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ABSTRACT 
Al doped lithium-rich manganese-based Li1.2Mn0.54−xAlxNi0.13Co0.13O2 (x = 0, 0.03) cathode materials for lithi-

um-ion batteries were synthesized with sol-gel method, and then Li2WO4 coating was prepared by one-step liquid phase 
method. The effects of Al doping and Li2WO4 coating on the electrochemical properties of lithium-rich manga-
nese-based cathode materials were systematically studied. The results show that Al doping significantly improves the 
cycle stability of lithium-rich manganese-based cathode material, and the coating Li2WO4 significantly improves its 
magnification performance and the voltage attenuation of discharge plateau. The coating amount of Li2WO4 is 5%, and 
the specific capacity of Li1.2Mn0.51Al0.03Ni0.13Co0.13O2 cathode material is still up to about 110 mAh·g−1 in the charge 
and discharge voltage range of 2.0−4.8 V and the current density of 1,000 mA·g−1. At the same time, the capacity reten-
tion rate of 300 cycles at the current density of 100 mA·g−1 is 78%, and the voltage attenuation of the discharge plateau 
during the cycle is also significantly reduced. This work provides a new idea for solving the cycle stability and platform 
voltage attenuation of lithium-ion battery lithium-rich manganese-based cathode materials. 
Keywords: Lithium-Ion Battery; Sol-Gel Method; Lithium-Rich Manganese-Based Cathode Material; Li2WO4; Al 
Doping 
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1. Introduction 
High energy density lithium-ion batteries have always been the 

goal pursued by people in aspects of the mobile terminals, electric ve-
hicles and others. In the existing battery technology, commercial graph-
ite cathode materials have a discharge capacity of more than 350 
mAh·g-1, while the cathode material is only 140−170 mAh·g−1. There-
fore, the main factor limiting the energy density of lithium-ion batteries 
is the cathode material[1]. At present, the commercial cathode materials 
mainly include: LiFePO4, LiCoO2, etc. LiFePO4 has good safety per-
formance and stable circulation, but its theoretical capacity of 170 
mAh·g-1 barely satisfy the endurance requirements for long-range elec-
tric vehicles. It has disadvantages such as high price, shortage of cobalt 
resources, environmental pollution and so on[2–5]. To solve these prob-
lems and better meet the mileage requirements of electric vehicles, the 
layered lithium-rich manganese-based cathode material xLi2MnO3(1 - 
x)LiMO2 (0 < x < 1, M = Mn, Co, Ni...) can be considered as a solid 
solution or composite oxide composed of LiMO2 (M = Mn, Co, Ni) and 
Li2MnO3. It is expected to become the cathode material of the next 
generation of lithium-ion batteries because of its high discharge specific  
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capacity greater than 250 mAh·g−1 and high dis-
charge plateau[6]. However, the lithium-rich man-
ganese-based cathode material has poor cycle sta-
bility, low coulomb efficiency for the first charge 
and discharge, and poor rate performance. The most 
important thing is that the problem of rapid voltage 
attenuation of its discharge plateau has not been 
effectively solved, which limits its application[7].  

The poor performance of lithium-rich manga-
nese-based cathode materials is due to the surface 
phase transition and structural instability during 
charge and discharge[8]. At present, the research on 
them mainly focuses on element doping modifica-
tion and surface coating. Doping modification of 
elements can improve the structural stability of 
cathode materials, reduce the obstruction of Li+ mi-
gration and inhibit adverse phase transition, so as to 
improve the electrochemical performance of mate-
rials[9,10]. Common doped ions are mainly cations, 
such as Na+[11], K+[12], Mg2+[13], Ru4+[14], Ti4+[15] and 
Mo6+[16,17]. At the same time, there are also anionic 
doping such as F−[18] and S2−[19]. Mg2+ and F− can 
also be used for doping of anions and anions[20]. It is 
worth mentioning that surface coating can prevent 
lithium-rich manganese-based materials from di-
rectly contacting with electrolyte to damage the 
structure of materials, therefore reduce the occur-
rence of side reactions, and then improve the elec-
trochemical performance of materials[21]. Common 
surface coatings include ZrO2

[22], TiO2
[23], Al2O3

[24] 
and other oxides, as well as AlF3

[25], AlPO4
[26], 

LaF2
[27] and C[28] etc., but it’s difficult to use these 

coating materials to greatly improve the platform 
attenuation. Therefore, it is necessary to further 
study and find other coating materials. Doping and 
coating modified materials are related to the syn-
thesis method. Lithium-rich manganese-based 
cathode materials can be synthesized with methods 
of high-temperature solid-state[29], coprecipitation[30], 
sol-gel[31], hydrothermal[32]. The synthesis condi-
tions also have an important impact on the structure 
and electrochemical properties of lithium-rich 
manganese-based materials. Sol-gel can achieve 
atomic level uniform mixing. Moreover, it has the 
advantages of simple operation, low sintering tem-
perature, small and uniform particle size of products, 

large specific surface area and so on. In view of this, 
Song et al.[31] synthesized Li1.2Mn0.54Ni0.13Co0.13- 

O2 by sol-gel method. After 100 cycles at 400 
mA·g−1 current density, it still has a specific capac-
ity of 133.7 mAh·g−1, and the capacity retention rate 
is 84.14%. 

Li et al.[33,34] doped Al into lithium-rich man-
ganese-based cathode material by sol-gel method, 
which effectively improved its cycle performance. 
The research shows that Al doping can stabilize the 
crystal structure of lithium-rich manganese-based 
cathode material, improve the cycle performance, 
promote charge transfer and reduce impedance, and 
improve the rate performance of lithium-rich man-
ganese-based cathode material. At the same time, 
existing studies have shown that Li2WO4 has good 
Li+ conductivity[35,36]. Hayashi et al.[37–39] deposited 
amorphous Li2WO4 on the surface of LiCoO2 cath-
ode material, which can reduce the interface re-
sistance of lithium-ion batteries, and can prevent the 
electrolyte from directly contacting the cathode 
material, reduce side reactions, and then improve its 
electrochemical performance. However, there are 
few reports on Li1.2Mn0.54Ni0.13Co0.13O2 surface 
modification of Li2WO4 at present. Therefore, the 
Li1.2Mn0.54Ni0.13Co0.13O2 cathode material was sim-
ultaneously modified by Al doping and Li2WO4 
surface coating in this work. The results show that 
the Li1.2Mn0.54Ni0.13Co0.13O2 coated with 5% 
Li2WO4 has good rate performance; the capacity 
retention rate can reach 78% after 300 cycles at a 
current density of 100 mA·g−1, and the specific ca-
pacity is still 150 mAh·g−1. The capacity retention 
rate of pure Li-rich manganese-based cathode mate-
rials is only 60.4%. More importantly, the coating 
layer also significantly improves the rate perfor-
mance and the attenuation of the discharge plateau. 
This provides an idea for future research on Li-rich 
manganese-based cathode materials. 

2. Results and discussion 
2.1 X-ray diffraction analysis 

Figure 1 shows the XRD diffraction patterns of 
three materials (for convenience, 
Li1.2Mn0.54Ni0.13Co0.13O2, Li1.2Mn0.51Al0.03Ni0.13Co0.13O2 
and 5% Li2WO4@Li1.2Mn0.51Al0.03Ni0.13Co0.13O2 are rec-
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orded as LMNC-1, LMNC-2 and LMNC-3 respectively) 
and the standard card PDF#22-0693 of Li2WO4 with 
R3�m spatial structure group. It can be seen from the fig-
ure that the three materials have all the characteristic 
peaks of lithium-rich manganese-based materials, be-
longing to the trilateral system, R3�m space group[17,18]. At 
the position of 2θ = 20°−25°, there are some diffraction 
peaks with weak intensity, which are caused by the or-
dering of Li and Mn superlattices. The composition of 
Li2MnO3 is determined (space group: C2/m) exists, 
which is consistent with the previous research of Xiang 
et al.[11–15] It can be seen that the diffraction peaks of 
(006)/(102) and (018)/(110) crystal planes have obvious 
splitting, which is due to the oxygen sublattice of the 
α-NaFeO2 layered structure in LiMO2, which shows that 
the material modified by doping and coating still has a 
good α-NaFeO2 layered structure without changing the 
original Li-rich manganese-based material with some 
electrochemically active phase structures[40–43]. Compar-
ing the standard cards of Li2WO4, it is found that 
LMNC-3 has very obvious diffraction peaks on (111), 
(210), (211), (220), (300), (310), (410), (331), (420), 
(521) and (440) crystal planes, which proves that 
Li2WO4 is successfully wrapped on lithium-rich materi-
als. Since the radii of Al3+ and Mn4+ are the same (both 
0.053 nm), the XRD structures of LMNC-1 and 
LMNC-2 were refined to prove that Al is doped in the 
manganese position (Figure 2). In the figure, Rwp is the 
reliability factor and CHI2 is the goodness of fit. The 
refined results show that the Rwp = 3.92%, CHI2 = 1.343 
of LMNC-1, and the Rwp = 4.41%, CHI2 = 1.706 of 
LMNC-2. This is in line with the reliable judgment 
standard of refined results: Rwp < 10%, CHI2 < 2[44]. It 
can be concluded that Al is indeed doped at the manga-
nese site. 

 
Figure 1. X-ray diffraction patterns for the LMNC-1, LMNC-2 
and LMNC-3 samples. 

 

 
Figure 2. Rietveld refinement results for XRD data. 

2.2 Analysis of electrode material morphol-
ogy 

Figure 3 is the scanning electron microscope 
(SEM) of the three materials. It can be seen from 
Figures 3b, 3d and 3f that the uncoated LMNC 
particles are uniform and have obvious agglomera-
tion. The small particles of the three materials ag-
glomerate together to form secondary particles, 
which is conducive to the wetting of electrolyte and 
makes Li+ easier to diffuse into the materials. From 
the Figures 3a, 3c and 3e, it is found that LMNC-1 
and LMNC-2 materials without Li2WO4 coating 
have sharp edges and corners, and the particle size 
is 150−300 nm. However, after coating Li2WO4, the 
size of the material has increased to about 500 nm, 
and the surface edges and corners of the material 
are not obvious, and it is relatively smooth. It can 
also be seen that small particles of about 10 nm are 
attached, which is due to that the liquid phase coat-
ing method cannot uniformly coated Li2WO4 on the 
surface of all lithium-rich manganese-based cathode 
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particles to form Li2WO4 particles, which also in-
dicates that Li2WO4 is on the surface of lithium-rich 

manganese-based cathode materials. 

 
Figure 3. SEM photographs of LMNC-1 (a, b), LMNC-2 (c, d) and LMNC-3 (e, f) materials. 

 

 

Figure 4. EDS photo of LMNC-2 and LMNC-3 materials. 
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Figures 4a and 4b are the EDS analysis results 
of LMNC-2 and LMNC-3 materials respectively. 
By selecting a part in the sample for scanning anal-
ysis, it can be found that Mn, Ni, Co, Al are evenly 
distributed in the material particles, and there is no 
element segregation. In Figure 4b, W element is 
also evenly distributed in the material particles. 
Combined with SEM, EDS and XRD, it can be 
shown that Al element is uniformly doped in 
LMNC material, and Li2WO4 is well coated on the 
surface of the doped material. 

2.3 Electrochemical performance analysis 
In Figures 5a, 5b, and 5c are the charge dis-

charge curves of the three materials under different 
current densities. During the first cycle of charge 
and discharge, the voltage from the initial voltage to 
about 4.4 V is the separation of Li+ in LiMO2, while 
the transition metal ion Ni2+ is oxidized to Ni4+ and 
Co3+ is oxidized to Co4+. In this process, Li+ in 
LiMnO3 also diffuses to LiMO2, which has lost Li+; 
when the voltage is charged to about 4.5 V, irre-
versible structural changes occur in the lattice of the 
material. At this time, LiMnO3 losing Li is activated 
into MnO2, and MnO2 will also provide corre-
sponding capacity during the discharge process. 
This is also the typical first cycle charge discharge 
curve of lithium-rich manganese base[41]. The simi-
lar curves of the three materials can explain that the 
doped and coated materials have not changed the 
phase structure of the original lithium-rich manga-
nese base materials. It can be seen from the figure 
that the first discharge specific capacity of LMNC-1, 
LMNC-2 and LMNC-3 materials are 274.7, 253.0 
and 260.7 mAh·g−1 respectively, and the corre-
sponding first charge and discharge efficiency 
is 72%, 70% and 73%. The first charge and dis-
charge efficiency of Al doped materials is not im-
proved, because Al itself is non electrochemical 
active. However, the first charge and discharge effi-
ciency of the coated material is slightly im-
proved because Li2WO4 has good Li+ conductivity, 
ensuring more Li+ disembedding. Combined with 
the cycle diagram Figure 5d of different magnifica-

tion, it can be seen that the specific discharge ca-
pacity will be reduced after Al doping, because Al 
doping replaces Mn and reduces the substances 
with redox activity[45], and as the radius of Al3+ is 
similar to that of Co3+, a small amount of Al will 
replace the position of Co, which will also reduce 
the specific discharge capacity of the material. 
However, at 1C and 2C magnification, Al doping 
has significantly higher specific capacity, which is 
due to the reduced cell parameters of Al doping, 
stabilizing the structure of the material, and ensur-
ing the insertion of more lithium-ions[42]. 

It can be seen from Figure 5d that the material 
with double effect modification of Al doping and 
Li2WO4 coating at the same time has a higher spe-
cific capacity, and a discharge specific capacity of 
nearly 70 mAh·g−1 at 10C. This is because Li2WO4 
can reduce the interface impedance, and it also has 
good conductivity of Li+, which can accelerate Li+ 
disembedding, ensure that more Li+ participate in 
the electrochemical reaction, and improve the mag-
nification performance of the material. This also 
corresponds to the LMNC-3 mentioned later, which 
has the minimum interface impedance[37–39] (Figure 
8). It is important that lithium-rich manganese base 
should pay more attention to the attenuation of dis-
charge plateau. Figures 5e and 5f are the platform 
comparison diagrams of LMNC-1, LMNC-2 and 
LMNC-3 at 0.2C and 2C respectively. From Figure 
5e, it can be found that the charging platform of 
LMNC-3 is the lowest and the discharging platform 
is the highest, which is conducive to the disembed-
ding of Li+ in the material. It is found from the 
Figure 5f that the large magnification is more ob-
vious at 2C. The unmodified material has almost no 
discharge plateau and the specific capacity is also 
very low, while LMNC-3 has an obvious discharge 
plateau, and the specific capacity is still 150 
mAh·g−1. This is because the material structure is 
stabilized after Al doping and Li2WO4 coating dou-
ble effect modification, which is further ex-
plained by the differential capacitance curve in the 
following text (Figure 7). 
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Figure 5. Charge and discharge curves of LMNC-1 (a) LMNC-2 (b) and LMNC-3 (c) at different magnifications; (d) comparison of 
the performance of the three materials at rates; (e) and (f) platform comparison of the three materials at 0.2C and 2C. 

Figure 6a is a comparison diagram of the long 
cycle performance of LMNC-1, LMNC-2 and 
LMNC-3 materials at 0.5C and the platform attenu-
ation under different cycle times. It can be seen 
from the Figure 6a that after 300 cycles, the capac-
ity of the three materials is decreasing, and the ca-
pacity retention rates of the three materials are 
60.0%, 82.0% and 78.0% respectively. The unmod-
ified capacity retention rate is the lowest. At the 
same time, the capacity of doped and coated 
LMNC-3 is reduced from 195 mAh·g−1 to 
151mAh·g−1, while the capacity retention rate of 
doped LMNC-2 is high, but the capacity is reduced 
from 167 mAh·g−1 to 137 mAh·g−1, which is lower 

than that of LMNC-3. In order to further illustrate 
the effect of double effect modification on the cycle, 
Figure 5b compares the platform attenuation of 
LMNC-1, LMNC-2 and LMNC-3 at 0.5C for 150 
cycles. It can be found from the figure that the 
platform of LMNC-3 is slightly higher in the first 
cycle, and the modified LMNC-3 has a higher plat-
form after 150 cycles, while the platform of 
LMNC-2 only doped with Al after 150 cycles is 
similar to that of LMNC-1. This shows that Li2WO4 
coating slows down the attenuation of platform 
voltage of lithium-rich manganese-based materials. 
As we all know, the voltage attenuation of the dis-
charge plateau of lithium-rich manganese-based 
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materials is mainly due to the transformation of the 
material surface from layered structure to spinel 
structure, resulting in the phase transition, resulting 
in the blockage of Li+ transmission channel, and 
then the voltage attenuation. By doping and stabi-
lizing the crystal structure of the material, the coat-
ing of the material surface inhibits the transfor-
mation of lithium-rich spinel and slows down the 
attenuation of the discharge voltage platform[15,25].  

 

 
Figure 6. (a) cyclic comparison of three materials at a current 
density of 0.5C; (b) platform comparison. 

As for the reasons why Al doping improves the 
cycle stability of lithium-rich manganese-based 
materials, studies have shown that Al replaces Mn 
in the position of Al doped lithium-rich manga-
nese-based materials, stabilizing the structure of the 
materials, and inhibiting the transfer of spinel phase 
in the electrochemical reaction process of the mate-
rials due to the charge transfer effect, thereby im-
proving the cycle performance of the materi-
als[33,34,42]. Coating Li2WO4 can improve the 
attenuation of the platform, which is due to the im-
provement of Li+ conductivity[35,36] after coating 

Li2WO4, which is more conducive to Li+ disembed-
ding. In order to further prove the function of its 
coating, Figure 7 is a comparison diagram of the 
differential capacitance curve of LMNC-2 and 
LMNC-3 after the first cycle and 150 cycles under 
the current density of 0.5C. It can be found that the 
discharge plateau of LMNC-3 coated with Li2WO4 
is significantly higher, and the attenuation is rela-
tively slow. In addition, it can be found that the po-
tential difference of LMNC-2 is about 0.56 V, while 
the potential difference of LMNC-3 is only about 
0.34 V. Therefore, it can be explained that the po-
larization of the coated material is significantly re-
duced, which is conducive to improving the elec-
trochemical performance of the material.  

 
Figure 7. Comparison of dQ/dV curves between LMNC-2 and 
LMNC-3. 

Figure 8 shows the electrochemical imped-
ance diagrams (EIS) of the three materials after 300 
cycles. By observing the Nyquist diagram, it can be 
found that the three materials are all composed of 
semicircle parts in the high-frequency region and 
diagonal parts in the low-frequency region. The fit-
ted equivalent circuit diagram is composed of the 
following parts: ohmic impedance Rs of electrolyte 
and diaphragm, charge transfer impedance Rct, con-
stant phase angle element CPE, Warburg impedance 
Zw. First, Rct is connected in parallel with CPE, then 
Zw is connected in series, and finally Rs is connected 
in series. The semicircle diameters of the three ma-
terials in the high-frequency region from small to 
large are LMNC-3, LMNC-2 and LMNC-1 in turn, 
indicating that the modified materials improve the 
electronic conductivity of the materials. It can be 
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found from the low-frequency region that the slope 
of LMNC-3 is the largest, indicating that the diffu-
sion rate of Li+ in the modified material is greater. 
This is because Al doping not only stabilizes the 
material structure, but also reduces the interface 
impedance by surface reconstruction[46], and 
Li2WO4 has good Li+ conductivity after coating[37–

39]. 

 
Figure 8. Nyquist curves of LMNC-1, LMNC-2 and LMNC-3 
after 300 cycles. 

3. Conclusion 
After Al doping and Li2WO4 coating of lithi-

um-rich manganese base were successfully carried 
out by sol-gel method, the rate performance of the 
material was improved, the long cycle stability was 
improved, and the problem of platform attenuation 
was alleviated. It is proved that Al doping can stabi-
lize the crystal structure of the material, so as to 
improve the magnification and cycle performance 
of lithium-rich manganese-based materials. Coating 
Li2WO4 can obviously improve the magnification 
performance of the material and slow down the at-
tenuation of the platform, because Li2WO4 has good 
Li+ conductivity, and after coating, it also reduces 
the battery interface impedance and protects the 
material from electrolyte corrosion, reducing the 
internal polarization of the material. This work pro-
vides a new idea and direction for the research of 
lithium-rich manganese-based modification in the 
future. 

4. Experiment part 
4.1 Synthesis of materials 

According to the stoichiometric ratio of lithi-

um-rich manganese-based Li1.2Mn0.54-xAlxNi0.13- 

Co0.13O2 cathode material, CH3COOLi·2H2O, 
(CH3COO)2Mn·4H2O, Ni (CH3COO)2·4H2O, 
CO(CH3COO)2·4H2O, Al(NO3)3·9H2O (in which 
CH3COOLi·2H2O is 5% excessive; take x = 0 and 
0.03) is stirred with water until it is completely dis-
solved, and then an appropriate amount of sucrose 
is added to stir and coordinate for 1−2 hours. Then 
evaporate the solvent in 85 ℃ water bath to form 
purple transparent sol, and finally place the sol in 
100 ℃ oven for drying. The dry gel was ground 
into powder, and the heat treatment was carried out 
in two steps. First, it was calcined at 450 ℃ in air 
for 5 hours, and then calcined at 900 ℃ in air for 12 
hours to obtain the corresponding lithium-rich 
cathode material. 

Take the prepared Li1.2Mn0.51Al0.05Ni0.13Co0.13- 

O2, add it to the prepared mixed solution of 
(NH4)10W12O41·xH2O and CH3COOLi·2H2O, and 
then disperse it with ultrasound for 30 minutes, then 
keep it under negative pressure for 5 to 10 hours, 
then evaporate the solvent, dry it, compact it, and 
calcine it in air at 650 ℃ for 6 hours to get 5% 
Li2WO4@Li1.2Mn0.51Al0.03Ni0.13Co0.13O2. 

4.2 Material characterization 
Bruker D8 Advance X-ray diffractometer 

(XRD) made in Germany was used to analyze the 
phase of the sample. Cu target Kα is taken as a ra-
diation source, λ = 0.15406 nm, the tube current is 
40 mA, the tube voltage is 40 kV, and the scanning 
range is 10° ≤ 2θ ≤ 90°, the scanning speed is 10.0 
(°)/min, and the step size is 0.02°. The morphology 
of the synthesized samples was analyzed by 
JSM-4800 field emission scanning electron micro-
scope FESEM. The working voltage was 5kV and 
the working current was 0.01 mA. 

4.3 Material electrochemical performance 
test 

The prepared LMNC-1, LMNC-2 and 
LMNC-3 are used as positive active substances, 
super P-KS 6 (mass ratio of 1:1) is used as conduc-
tive agent, polyvinylidene fluoride (PVDF) is used 
as adhesive, and they were added to an appropriate 
amount of N-methyl pyrrolidone (NMP) dispersant 
according to the mass ratio of 7:2:1. Then it was 

mailto:5%25%20Li2WO4@Li1.2Mn0.51Al0.03Ni0.13Co0.13O2
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mixed and stirred evenly to make slurry, coated on 
the collector aluminum foil, and then the coated 
electrode is dried at 100 ℃ constant temperature for 
12 hours in argon atmosphere. The dried electrode 
sheet was used as the positive electrode, the lithium 
metal sheet as the counter electrode, the polypro-
pylene microporous membrane (Celgard 2400) as 
the diaphragm, and 1 mol·L−1 LiPF6 methyl ethyl 
carbonate (DMC)-ethylene carbonate (EC)-methyl 
ethyl carbonate (VDMC:VEC:VEMC = 1:1:1) as the 
electrolyte. The charge discharge performance and 
long cycle performance at different magnification 
were tested by Xinwei charge discharge tester at 
room temperature, in which the charge discharge 
voltage range was 2.0−4.8 V, and the current densi-
ty 1C = 200 mA·g−1. The electrochemical imped-
ance spectroscopy (EIS) of materials was tested by 
Princeton electrochemical workstation. 
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