel experiments were performed under optimal 
conditions. The leaching efficiencies of the valuable 

metals are given in Table 3. In the Na2CO3 leaching 
experiments, the leaching efficiency of Li was 
above 99%, and the leaching efficiencies of Ni, Co, 
and Mn were below 0.5%, proving that Li could be 
preferentially leached. The leaching efficiencies of 
Ni and Co in the ammonia leaching experiments 
also exceeded 99%, and trace amounts of Cu were 
detected in the Na2CO3 leaching solution and 
ammonia leaching solution, but no Al was detected. 
In addition, pH changes were detected with time in 
the ammonia leaching solution of the three sets of 
parallel experiments under optimal conditions, as 
shown in Fig. 13. It was found that the pH of the 
ammonia leaching solution remained in a relatively 
stable state, proving that the ionization balance   
of NH3H2O and (NH4)2CO3 was effective at 
maintaining a stable pH. Meanwhile, Ni and Co 
were selectively leached via reductive roasting, 
Na2CO3 leaching, and ammonia leaching 
experiments. Mn and Al were leached in very small 
quantities. The leaching efficiencies of Ni and Co in 
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Table 3 Leaching efficiencies of valuable metals under optimal conditions 

Metal 
Leaching efficiency in  

 sodium carbonate leaching experiment/% 
Leaching efficiency in  

ammonia leaching experiment/% 
No. 1 No. 2 No. 3 No. 1 No. 2 No. 3 

Li 99.08 99.03 99.12 0.90 0.92 0.86 

Ni 0.010 0.011 0.010 99.38 99.01 99.76 

Co 0.028 0.028 0.029 99.9 99.47 99.89 

Mn 0.009 0.007 0.008 0.036 0.051 0.067 
 

 
Fig. 13 pH changes with time under optimal conditions 
 
this experiment were higher than those reported in 
other literature [11,13]. 
 
3.4 Recovery process of spent cathode materials 

Aiming at the environmental risks and 
economic benefits of spent LIB cathode materials, 
an efficient and novel strategy for recovering 
valuable metals from cathode materials was 
proposed. The recovery process of the cathode 
materials from spent LIBs is shown in Fig. 14. The 
high-valence Ni, Co, and Mn in the cathode 
materials were reduced to a low-valence state via 
reductive roasting. Li was preferentially recovered 
as Li2CO3 by Na2CO3 leaching, and the leaching 
efficiency of Li reached more than 99%. Ni and Co 
were selectively leached through ammonia leaching 
experiments, and Mn was recovered as MnCO3 
precipitates. Ni and Co reacted with free ammonia 
in the ammonia leaching solution to form 
water-soluble complexes; the leaching efficiencies 
of Ni and Co were more than 99%. The ammonia 
leaching solution containing Ni and Co could be 
used to re-prepare the cathode materials. Ammonia 
did not need to be added to complex Ni, Co, and 
Mn when preparing the cathode materials. 

 
Fig. 14 Recovery process of cathode materials for spent 
LIBs 
 
4 Conclusions 
 

(1) The high-valence Ni, Co, and Mn in the 
cathode materials were reduced to a low-valence 
state via reductive roasting, and the mineral phase 
of the cathode material was reconstructed. 
Subsequently, Li was preferentially recovered in the 
form of Li2CO3 via Na2CO3 leaching. The leaching 
efficiency of Li exceeded 99%. 

(2) Ni and Co were recovered via ammonia 
leaching. Ni (99.7%) and Co (99.9%) could be 
selectively leached through one-step ammonia 
leaching, while Mn could not be leached, proving 
that ammonia leaching had good selectivity. Mn 
was recovered as MnCO3 precipitates. 

(3) The kinetic study of Ni and Co showed that 
the leaching of Ni and Co conformed to the 
chemical reaction control. The activation energies 
of Ni and Co in 0−60 min were 29.1 and 
29.3 kJ/mol, respectively, and in 60−300 min were 
37.8 and 40.2 kJ/mol, respectively. 
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从废旧锂离子电池中优先回收锂并高效回收镍和钴 
 

曹 宁，张亚莉，陈琳琳，贾 云，黄耀国 

 
山东理工大学 化学化工学院，淄博 255049 

 
摘  要：采用还原焙烧−碳酸钠浸出−氨浸出的方法对废旧锂离子电池正极材料进行回收处理。研究焙烧参数、

Na2CO3 浸出参数和氨浸出参数对金属浸出率的影响。结果表明，还原焙烧过程中，废旧锂离子电池的矿相结构

被重新构建，通过 Na2CO3浸出过程，超过 99% 的锂被优先回收。通过一步氨浸出法可将 99.7%的镍和 99.9% 的

钴浸出，而锰不能被浸出，表现出优异的选择性。动力学研究表明镍和钴的浸出符合化学反应控制。 

关键词：锂；优先回收；还原焙烧；氨浸出；废旧锂离子电池 
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