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Abstract: A uniform Al-doped LiNi0.5Co0.2Mn0.3O2 cathode material was prepared using a coprecipitation method to 
take advantage of the positive effect of Al on regenerated NCM (Ni, Co, Mn) cathode materials and ameliorate 
cumbersome and high-cost impurity removal processes during lithium-ion battery recycling. When the Al3+ content in 
the leachate was 1 at.% with respect to the total amount of transition metals (Ni, Co, and Mn), the produced Al-doped 
NCM cathode material increased concentrations of lattice oxygen and Ni2+. The initial specific capacity at 0.1C was 
167.4 mA·h/g, with a capacity retention of 79.1% after 400 cycles at 1C. Further, this Al-doped sample showed 
improved rate performance and a smaller electrochemical impedance. These findings provide a reference for developing 
industrial processes to resynthesize cathode materials with improved electrochemical performance by incorporating Al3+ 
impurities produced during lithium-ion battery recycling. 
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1 Introduction 
 

With the development of society, lithium-ion 
batteries (LIBs) have become increasingly popular 
in consumer electronics, electric vehicles, 
large-scale energy storage, and other fields owing to 
their high energy density, long cycle life, low 
self-discharge rate, and nonexistent memory  
effect [1−3]. Owing to their widespread use and 
limited lifespan, a considerable number of spent 
LIBs have been produced [4−6]. LIBs contain 
numerous valuable metals, such as Li, Ni, Co, Mn, 
Al, and Cu, as well as a variety of toxic organic 
substances, such as electrolytes, separators, and 
binders [7−9]. Therefore, recycling spent LIBs is 
not only economically beneficial but also can 
reduce environmental pollution and promote green 
and sustainable development.  

In general, the industrial disposal of spent 
LIBs is achieved using a combination of pyro- 
pretreatment and hydrometallurgical extraction 
[10−13]. In the pretreatment process, the discharged 
battery is disassembled, separated, and calcined at 
high temperatures. The powdered cathode material 
usually contains a small number of fine particles 
from the Al foil cathode collector, which, following 
the subsequent leaching process, exist in the 
leachate in the form of Al3+ [14,15]. After 
purification, the leachate can be utilized either to 
produce a single metal salt or to directly resynthesize 
an NCM (Ni, Co, Mn) precursor after adjusting the 
composition of the purified solution [16,17]. 

We previously reported a simple and efficient 
method for recovering Li, Ni, Co, and Mn from 
spent LIB cathode materials [16,18]. This two-stage 
countercurrent leaching method improved the  
metal leaching rate and the acid utilization rate. In 
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addition to the above four metals, the leachate  
also contained Al3+ impurities. Al3+ doping in  
NCM layered cathode materials has become a 
research hotspot because it can improve the 
electrochemical performance and reduce the 
thermal instability [15,19,20]. Therefore, if the 
concentration of Al3+ in the leachate obtained by 
recycling spent LIBs is appropriately controlled, the 
purified Al-containing leachate can be used to 
prepare Al-doped NCM layered cathode materials 
with good electrochemical performance and thermal 
stability. In this study, the influence of the Al3+ 
content in the mixed metal salt solution for 
precursor preparation on the morphology and 
electrochemical performance of the final layered 
cathode material was systematically investigated. 
The determined optimal doping amount provides a 
theoretical basis for impurity removal limits in LIB 
recycling processes. 
 
2 Experimental 
 
2.1 Synthesis of materials 

Because this study required a large amount of 
mixed metal salt solution, the leachate produced in 
the laboratory could not meet the experimental 
requirements. Therefore, chemically pure reagents 
were used to prepare five different 
LiNi0.5Co0.2Mn0.3O2 layered cathode materials using 
a hydroxide coprecipitation method followed by a 
solid-phase sintering method. The prepared samples 
with Al/transition metal (TM; Ni + Co + Mn) ratios 
of 0, 0.1, 0.5, 1, and 2 at.% were named NCM523, 
A0.1, A0.5, A1, and A2, respectively. 

First, a mixed metal salt solution 
(NiSO4·6H2O:CoSO4·7H2O:MnSO4·H2O = 5:2:3, 
molar ratio) with a total concentration of 2 mol/L 
and a mixed alkali solution with 4.2 mol/L NaOH 
and 0.6 mol/L NH3·H2O were prepared with 
deionized water. Further, 0.3 mol/L NH3·H2O was 
prepared as the bottom solution in the reaction 
kettle. Al2(SO4)3·18H2O, which was used as the Al 
source, was added to the mixed metal salt solution 
at the required concentration. The mixed metal salt 
solution and mixed alkali solution were pumped 
into a 5 L continuously stirred reaction kettle and 
then aged for more than 16 h. The temperature of 
the reactor was maintained at 50 °C during the test, 
and the pH was maintained at 11.1 by controlling 
the feeding speed of the mixed alkali solution. 

Subsequently, obtained precursor was rinsed with 
deionized water, filtered, and dried under vacuum at 
105 °C for 15 h. The Ni0.5Co0.2Mn0.3(OH)2 precursor 
and Li2CO3 were mixed well at a Li/TM molar ratio 
of 1.05:1 and then roasted using a two-stage 
roasting method (first heating to 500 °C for 5 h and 
then to 850 °C for 15 h). Finally, the Al-doped 
LiNi0.5Co0.2Mn0.3O2 cathode material was obtained. 
 
2.2 Material characterization 

The morphological characteristics and 
elemental distributions of the materials were 
analyzed using field-emission scanning electron 
microscopy (SEM; JSM−7900F) coupled with 
energy-dispersive X-ray spectroscopy (EDAX 
Octane). X-ray diffraction (XRD; Advance D8) data 
were collected in the 2θ range of 10°−80° at a 
sweep speed of 0.1 (°)/s. Inductively coupled 
plasma optical emission spectrometry (ICP-OES; 
Spectro Blue SOP) was used to determine the 
elemental compositions of the precursor materials. 
The oxidation states of the elements on the material 
surfaces were determined using X-ray 
photoelectron spectroscopy (XPS; ESCALAB 
250Xi). 
 
2.3 Electrochemical tests 

Electrochemical tests were carried out using 
CR-2025-type coin cells. A slurry was fabricated by 
dispersing a mixture of 80 wt.% active material, 
10 wt.% acetylene black as a conducting material, 
and 10 wt.% polyvinylidene fluoride as a binder in 
N-methyl-2-pyrrolidone. To prepare the test 
electrode, the slurry was coated on Al foil and dried 
at 80 °C for 12 h. A lithium metal sheet was used as 
the counter electrode and Celgard 2400 was used as 
the separator. The electrolyte was 1 mol/L lithium 
hexafluorophosphate (LiPF6) in a mixture of 
ethylene carbonate, diethyl carbonate, and ethyl 
methyl carbonate (1:1:1, volume ratio). Fresh coin 
cells were assembled in a dry Ar-filled glove    
box. Galvanostatic charge–discharge tests were 
performed using a LAND battery-testing instrument. 
Coin cells were tested at 25 °C in a voltage range of 
2.8−4.3 V (vs Li/Li+). Cyclic voltammetry (CV) 
measurements were conducted using a CHI 660E 
electrochemical workstation at a scan rate of 
0.1 mV/s. Electrochemical impedance spectroscopy 
measurements were performed on a PARSTAT 
4000A electrochemical workstation using a 10 mV 
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amplitude sine wave in the frequency range of 
100 kHz to 0.01 Hz. 
 
3 Results and discussion 
 
3.1 Characterization of materials 

Based on the ICP-OES results (Table 1), the 
elemental compositions of the as-prepared 
precursors were consistent with the experimental 
design, indicating that the Al ions were successfully 
doped into the precursor materials. Figure 1 shows 
the SEM images of the synthesized Al-doped 
Ni0.5Co0.2Mn0.3(OH)2 samples, which consisted of 
compactly packed nanoscale primary flakes and 
spherical secondary particles with particle sizes of 
3−5 μm. The secondary particles were small and 
agglomerated, which may be due to an insufficient 
feed time in the small reactor volume [21−23]. As 
the Al content in the precursor increased, the 
thickness of the primary flakes gradually decreased, 
whereas the shape and size of the secondary 
particles remained unchanged. However, when the 
Al content reached 2 at.%, the primary particles 
were loosely packed and the secondary particles 
had poor sphericity. As shown by the elemental 
mapping results for the A1 sample in Fig. 2(a), Ni, 
Co, Mn, and Al were uniformly distributed on the 
surface of the secondary particles. Furthermore, the 
elemental line scanning profiles for a particle cross- 
section (Fig. 2(b)) reveal that the concentrations of 

Ni, Co, Mn, and Al were uniform throughout the 
secondary particles. 

The XRD patterns of the prepared precursors 
and the corresponding cathode materials are shown 
in Figs. 3 and 4, respectively. As shown in Fig. 3, 
the XRD patterns of all the precursors corresponded 
to β-Ni(OH)2 (P3m1 space group). However, for the 
A0.1 sample, the peaks attributed to the (001) and 
(101) crystal planes were shifted to larger angles by 
approximately 0.2°, whereas no shift was observed 
for the A0.5 sample. For the A1 and A2 samples, 
only the peak attributed to the (101) crystal face 
shifted to a larger angle by approximately 0.5°. 
Based on the Bragg equation (λ=2dsin θ )at a 
constant incident wavelength, a shift of the 
diffraction angle to a larger angle after doping 
indicates that the interplanar spacing d is reduced. 
As the radius of Al3+(0.535 Å) is smaller than those 
of Ni2+ (0.69 Å) and Ni3+ (0.560 Å), Al3+ doping in 
TM sites can reduce the interplanar spacing. 
However, owing to the different doping amounts 
and the lack of control over doping sites, diffraction 
peak shifts were only observed for some samples. 
These phenomena indicate that the unit volume was 
decreased [24] by Al3+ entering the lattice sites. 

After mixing with lithium carbonate and 
high-temperature calcination, all the cathode 
materials showed high crystallinity and a hexagonal 
α-NaFeO2 layered structure ( 3R m  space group), 
and no obvious impurity peaks were observed  

 
Table 1 ICP-OES results for prepared precursor (wt.%) 

Precursor Ni Co Mn Al nNi:nCo:nMn nAl:nTM 

A0.1 32.2 12.6 18.5 0.033 5.1323:2.0001:3.1500 0.0011:1 

A0.5 31.8 12.7 18.4 0.15 5.0686:2.0160:3.1329 0.0051:1 

A1 31.9 12.3 18.2 0.29 5.0845:1.9525:3.0989 0.0099:1 

A2 31.6 12.4 18.1 0.57 5.0367:1.9684:3.0819 0.0196:1 
 

 

Fig. 1 SEM images of NCM523 (a1, a2), A0.1 (b1, b2), A0.5 (c1, c2), A1 (d1, d2), and A2 (e1, e2) precursors  
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Fig. 2 Elemental mapping of Ni, Co, Mn, Al in A1 sample (a) and corresponding elemental line scanning profiles for 
particle cross-section (b)   
 

 
Fig. 3 XRD patterns of precursors (a) and expanded views of peaks corresponding to (001) plane (b) and (101) plane (c)   
 

 
Fig. 4 XRD patterns of cathode materials (a) and expanded view of peaks corresponding to (003) plane (b) and (104) 
plane (c) 
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(Fig. 4). Further, an apparent splitting of the 
(006)/(102) and (108)/(110) crystal planes occurred, 
indicating that these materials had highly ordered 
layered structures [25−27]. These results indicate 
that a small amount of Al3+ doping does not change 
the layered structure of LiNi0.5Co0.2Mn0.3O2. It 
should be noted that the diffraction peak shifts 
observed for the precursors almost disappeared after 
high-temperature calcination. The lattice parameters 
of samples are listed in Table 2. A low degree    
of Li/Ni mixing was observed (I(003)/I(104) >1.2), 
which is favorable for good electrochemical 
performance [23]. The c/a ratios were all greater 
than 4.9, indicating that the materials had good 
layered structures [28]. Importantly, as Al3+ doping 
increased, the c/a ratio gradually increased, 
suggesting that Al3+ doping enhanced the layered 
structure of the cathode materials. 
 
Table 2 Lattice parameters of synthesized cathode 
samples 

Sample a/Å c/Å V/Å3 c/a I(003)/I(104)

NCM523 2.87268 14.22305 101.65 4.951 2.041 

A0.1 2.87427 14.24220 101.60 4.955 1.841 

A0.5 2.86951 14.24176 101.64 4.963 1.719 

A1 2.87003 14.24675 101.57 4.964 1.729 

A2 2.8712 14.26081 101.56 4.967 1.736 
 

According to first-principles calculations [29], 
when Al3+ occupies the Ni3+ site, because the ionic 
radius of Al3+ (0.535 Å) is smaller than that of Ni3+ 
(0.560 Å), lattice parameter a and the thickness of 
the TMO6 layer decrease [19]. In addition, because 
the electronegativity of Al3+ is smaller than that of 
Ni3+ (~1.513 and ~1.695, respectively) [30], Al3+ 
doping makes the TM—O bond more ionic. Further, 
the electrostatic repulsion between oxygen layers is 
increased because the charge density of the oxygen 
layers is higher. Thus, lattice parameter c and the 
thickness of the LiO6 layer both increase after Al3+ 
doping [31]. 

The above considerations explain the larger c/a 
ratios and improved layered structures of the doped 
cathode materials. Further, increasing the thickness 
of the LiO6 layer is expected to enhance the 
two-dimensional diffusion of Li+, thus improving 
the cycling and rate properties of the material to a 
certain extent. In addition, as the bond energy of  
Al—O (512 kJ/mol) is greater than those of Ni—O 

(391.6 kJ/mol), Co—O (368 kJ/mol), and Mn—O 
(402 kJ/mol) [32,33], Al3+ doping can effectively 
inhibit anisotropic lattice mutations and improve 
the stability of the crystal structure during Li+ 
deintercalation, which is favorable for enhancing 
the cycle performance and thermal stability [19]. In 
addition, it has recently been reported that Al—O 
bonds on the surface/subsurface inhibit chemical 
reactions with acidic electrolytes, thereby 
preventing electrolyte penetration and maintaining 
structural stability[34]. 

To further study the chemical states of the 
samples, XPS measurements were performed for 
the sintered NCM523 and A1 cathode material 
samples. As shown in Fig. 5(a), four main elements 
(O, Ni, Co, and Mn) were detected in both samples. 
In addition, Al was also detected on the surface of 
the A1 sample (Fig. 5(f)), although it was not 
observed in the full-scan spectrum because of its 
low content. As shown by the O 1s spectra in 
Fig. 5(b), the samples exhibited peaks at 531.4 and 
529.3 eV, which corresponded to surface oxygen 
compounds and lattice oxygen, respectively. With 
1 at.% Al3+ doping, the Al—O bonds significantly 
increased the concentration of lattice oxygen and 
enhanced the structural stability of the material. As 
shown in Fig. 5(c), two main Ni peaks were 
observed at 872.8 and 855.3 eV corresponding to Ni 
2p1/2 and Ni 2p3/2, respectively. The Ni 2p3/2 peak 
was split into two peaks at binding energies of 
854.7 and 855.7 eV corresponding to Ni2+ and Ni3+, 
respectively. The Ni3+ contents of the NCM523 and 
A1 samples were 44.5% and 26.5%, respectively. In 
NCM523, NCM622, and NCM811 layered 
materials, Ni has two valence states: +2/+3 [35,36]. 
When less electronegative Al3+ occupies the Ni3+ 
site, the Ni2+ concentration in the surrounding 
crystal lattice will become relatively high, thus 
increasing the specific discharge capacity at the 
same cut-off voltage. As shown in Figs. 5(d) and (e), 
the Co 2p and Mn 2p spectra of both samples were 
similar. The Co 2p1/2 (794.8 eV) and Co 2p3/2 
(779.8 eV) peaks as well as the Mn 2p1/2 (653.9 eV) 
and Mn 2p3/2 (642.3 eV) peaks indicated that both 
samples contained trivalent Co and tetravalent   
Mn [37]. In addition, the Al peaks at 72.3 eV and 
67.9 eV in Fig. 5(f) corresponded to Al 2p1/2 and Al 
2p3/2, respectively, confirming the existence of Al3+ 
in the doped sample. Overall, the XPS spectra    
of the NCM523 and A1 samples indicate that the  
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Fig. 5 Full-scan XPS spectra of NCM523 and A1 samples (a) and corresponding O 1s (b), Ni 2p (c), Co 2p (d),     
Mn 2p (e) and Al 2p (f) spectra 
 
surface layer of the doped sample has a high 
concentration of lattice oxygen and Ni2+, which 
enhances the structural stability and specific 
discharge capacity, indicating that Al3+ impurities in 
leachates can enter the crystal lattice of 
resynthesized precursors and cathode materials. 
 
3.2 Electrochemical performance 

To clarify the influence of Al3+ impurities on 
the electrochemical performance of the regenerated 

ternary materials, all materials were tested under 
constant current charge and discharge in the voltage 
window of 2.8−4.3 V (25 °C). The initial charge–
discharge curves of the five cathode materials at a 
current density of 0.1C (1C=160 mA/g) are shown 
in Fig. 6(a). The initial specific charge and 
discharge capacities of NCM523 were 192.9 and 
159.1 mA·h/g, respectively, and the coulombic 
efficiency was 82.51%. As Al3+ doping increased, 
the specific discharge capacity increased, with the 
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Fig. 6 Initial charge–discharge curves of cathode materials at current density of 0.1C (1C=160 mA/g) (a), charge–
discharge curves after 100 cycles at 1C (b), cycling performance (c), and rate capability (d) 
 
highest value of 167.4 mA·h/g obtained at 1 at.% 
Al3+. Furthermore, this material exhibited a 
coulombic efficiency of 85.21%. However, when 
the Al3+ content was further increased to 2 at.%, the 
initial specific discharge capacity decreased to 
157.2 mA·h/g, and the coulomb efficiency was only 
77.82%. After 100 cycles at 1C, the A1 sample still 
had the highest specific discharge capacity, whereas 
the specific discharge capacity of NCM523 was the 
lowest (Fig. 6(b)), indicating that Al3+ doping can 
stabilize the crystal structure of the material and 
promote the release of Li+. 

Figures 6(c) and (d) compare the cycle and 
rate performance of the Al-doped samples with 
pristine NCM523. After 400 cycles at 1C, the 
specific discharge capacities of NCM523, A0.1, 
A0.5, A1, and A2 were 98.4, 115.1, 123.5, 124.6, 
and 112.5 mA·h/g, respectively, and the capacity 
retention rates were 66.6%, 76.9%, 79.3%, 79.1%, 
and 76.9%, respectively. Notably, the coulombic 
efficiencies were all greater than 99.5% after 400 

cycles. In the rate test, the specific discharge 
capacities of NCM523 at current densities of 0.1C, 
0.2C, 0.5C, 1C, 2C, and 5C were 155, 152.3, 149.1, 
141.7, 133.4, and 119.6 mA·h/g, respectively. When 
the current density returned to 0.5C, the specific 
discharge capacity increased again to 145 mA·h/g. 
At the same rate, the specific discharge capacities 
of the A1 sample were 169.7, 165, 158.5, 152.6, 
145.4, and 133.6 mA·h/g, and the capacity 
recovered to 155.5 mA·h/g when the rate returned 
to 0.5C. The A2 cathode material inherited the 
physical properties of the precursor, with loosely 
packed primary particles and secondary particles 
with poor sphericity. As a result, there were a large 
number of gaps on the surface of this material, 
which led to poor electrochemical stability at the 
particle–electrolyte interface. Further, the content of 
nonelectrochemically active Al3+ in the A2 sample 
was higher, which led to a decrease in the reversible 
specific capacity at the same cut-off voltage, 
although it was still higher than that of pristine 
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NCM523 prepared under the same conditions. 
In summary, at a doping amount of 1 at.%, 

Al3+ greatly improved the structural stability of the 
cathode material, and Al—O bonds with stronger 
bond energies alleviated lattice changes during 
long-term cycling. Compared with other work in 
this field [15], a higher optimal doping amount and 
a higher specific discharge capacity at 5C were 
obtained in this study. The subsequent increase in 
the thickness of the LiO6 layer was also beneficial 
to the two-dimensional diffusion of Li+, which 
further contributed to improving the electro- 
chemical properties. 

The morphologies of the cathode materials 
were characterized after 400 cycles. As shown in 
Fig. 7(a), after 400 cycles at 1C, the particles in  
the A1 sample remained relatively complete. In 
contrast, a certain extent of structural collapse was 
observed for NCM523 (Fig. 7(b)), which further 
confirmed that the Al-doped cathode material had a 
more stable structure and better cycling stability. 
 

 
Fig. 7 SEM images of A1 (a) and NCM523 (b) samples 
after 400 cycles at 1C 
 

To gain further insights into the origin of the 
enhanced electrochemical performance observed 
after Al3+ doping from the perspective of electrode 
polarization, CV measurements were performed for 

the NCM523 and A1 samples in a voltage range of 
2.8−4.5 V at a scan rate of 0.1 mV/s. As shown in 
Figs. 8(a) and (b), only one redox peak couple was 
observed, which was ascribed to the Ni2+/Ni4+ redox 
reaction [38]. During the first three cycles, the 
oxidation peak potential of NCM523 shifted from 
3.831 to 3.773 V owing to the activation of the 
cathode material surface during the initial charge 
and discharge processes [39], whereas good 
coincidence was maintained in subsequent cycles. 
The oxidation peak of A1 sample initially shifted 
from 3.825 to 3.768 V, and excellent coincidence 
was the second cycle, which confirmed that doping 
with 1 at.% of Al3+ increased the reversibility of the 
electrode reaction. As the peak potential differences 
during the third circle for pristine NCM523 and  
A1 samples were 70 and 58 mV, respectively, 
doping with 1 at.% Al3+ decreased the electrode 
polarization. Further, the A1 sample exhibited a 
sharper peak shape than pristine NCM523, 
indicating that the Li+ deintercalation kinetics was 
 

 
Fig. 8 Cyclic voltammograms of NCM523 (a) and A1 
samples (b) in voltage window of 2.8−4.5 V at scan rate 
of 0.1 mV/s 
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improved, which also confirmed that the rate 
performance of the doped sample was better than 
that of pristine NCM523. 

Figure 9 shows the electrochemical impedance 
spectra of the NCM523 and A1 samples after 100 
cycles at 1C. The data were fitted to the equivalent 
circuit diagram shown in Fig. 9(a) to obtain the 
impedance parameters, where Rb represents the 
electrolyte impedance in the high-frequency region, 
Rsf represents the impedance of the solid electrolyte 
interphase film in the intermediate frequency  
region, Rct represents the charge-transfer impedance, 
and W is the Warburg impedance for the diffusion 
of Li+ inside the active material particles [40,41]. 
As shown in Table 3, after 100 cycles, the Rb, Rsf, 
and Rct values of the A1 sample were 5.772, 32.08, 
and 218.9 Ω, respectively, whereas those for 
pristine NCM523 were 6.671, 18.42, and 346.3 Ω, 
respectively. Owing to the increase in lattice 
parameter c and the stability of the Al—O bonds, 
the migration performance of Li+ was improved, 
thereby greatly reducing the Rct value. 
 

 

Fig. 9 Equivalent circuit (a) and electrochemical 
impedance spectra (b) of NCM523 and A1 samples after 
100 cycles at 1C 
 
Table 3 Impedance parameters for pristine NCM523 and 
A1 samples obtained by fitting to equivalent circuit 

Sample Rb/Ω Rsf/Ω Rct/Ω 

NCM523 6.671 18.42 346.3 

A1 5.772 32.08 218.9 

 
4 Conclusions 
 

(1) Owing to continuous high-speed stirring in 
the reactor, Al was uniformly distributed in the 
cathode materials, the cathode material exhibited 
enhanced crystal structure stability, and the 
two-dimensional diffusion kinetics of Li+ was 
improved. 

(2) When the Al3+ doping content in the 
NCM523 cathode material was 1 at.%, the capacity 
retention rate after 400 cycles at 1C increased from 
66.6% to 79.1%. Further, doping also resulted in   
a higher reversible capacity and a lower 
electrochemical impedance. 

(3) This work confirmed that the Al3+ 
impurities produced during LIB recycling processes 
can improve the electrochemical performance of 
ternary cathode materials. The obtained optimal 
Al3+ doping amount of 1 at.% can provide a 
reference for the industrial resynthesis of LIB 
cathode materials. 
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摘  要：采用共沉淀法制备均相 Al 掺杂的 LiNi0.5Co0.2Mn0.3O2正极材料，以利用 Al 对再生镍钴锰(NCM)正极材料

的正面改性作用，并改善锂离子电池回收过程中繁琐和高成本的除杂过程。当浸出液中的 Al3+含量为过渡金属  
(Ni、Co 和 Mn)总量的 1%(摩尔分数)时，制备的 Al 掺杂 NCM 正极材料中晶格氧和 Ni2+的浓度增加。在 0.1C 下

的初始比容量为 167.4 mA·h/g，在 1C 下循环 400 次后容量保持率为 79.1%。此外，这种 Al 掺杂样品具有更高的

倍率性能和更小的电化学阻抗。这些发现为工业上通过掺入锂离子电池回收过程中产生的 Al3+杂质，重新合成具

有更好电化学性能的正极材料的工艺开发提供了参考。 
关键词：废旧锂离子电池；再生；铝掺杂；三元正极材料；共沉淀 
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