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Abstract: Spinel Li4Mn5O12 was successfully prepared by the wet chemical method to modify
the surface of Li1.2Ni0.2Mn0.6O2. The results showed that an ultrathin spinel Li4Mn5O12 surface-
modified layer with a thickness of approximately 10 nm was successfully constructed on the raw
material surface, and that the cationic order was improved. In addition, the lithium ion diffusion
coefficients (DLi

+) of the raw materials and the modified materials were calculated using the EIS
test and impedance fitting. The results indicated that the ultrathin Li4Mn5O12 surface modification
shell can increase the lithium ion diffusion rate of the material and improve the rate capability of the
material. So, the surface modification layer of spinel Li4Mn5O12 can reduce the oxygen loss of the
first cycle and improve the cationic order of the material. Therefore, the first coulombic efficiency of
Li4Mn5O12/Li1.2Ni0.2Mn0.6O2 material at the current density of 12.5 mA·g−1 reaches 80.46%, and
the capacity retention rate reaches 91.74% after 50 cycles, which are 3.36% and 21.23% higher than
those of the raw materials, respectively. It showed better electrochemical reversibility and cyclic
stability. This study provides a straightforward and convenient modification method for improving
the stability of cobalt-free lithium-rich manganese cathode materials and has a favorable application
prospect.

Keywords: lithium-ion battery; positive electrode; cobalt-free lithium-rich manganese oxide;
Li4Mn5O12-coated

1. Introduction

The lithium-ion battery is an ideal energy storage device with the advantages of high
energy density, long service life, and good safety performance [1–6]. However, as an
energy storage device, the lithium-ion battery still has room for improvement in terms
of energy density and cost [7–10]. At the end of the last century, LiCoO2, LiMn2O4 and
LiFePO4 were discovered and successfully applied to lithium-ion batteries, which have
become the cathode materials of lithium-ion batteries commercialized at present [6,11–14].
However, the current discharge-specific capacity of positive electrode materials is not up to
200 mAh·g−1, whereas the reversible specific capacity of commercial negative electrode
materials is more than 350 mAh·g−1. In addition, the cost of positive materials in a single
cell is much higher than the cost of negative materials. Therefore, the energy density and
cost of current lithium-ion batteries are mainly limited by the cathode material. Therefore, it
is of great significance to research and develop cathode materials with high energy density
and low cost [8,15–17].

In recent years, ternary materials (LiNixCoyMn(1−x−y)O2) and Li-rich manganese
cathode materials (xLi2MnO3·(1−x)LiMO2; M is at least one of the transition metals)
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have attracted people’s attention [18–20]. The cobalt-free lithium-rich manganese cathode
material is an ideal cathode material with a high discharge specific capacity (≥250 mAh·g−1)
and relatively low preparation cost [21,22]. However, during the charge–discharge cycles, a
variety of transitional metal cations and oxygen ions occurred. These reactions have caused
problems such as poor circulation performance, fast voltage attenuation, poor performance,
and low first coulombic efficiency, which limits its actual application [23].

In order to alleviate problems such as oxygen loss and transition metal migration,
researchers have proposed a variety of solutions, such as ion doping, surface modification,
etc. [24–27]. Generally, doping ions have a large ion radius, which can reduce the dynamic
migration of transition metal ions by increasing the migration barrier [23]. Moreover, due
to the electrochemical inertness of the doped elements, the stability of the structure can be
maintained. Therefore, ion phase doping can optimize the structure of the material, thereby
improving the electrochemical properties of the material. Li et al. inhibited the formation
of lithium vacancies and the migration of manganese ions by doping K+ in the bulk phase
of lithium-rich materials [28]. In addition, reducing the oxygen release in the material
lattice can also inhibit the migration and phase transition of transition metal ions, thus
reducing the voltage drop and improving the cycle stability. Surface coating is an effective
means of relieving oxygen release. Wu et al. systematically studied various oxide coatings
(Al2O3, CeO2, ZrO2, SiO2, ZnO) and demonstrated that they can retain oxygen vacancies
and improve cycle stability [29]. Liu et al. directly coated LiF on Li1.2Ni0.15Fe0.1Mn0.55O2
surface by the high-temperature melting method, which improved the cyclic stability of
the material [30]. The active material coated with 0.5 wt.% LiF has a discharge capacity
approaching 199 mAh·g−1 after 100 cycles. Chen et al. used organic fluorine and spinel
Li1+xNiyMn2−yO4 coating for fluorine doping to improve the electrochemical performance
of the material by increasing the diffusion rate of Li+ ions [31]. The discharge capacity of
the modified sample reached 256.1 mAh g−1 at 0.5 C, and could still reach 112.6 mAh g−1

at 10 C. Zhao et al., using a simple eutectic molten-salt method, in the lithium cathode
Li1.2Ni0.13Fe0.13Mn0.54O2, built in functional coating and doping [32]. After 120 cycles at
0.2 C, the material still retained 90.1% of its initial capacity.

Spinel Li4Mn5O12 is a high-power lithium-ion battery cathode material due to its high
lithium-ion conductivity and electrochemical stability. In addition, the spinel Li4Mn5O12
has half of the octagonal space point, and therefore it can be used as a lithium storage
carrier to reinsert irreversible lithium ions in the lithium-rich materials during the first
cycle. Therefore, spinel Li4Mn5O12 can not only be used as a good cathode material for
lithium-ion batteries, but also as a high-performance coating of lithium-rich composite
materials [33].

In this study, a simple method for modifying cobalt-free lithium-rich manganese-based
cathode materials by spinel Li4Mn5O12 surface modification was proposed. Through the
method of wet chemistry, the Li1.2Ni0.2Mn0.6O2 material prepared using the solution–gel
method will be mixed with the appropriate amount of metal salt solution. Then, after the
mixture has reacted in a constant-temperature water bath and calcined at an appropriate
temperature, a spinel/layered heterostructure layer is constructed on the surface of active
material particles. At the same time, the influence of the modified layer on the size of the
primary particle, on the surface morphology of the secondary particle, the crystal structure,
and the electrochemical performance of the active material was studied. As depicted in
Figure 1, the surface modification layer of spinel Li4Mn5O12 can improve the cationic order
and the lithium ion diffusion rate of the raw materials.
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Figure 1. Schematic diagram of modifying the surface of Li1.2Ni0.2Mn0.6O2 by spinel Li4Mn5O12.

2. Experimental
2.1. Preparation of the Li1.2Mn0.6Ni0.2O2

Weigh 0.24 mol of lithium acetate dihydrate, 0.04 mol of nickel acetate tetrahy-
drate, and 0.12 mol of manganese acetate tetrahydrate according to the chemical formula
Li1.2Mn0.6Ni0.2O2, and use magnetic stirring to completely dissolve them in 180 mL of
deionized water. Then, 0.4 mol of complexing agent citric acid monohydrate is weighed
and completely dissolved in 20 mL of deionized water by stirring. Next, slowly pour
the citric acid solution into the salt mixture and stir until the mixture is smooth. Add an
appropriate amount of nitric acid solution, stir, and react in a water bath at 80 ◦C to obtain
a yellow-green transparent gel. Then, dry it in a blast oven at 160 ◦C for 12 h to obtain a
dry gel precursor. Finally, after the precursor is fully ground, it is put into a muffle furnace
under an air atmosphere and preheated at 3 ◦C·min−1 to 500 ◦C for 5 h to obtain the metal
oxide precursor. Finally, the precursor is calcined at 900 ◦C for 12 h at the same heating rate
to obtain the Li1.2Mn0.6Ni0.2O2 material.

2.2. Preparation of Li4Mn5O12/Li1.2Mn0.6Ni0.2O2 Materials

According to the chemical formula 0.03Li4Mn5O12·0.97Li1.2Ni0.2Mn0.6O2, weigh 1.0 g
of active material, 0.15 g of lithium acetate dihydrate, 0.45 g of manganese acetate tetrahy-
drate, 0.20 g of polyvinylpyrrolidone, and 20 g of ethanol and mix them evenly with a
magnetic stirrer to obtain a mixed solution. Then, in order to obtain the precursor, the
mixed solution is heated in a water bath at 80 ◦C until the solvent ethanol is completely
volatilized. Finally, the obtained precursor is calcined at 5 ◦C·min−1 to 450 ◦C for 5 h
under an air atmosphere to obtain the spinel Li4Mn5O12/Li1.2Mn0.6Ni0.2O2 material. By
adjusting the ratio of Li4Mn5O12 and Li1.2Ni0.2Mn0.6O2, the content of the surface modifi-
cation layer of the active material is controlled. According to the ratio of Li4Mn5O12 and
Li1.2Ni0.2Mn0.6O2, the three components are 0.01:0.99, 0.03:0.97, and 0.05:0.95 which are
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recorded as LMO@LNM-1%, LMO@LNM-3%, and LMO@LNM-5%, respectively, while the
unmodified sample is recorded as LNM.

2.3. Preparation and Assembly of Electrodes

The working electrode is composed of sample (80 wt.%), carbon black (super-P,
10 wt.%), and polyvinylidene fluoride (PVDF, 10 wt.%) mixed in N-methyl pyrrolidone
(NMP) to prepare a slurry. Then, evenly coat the slurry on aluminum foil with a thickness of
approximately 150 µm, and then vacuum dry it at 80 ◦C for 12 h. With lithium metal sheet
as the counter electrode, 1M lithium hexafluorophosphate (LiPF6) is dissolved in a mixture
of ethylene carbonate (EC), methyl ethyl carbonate (EMC), and dimethyl carbonate (DMC)
with a volume ratio of 1:1:1 as the electrolyte. The Celgard 2400 serves as a diaphragm. The
battery is assembled in a glove box filled with argon gas.

2.4. Characterization and Testing of Materials

The crystal structure of the samples was analyzed by powder X-ray diffractometer
(XRD, Model X′pert 3, Cu-Kα radiation: 2◦·min−1, 10–90◦). The morphology of the samples
was characterized by field emission scanning electron microscopy (SEM, Hitachi SU8100
USA EDAX). The composition, distribution, and relative content of the elements on the
sample surface can be obtained by using the X-ray energy spectrometer (EDS) equipped
with the scanning electron microscope. The surface composition and elemental valence
were measured using X-ray photoelectron spectroscopy (XPS). The crystal plane spacing
and the phase of the sample were determined using transmission electron microscopy
(TEM, JEOL 1011).

CR-2032 half-cell was used to test electrochemical performance. The charge and dis-
charge test was carried out using the Blue Electric Battery Test System (CT2001A LAND).
Cyclic voltammetry (CV) was tested using the Shanghai Chenhua Electrochemistry work-
station with an electrochemical window of 2.0–4.8 V and a scanning rate of 0.1 mV·s−1.
Electrochemical impedance spectroscopy (EIS, 0.01–100k Hz) was measured with a CHI660E
Electrochemical workstation (Shanghai, China, Chenhua).

3. Results and Discussion
3.1. X-ray Diffraction Analysis

The crystal phases of the pristine and the modified samples are shown in Figure 2.
Compared with the standard PDF#74-0919 and the LNM, the LMO@LNM-1%, LMO@LNM-
3%, and LMO@LNM-5% samples exhibit the characteristic peaks of the LiMO2 (M=Ni,
Mn) phase of the typical layered hexagonal α-NaFeO2 structures with space groups R-
3m [26]. We can observe the weak lithium-rich diffraction peak with the diffraction angle of
20–25◦ [34]. At the same time, the (006)/(102) and (018)/(110) diffraction peaks appear in
pairs in the XRD images, indicating that the prepared materials have ordered layered struc-
tures [35]. However, the intensities of the corresponding (003) and (104) diffraction peaks
decrease as the relative content of spinel Li4Mn5O12 increases. There is no spinel Li4Mn5O12
phase in the XRD patterns of the LMO@LNM-1%, LMO@LNM-3%, and LMO@LNM-5%
samples, possibly because the content of the surface modification layer is low and it is not
easy to detect. In general, no impurity peaks are found in the XRD patterns of the three
samples, indicating that the modified layer would not induce the formation of new phases
in the samples.

The lattice parameter (a, c, c/a) values and the I(003)/I(104) values of the three samples
with different component ratios, along with those of the unmodified samples, can be
obtained by fitting and calculating the XRD test results using Jade, as shown in Table S1
(Supplementary Materials). It is obvious that the lattice parameter c/a values of the four
samples are greater than 4.899, which also indicates that the obtained sample materials
have well-ordered layered structures [36,37]. Meanwhile, the I(003)/I(104) values of the four
samples are all greater than 1.2, indicating that the samples have high cation ordering. In
addition, as the proportion of the component increases, the I(003)/I(104) value of the samples
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gradually increases. In summary, the four samples have a good lamellar structure and high
cation ordering. Moreover, as the component content ratio increases, the I(003)/I(104) value
of the sample gradually increases, indicating that the higher component ratio may help
reduce the degree of cation mixing in the material. The moderate component ratio may be
conducive to the formation of materials with good crystal structure and cationic ordering.
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3.2. Material Morphology and Composition Analysis

Figure 3 shows SEM images of the LNM, LMO@LNM-1%, LMO@LNM-3%, and
LMO@LNM-5% samples. It can be seen that, compared with the LNM samples, there are
no significant differences in the morphologies of the LMO@LNM-1%, LMO@LNM-3%,
and LMO@LNM-5% samples. The surface of the primary particles is polygonal, while the
secondary particles are stacked by the primary particles, showing a prism-like structure.
However, with the increase in the Li4Mn5O12 component proportion, the agglomeration
degree of the secondary particles increased, and the roughness and compactness of the
material surface increased, as shown in Figure S1. At the same time, these will lead
to a decrease in crystallinity, which would be detrimental to the diffusion of Li ions in
the material.

Mapping scan was performed for the LMO@LNM-3% samples, as shown in
Figure 3e–g. It can be seen that the Mn and Ni elements are uniformly distributed on
the surface of the LMO@LNM-3% samples, indicating the homogeneity of the spinel
Li4Mn5O12 surface modification process. The test results show that the contents of Mn and
Ni are 79.84% and 20.16%, respectively, which correspond to the stoichiometric ratio of the
LMO@LNM-3% samples.
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The surface morphology and crystal structure of the LMO@LNM-3% primary particles
are further studied by TEM. Figure 4a,c are high-resolution TEM (HRTEM) images of
the LMO@LNM-3% samples. It can be seen from Figure 4a that a light-gray thin layer
is uniformly formed on the surface of the LMO@LNM-3% sample, which is obviously
different from the bulk particles. The thickness is approximately 10 nm, which proves the
existence of the coating layer. In addition, it can be seen that the primary particles of the
LMO@LNM-3% sample show a clear lattice fringe, showing an obvious lamellar structure.
Fast Fourier Transform (FFT) was applied to the purple frame region of the particle body,
and the analysis results are shown in Figure 4b. The interplanar distance of the lattice
fringe of the LMO@LNM-3% sample is 0.479 nm, corresponding to the crystal plane (003)
in the layered oxide structure. Then, as shown in Figure 4c, by magnifying the edge of the
light-gray composite modification interface, it is observed that there are some lattice fringes
in the composite modification interface layer. Next, FFT was performed on the purple
frame selection area of the composite thin layer. As shown in Figure 4d, the crystal plane
spacing is 0.474 nm, corresponding to the (111) crystal plane of the Li4Mn5O12 crystal [38].
Therefore, spinel Li4Mn5O12 exists in the coating layer. However, the spinel Li4Mn5O12
crystal is unevenly distributed on the surface of the raw material particles, which may be
caused by the uneven dispersion of the raw material particles in the mixed solution.
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XPS was used to study the surface composition and elemental valence of the LNM and
LMO@LNM-3% samples [39], and Avantage fitting results are shown in Figure 5. Figure 5a
shows the XPS survey scans of the LNM and LMO@LNM-3% samples, which also proves
the presence of the Ni, Mn, and O elements, while the high intensity O 1s peak indicates
that both samples are stable oxides. Figure 5b shows the fine spectra of Mn 2p of the two
samples. The binding energies of their characteristic peaks are 642.48 eV and 641.98 eV
which are consistent with the characteristic binding energies of Mn 2p [40]. Compared
with the Mn 2p binding energy of the LNM samples, the Mn 2p characteristic peak of
the LMO@LNM-3% samples shifted to the right, indicating that the binding energy of the
LMO@LNM-3% samples decreased. In addition, it can be seen from the fitting results that
Mn3+ and Mn4+ exist in both the LNM and the LMO@LNM-3% samples. Compared with
the relative contents of the two valence states of Mn in the LNM samples, the content of
Mn4+ in the LMO@LNM-3% samples is significantly higher than that of Mn3+. This shows
that the crystal structure stability of the LMO@LNM-3% sample has been improved, which
is consistent with the XRD analysis results. Figure 5c shows the fine spectrum of Ni 2p
in the samples. The characteristic peaks observed at binding energies of 854.98 eV and
854.78 eV correspond to the characteristic binding energies of Ni 2p. Compared with the
Ni 2p binding energy of the LNM sample, the Ni 2p characteristic peak of the LMO@LNM-
3% sample also shifted to the right, which also indicates that the binding energy of the
LMO@LNM-3% sample decreased. At the same time, it can be seen from the fitting results
that Ni2+ and Ni3+ exist in the LNM and LMO@LNM-3% samples. Compared with the
relative contents of the two valence states of Ni in the LNM sample, the relative content of
Ni2+ in the LMO@LNM-3% sample is significantly reduced, which is helpful to improve
the cationic ordering of the materials, which is consistent with the XRD analysis results.
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Figure 5d shows the fine O 1s spectra of the LNM and LMO@LNM-3% samples. It can be
seen that the characteristic peak binding-energies of O 1s of the two samples are 529.78 eV
and 529.48 eV. The O 1s characteristic peak of the LNMO-3% samples shifted to the right
and the binding energy decreased. Since the characteristic peaks of O 1s of the two samples
are not significantly different, this indicates that the surface components are all metal
oxides, which is consistent with the TEM test results of the LMO@LNM-3% sample.
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3.3. Electrochemical Characterization

The electrochemical cycle test is used to study the effect of spinel Li4Mn5O12 coating
on the electrochemical properties of raw materials. Figure 6a shows the first charging and
discharging curves of the LNM, LMO@LNM-1%, LMO@LNM-3%, and LMO@LNM-5%
samples at the current density of 12.5 mA·g−1. During the first charging process, the diagonal
below 4.5 V and the high potential platform at 4.5 V are associated with the reversible
extraction of Li ions from the layered structure of lithium. The diagonal line higher than 4.5 V
corresponds to the irreversible activation and oxygen loss of Li2MnO3 [41,42]. In addition, the
first discharge capacity of the LNM, LMO@LNM-1%, LMO@LNM-3%, and LMO@LNM-5%
samples are 269.9 mAh·g−1, 246.0 mAh·g−1, 244.7 mAh·g−1, and 225.3 mAh·g−1, respectively.
Compared with the first discharge capacity of the LNM samples, the first discharge capacity
of the LMO@LNM-1%, LMO@LNM-3%, and LMO@LNM-5% samples are decreased to some
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extent, which may be due to the decrease in active material content, caused by the increase in
spinel Li4Mn5O12.
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It can be seen from Figure 6b that after 50 charge and discharge cycles, the capacity
retention rates of the LNM, LMO@LNM-1%, LMO@LNM-3%, and LMO@LNM-5% samples
are 70.51%, 73.82%, 91.74%, and 80.87%, respectively. Compared with the LNM samples, the
LMO@LNM-3% samples show a significant improvement in cyclic performance. This may
be due to the large c/a and I(003)/I(104) values of the LMO@LNM-3% samples, indicating
that the sample has a highly ordered layered structure and a high cation ordering, thus
showing good cycling stability. As shown in Figure 6c, the first coulomb efficiencies of the
LNM, LMO@LNM-1%, LMO@LNM-3%, and LMO@LNM-5% samples are 77.1%, 73.53%,
80.46%, and 69.8%, respectively. The high relative content of Mn4+ in its crystal structure,
which increases the stability of the material’s crystal structure and reduces oxygen loss,
thus leading to the first coulomb efficiency of the LMO@LNM-3% samples, is the highest.
Therefore, it has effectively improved the first coulomb efficiency of the LMO@LNM-3%
samples. In general, the LMO@LNM-3% samples have the highest first coulomb efficiency
and capacity retention rates, indicating that spinel Li4Mn5O12 modified layer is helpful
in improving the lamellar structure stability and cation ordering of raw materials, thus
improving the cyclic stability of materials.

The rate performances of the four samples are shown in Figure 6d. It can be seen that
at low current densities of 0.05 C, 0.1 C and 0.2 C, the specific discharge capacity of the
LMO@LNM-1%, LMO@LNM-3%, and LMO@LNM-5% samples decreases with the increase
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in spinel Li4Mn5O12 modified layer content. This can be attributed to the fact that the
modified layer formed on the surface of the raw material particles has a greater resistance
to the diffusion of lithium ions in the material at a lower current density. At large current
densities of 0.5 C, 1 C, and 2 C, compared with the LNM samples, the LMO@LNM-3%
samples show a higher specific discharge capacity, indicating that the surface modification
layer is beneficial for Li ion diffusion in the material at large current densities.

We further explored the redox process of the LNM, LMO@LNM-1%, LMO@LNM-3%,
and LMO@LNM-5% samples, and conducted a cyclic voltammetry (CV) test on four samples.
As shown in Figure 7, within the voltage range of 2.0−4.8 V, two obvious anode peaks
appeared at 3.8−4.3 V and 4.5−4.8 V during the first charging of the four samples. The
first anodic peak of approximately 4.0 V corresponds to the Ni3+/Ni4+ oxidation reaction,
accompanied by the extraction of lithium ions from the layered metal oxide structure, and
corresponds to the first voltage plateau at the first charge [43]. The second anodic peak of
approximately 4.8 V corresponds to the irreversible activation of Li2MnO3 and the loss of
oxygen [44]. Moreover, the two cathodic peaks of approximately 3.6 V and 3.0 V correspond
to the reduction reaction of Ni4+/Ni3+ and Mn4+/Mn3+, respectively. In addition, compared
with the LNM samples, a new anodic peak is generated at a voltage of approximately 3.0 V
during the charge-discharge cycles for the LMO@LNM-1%, LMO@LNM-3%, and LMO@LNM-
5% samples. These results indicate that new oxidation reactions corresponding to different
electric potentials occur during the charging process, and similar phenomena occur during the
discharge process, which may be related to the spinel Li4Mn5O12 modified layer. The redox
peaks of the LMO@LNMO-3% samples are obvious, and the area of the closed curve increases
obviously with the increase in the number of cycles. This indicates that the electrode material
is gradually activated and the discharge specific capacity increases, which is consistent with
the cycle performance of the material.
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To further investigate the electrode reaction kinetics of the LNM, LMO@LNM-1%,
LMO@LNM-3%, and LMO@LNM-5% samples, electrochemical impedance tests were
performed. Figure 8a shows the EIS curves of the four samples. It can be found that the EIS
curves of the materials are represented by semicircles at high-medium frequencies and by
inclined lines at low frequencies. The intersection point between the starting point of the
high-medium frequencies and the real axis is Re, the semicircle corresponds to Rct, and the
inclined lines at low-frequencies represent Zw [26]. In addition, the impedance parameters,
Weber coefficient (Figure 8b), and the Li ion diffusion coefficient of the samples can be
obtained by fitting and by Equation (1) [45,46]:

DLi+ =
R2T2

2A2n4F4C2σ2
(1)
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DLi
+, R, T, A, n, F, C and σ represent the Li ion diffusion coefficient, gas constant,

room temperature, electrode surface area, number of electrons transferred in the reaction,
Faraday constant, lithium ion concentration, and Weber coefficient, respectively [47,48].

The fitted impedance parameters, Weber coefficient, and the lithium ion diffusion
coefficient of the four samples are shown in Table S2. It can be seen that the difference
of Re among the four samples is not significant. The Rct values of the four samples are
31.46 Ω, 273.0 Ω, 192.6 Ω, and 346.6 Ω, respectively. Compared with LNM samples, the
charge transfer impedances of the LMO@LNM-1%, LMO@LNM-3%, and LMO@LNM-5%
samples are significantly increased. Rct represents the impedance of Li+ passing through
the SEI film on the surface of the active material [49]. The increase in Rct indicates that
the interface charge transfer is blocked, which may be related to the modification layer
of spinel Li4Mn5O12. Meanwhile, the DLi

+ of the four samples are 8.32 × 10−15 cm2·s−1,
1.63 × 10−15 cm2·s−1, 9.16 × 10−15 cm2·s−1, and 6.98 × 10−15 cm2·s−1, respectively. Obvi-
ously, the LMO@LNM-3% samples have a larger DLi

+. This shows that it has a fast diffusion
rate of Li+ and good electrochemical performance, which is consistent with the results of
the sample rate performance test.

4. Conclusions

In summary, this study successfully prepared spinel Li4Mn5O12 surface-modified
Li1.2Ni0.2Mn0.6O2 material by the wet chemical method. The results show that the ul-
trathin spinel Li4Mn5O12 shell can reduce oxygen loss during the first cycle and im-
prove the cation ordering of the material. Therefore, the first coulomb efficiency of
Li4Mn5O12/Li1.2Ni0.2Mn0.6O2 material at the current density of 12.5 mA·g−1 is 80.46%,
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and the capacity retention rate after 50 cycles can reach 91.74%. Compared with the raw
material, it has increased by 3.36% and 21.23% showing better electrochemical reversibility
and cycle stability. At the same time, the LMO@LNM-3% samples show high discharge
specific capacity at high current density, which indicates that the spinel Li4Mn5O12 surface
modification layer contributes to the improvement of material rate properties. Therefore,
this study provides a simple modification method for improving the stability of cobalt-free
lithium-rich manganese cathode material, which has a good application prospect.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/xxx/s1. Figure S1: Low magnification SEM images of (a) LNM, (b) LMO@LNM-
1%, (c) LMO@LNM-3%, (d) LMO@LNM-5%; Table S1: Lattice parameters and characteristic peak ratios
of the LNM; Table S2: Fitted impedance parameters, weber coefficients, and lithium-ion diffusion
coefficients for the samples.
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