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LiMn;04 (LMO) is the substance of choice for small and medium-sized energy storage materials in daily
life. In this work, LizInClg (LIC) is prepared on the surface of LiMn,04 by hydrothermal method using
InCl; and LiCl as raw materials. This method stabilizes the LMO crystal structure by uniformly coating
the LIC on the LMO surface and effectively maintains the morphology of LMO crystals during the cycling

process. SEM and EDS analysis confirm the morphology and homogeneity of the synthesized material LIC
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on the LMO surface. The prepared material is put into a battery, and the charge-discharge test is carried
out at 0.5 C and 1 C. The results show that the LIC surface-modified samples exhibit more than 6% higher
cycling performance than the unmodified samples after long cycling.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Environmental problems are the biggest problems facing this
century. With the continuous growth of the global population and
the continuous improvement of industrialization, various countries
have an increasing demand for fossil energy. Countries are still
dominated by fossil energy sources, so countries need to balance
fossil energy use with environmental pressures, which is not only
a worldwide scientific and environmental issue but also an impor-
tant development issue [1]. From this perspective, the development
of energy technology will play important role in the sustainable
development of the world environment. In the past decade, peo-
ple have recognized the significant changes brought by new energy
technology to social development. More and more power equip-
ment is used in our life. Lithium ion battery products have become
a necessity of our life and play an important role in the fields of
electronics, traffic tools and aerospace [2].

In recent years, lithium-ion batteries have become more and
more widely used. Among all energy storage materials, lithium-ion
battery is undoubtedly one of the most potential materials, so it
has been widely studied and used as the most likely energy storage
material in the future. In the development process of lithium-ion
batteries, the only factor that is limited is that the raw materials
of lithium-ion batteries are relatively expensive, and the prices of
elements such as Li, Mn and Ni are also becoming more and more
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expensive with the development of the new energy industry. Var-
ious different types of battery materials also play an advantage in
their respective fields [3,4].

LiMn,0,4 (LMO) is the most commonly used cathode material in
lithium-ion batteries. With the increasing demand of human activi-
ties for LMO materials, researchers not only study the modification
of LMO, but also study how to better recover LMO from waste bat-
teries [5,6]. The main differences between LMO and other lithium-
ion battery materials are low production cost, simple preparation
process and easy recycling. Although LMO has the above advan-
tages, the disadvantages are more obvious for batteries. LMO ma-
terials will have more capacity loss and lower capacity retention
under high voltage (>4.1 V), high temperature (=50 °C) and many
cycles. These are the challenges we face. The optimization methods
usually used by researchers are surface modification [7] and dop-
ing [8-10], and the optimized materials will obtain higher cycle
performance or discharge specific capacity. As an excellent conduc-
tive material, Li3InClg (LIC) can be well used in batteries [11-13].
The above research indicates that surface modification of LMO with
LIC is a relatively good way to improve the performance of batter-
ies, so as to enhance the structural stability of LMO and improve
the electrochemical performance of materials.

The development of battery technology mainly revolves around
two points: capacity and cycle stability. In current research in the
field, most of them adopt the method of modified materials to im-
prove these two aspects [14]. Here, we used a simple liquid-phase
synthetic cladding method. Based on this method, the LMO sam-
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Fig. 1. Schematic illustration of the fabrication process of LIC-LMO.

ples were modified by cladding using LIC. The LMO powder was
prepared using a general solid-phase method. Then LIC was coated
on the surface of LMO samples using aqueous phase synthesis to
obtain LIC-LMO composites. In the present work, we used aque-
ous phase synthesis of LIC for surface modification of the cathode
material LMO. In line with the direction of scientific research on
lithium-ion batteries, the process of our technique was relatively
simple and fast. After surface modification of LMO with LIC, the
original spinel structure of LMO structure was not damaged. The
synthesized material was characterized by X-ray diffraction (XRD,
10°~80°) and scanning electron microscopy (SEM). Electrochemical
tests were performed on the pristine LMO and the 2 wt% modified
LMO.

Commercial LMO sample (CS-LMO) is produced by Hunan Shan-
shan New Energy. Other chemicals are produced by Adams-beta.
All samples are analytical grade.

MnO, and Li,CO3 were used, and the two were mixed in a mo-
lar ratio of 4:1.05. Then put it into the ball mill to grind at 250 rpm
for 4 h. The ground sample was warmed up to 520 °C at a rate of
5 °C/min and held for 8 h. Then it was warmed up to 750 °C at a
rate of 5 °C/min and held for 14 h. Obtain self-prepared LMO (SP-
LMO) powder. The above SP-LMO powder was dispersed in ethanol
(99% purity) solution and then heated and dried under constant
magnetic stirring. The fine powder of SP-LMO material was ob-
tained after grinding in an agate mortar.

The fine powder of the SP-LMO material prepared above was
dissolved in an appropriate amount of deionized water. Added the
appropriate amount of LiCl solution, stirred magnetically for sev-
eral minutes and then added 1/3 of the molar amount of LiCl
with the same concentration of InCl; solution (add slowly using
a peristaltic pump), stirred at room temperature until uniformly
dispersed, and then continued to stir until dry. The powder was
placed directly in a vacuum oven without grinding and heated un-
der vacuum at 200 °C for 5 h [13]. A simple synthesis method is
shown in Fig. 1. The CS-LMO and SP-LMO modified by LIC surface
were named as LIC-CS-LMO and LIC-SP-LMO.

The samples were characterized by X-ray diffraction (XRD) (D/
MAX 2500V, Rigaku) with Cu Ko. The morphology of particles was
investigated with SEM (Sigma 300, Zeiss).

The positive electrode material was prepared by mixing the ac-
tive material, acetylene black and PVDF in a mass ratio of 8:1:1, us-
ing a lithium sheet as the counter electrode separated by a porous
propylene membrane (celgard2500), in a dry glove box filled with
high-purity argon gas Assemble the CR2025 coin cell battery in.
The positive electrode was dried under vacuum at 120 °C for 12 h.
Each cell was tested in a potential range of 3.0-4.3 V at room tem-
perature using a battery testing system (BTS-5V10mA, Shenzhen
Neware) and an electrochemical workstation (CHI760E, CH Instru-
ments Ins).

Fig. 2a shows the XRD diffraction patterns of LIC sample. LIC
samples are prepared using the surface modification procedure de-
scribed above. No impurity peaks are observed in XRD pattern and
the peaks of the LIC sample were consistent with the PDF#70-3274
spectrum. This also proves that LIC with better purity can be pre-
pared under the above conditions.
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Fig. 2. (a) XRD diffraction patterns of LizInClg. (b) XRD diffraction patterns of
LiMn,04 and Li3InClg-LiMn,04.

Fig. 3. (a-c) The SEM images of LMO. (d-f) The SEM images of 2 wt% LIC-LMO. (g)
The EDS images of 2 wt% LIC-SP-LMO.

Fig. 2b shows the XRD diffraction patterns of SP-LMO sam-
ple prepared using electrolytic MnO, and Li,CO3 and the LIC-LMO
with LIC surface modification. The peaks of the LIC-LMO sample
were very consistent with the PDF#89-0118 spectrum. The XRD
pattern shows ten characteristic peaks located at the following po-
sitions: 18.640°, 36.131°, 37.797°, 43.925°, 48.103°, 58.135°, 63.864°,
67.167°, 75.631° and 76.663°, corresponding to (111), (311), (222),
(400), (331), (511), (440), (531), (533) and (622) planes. Their po-
sitions are characteristic of the cubic spinel crystal structure, with
the Fd3m space group. Matches well the standard values for LMO.
Expectedly, the crystal structure of all LMO samples did not change
after modification with LIC.

Figs. 3a-f show the SP-LMO and LIC-SP-LMO SEM images at dif-
ferent magnifications. Figs. 3a-c show the SEM images of the SP-
LMO samples, which clearly shows that the octahedral structure of
LMO crystal is complete. Figs. 3d-f show the SEM images of the
LIC-SP-LMO samples. The size of a single particle before and after
modification is about 500 nm, which proves that the method of
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Fig. 4. (a) Initial charge-discharge profiles, (b) Coulomb efficiency, (c) cycling performances at 0.5 C, (d) cycling performances at 1 C, (e) cyclic voltammetry plots and (f)

impedance spectra.

water-phase modification has no effect on the grain size. The grain
morphology of the modified LMO remained almost unchanged, but
after the addition of LIC, new features could be clearly observed
in the SEM image (the LIC structure was evenly distributed on the
surface of the LMO material).

Fig. 3g is the EDS image of 2 wt% LIC-SP-LMO. EDS analysis of
manganese (Mn), oxygen (O), indium (In), and chlorine (Cl) ele-
ments was performed on the 2 wt% LIC-modified LMO sample to
confirm that the LIC material is uniformly distributed on the LMO
material. As a result, as shown in Fig. 3g, the LIC modified layer
uniformly covers the LMO particles.

The above-mentioned SP-LMO, 2% LIC-SP-LMO, CS-LMO and 2%
LIC-CS-LMO were selected for electrochemical tests. Fig. 4a shows
the initial charge-discharge profiles of the four materials. The dis-
charge specific capacities of CS-LMO, SP-LMO, LIC-CS-LMO and LIC-
SP-LMO are 124.7, 125.7, 128.3 and 127.8 mAh/g, respectively, dur-
ing the first charge-discharge process at a rate of 0.1 C. This is four
sets of similar data in LMO cells, which proves that the modifica-
tion of LIC does not lead to the improvement of the specific capac-
ity of LMO materials. During the charge-discharge process of the
studied cells, two pairs of plateaus appeared at voltages around
41-4.2 V and 3.9-4.1 V, which correspond to the redox process
of LMO and are characteristic of LMO.

Fig. 4b shows the rate capability of SP-LMO, LIC-SP-LMO, CS-
LMO and LIC-CS-LMO in the voltage range of 3.0-4.3 V. The re-
sults show that the performance of the modified material is sig-
nificantly improved compared to the pure phase. For example, the
discharge specific capacities of CS-LMO, SP-LMO, LIC-CS-LMO and
LIC-SP-LMO are 68, 83, 79 and 91 mAh/g at 2 C. LIC-CS-LMO is 15%
higher than CS-LMO. LIC-SP-LMO is 10% higher than SP-LMO. The
discharge specific capacity of the LMO material modified by LIC is
obviously higher than that of the other two samples.

Fig. 4c shows the cycling performance of the four samples at
0.5 C. After the 150t cycle, the discharge specific capacities of CS-
LMO, SP-LMO, LIC-CS-LMO and LIC-CS-LMO were 101.8, 105.3, 107.8
and 114.4 mAh/g. The capacity retention rates of the four samples
were 84.9%, 83.7%, 89.8% and 90.0%, respectively. Fig. 4d shows the
cycling performance of the three samples at 1 C. After the 200th
cycle, the discharge specific capacities of CS-LMO, SP-LMO, LIC-
CS-LMO and LIC-SP-LMO were 85.9, 90.6, 96.6 and 103.5 mAh/g.
The capacity retention rates of the four samples were 78.7%, 78.8%,

85.6% and 85.0%, respectively. It can be seen from Figs. 4c and d
that the modification of LMO by LIC can significantly improve the
cycling performance of LMO. This is due to the fact that the addi-
tion of LIC makes the microscopic morphology of LMO well main-
tained during the charging and discharging process of the LMO
material. At both 0.5 C and 1 C, the cycling performance is im-
proved by more than 6%.

Fig. 4e shows the cyclic voltammetry curves of each group. Due
to the intercalation/deintercalation of lithium ions, two pairs of re-
dox peaks will be generated (3.87/4.11 V and 4.03/4.22 V), which
correspond to the deintercalation processes of two Li* of LMO ma-
terials, which are the characteristics of LMO materials. We can see
that there is no significant difference (obvious deviation) in the
voltage of the four curves, so we think that the surface modifi-
cation of LIC does not hinder the charging and discharging process
of LMO, which also corresponds to Fig. 1a.

Fig. 4f shows the impedance spectra of the four samples. By
comparison, the sample modified by LIC surface in the figure is
obviously superior to the other two samples. This is due to the
faster charge transfer on the surface of the LMO material due to
the modification of LIC, which leads to its better electrochemical
performance.

In conclusion, the LMO material after LIC surface modification
shows more excellent cycling performance. It is demonstrated that
the surface modification of LIC improves the cycling stability of
LMO. During the charging and discharging process, the surface
coating of LIC can reduce the morphology change of LMO and
maintain the basic spinel structure, thus effectively improving the
electrochemical performance of the material.

In this work, we used a simple wet-chemical synthesis method
for surface modification of LMO particles using LIC. The XRD re-
sults show that the modified LMO still has a spinel structure
with the Fd3m space group. After LIC surface modification, the
LMO structure remained intact. Electrochemical characterization
was performed using a CR2025 coin cell configuration. After 150
cycles at 0.5 C rate, the capacity retention of 2 wt% LIC-LMO is
about 6% higher than that of CS-LMO sample. After 200 cycles at
1 C rate, the capacity retention of 2 wt% LIC-LMO is about 6.5%
higher than that of the LMO sample. This is because LIC has high
ionic conductivity (103 to 10~ S/cm) and good electrochemical
stability, so it can keep the morphology of LMO sample well dur-
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ing the cycle [11-13]. We also compared our experiments with
those of others before us [7]. The experimental steps of the aque-
ous phase method adopted by us are much simpler than theirs, but
the cycling performance of our sample is 2.5% higher than theirs.
This is good news for the development of LMOs. In the future, it is
planned to optimize the preparation process of this series of sam-
ples for surface modification of LMO by solid-phase method. It is
expected to achieve large-scale application in industrial production
while maintaining high cycle performance.
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