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In this article, the original Li1.2Mnos54Nio.13C00.1302 lithium-rich manganese-based cathode material with
a uniform distribution of polygonal prisms was synthesized by a simple and reproducible sol-gel method,
followed by a simple chemical deposition method. The structure and electrochemical performance of the
original and modified cathode materials were characterized by XRD, XPS, EDS, SEM, TEM, and
constant current charge/discharge tests. The results showed that LaFz was uniformly coated on the
surface of the original material and the thickness of the 2 wt% coating layer was about 2-3 nm. With this
coating amount, the cathode material could obtain the best cycling and rate performance. The first
coulomb efficiency of the modified material was 73%, which was 7% higher than that of the original
material. Secondly, the cycling performance was improved. When the coated material was cycled at 0.2
C for 50 cycles, the discharge capacity was 325mAh-g!, and the capacity retention rate was 99.21%,
while the original material was only 78.73%. Finally, the performance was also improved at high current
density. The coated material could still reach 170mAh-g? at 5C, which was 70% higher than the original
material. The significant improvement in electrochemical performance was attributed to the fact that the
LaFs coating layer made the material avoid direct contact with the electrolyte which could reduce the
occurrence of side reactions and increase the stability of the material. Besides, expanded layer space
resulted from lattice expansion after coating could broaden the transmission channel of lithium ions and
facilitate the insertion-extraction of lithium ions during charge and discharge.

Keywords: Li-ion battery Lii2MnossNio13C00.1302 Layered oxide Lanthanum fluoride Surface
coating

1. INTRODUCTION

In order to solve the problem of environmental damage caused by over-exploitation of fossil
fuels due to increasing energy demand of human, more and more renewable energy sources are
discovered and used by humans, such as wind power, hydropower, and tidal power generation [1,2].
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However, the use of these clean energy sources has problems that need to be solved urgently. These
energy sources have periodic problems. They cannot be fully utilized when they are able to generate
electricity and there will be a shortage of power supply when the conditions for generating electricity
are not available. This requires high-performance power storage equipment. Secondly, people’s growing
material needs such as electric vehicles, wearable and portable smart devices also require rechargeable
battery devices with high safety performance and strong endurance [3,4]. Commercially available
batteries include LiCoO:z [5], LiMn2O4 with spinel structure [6], and LiFePO4 with olivine structure [7].
However, their low battery capacity, poor safety performance during overcharge and low electrical
conductivity severely limit the performance of fast charge and discharge. Therefore, people are
concerned about batteries with large capacity, high safety, and wide window voltage that can be quickly
charged and discharged. The layered lithium-rich manganese-based oxide which is usually expressed as
XLi2MnO3z-(1-x)LITMO2 (TM = Mn, Co, Ni.) has become one of the most concerned cathode materials
because it achieves a good balance among power, energy density, and cost [8,9].

The lithium-rich manganese-based cathode material XLi2MnOsz-(1-xX)LiMO2 (M=Ni, Co, Mn) is
one of the most potential cathode materials for lithium-ion batteries. Its reversible specific capacity can
reach 250mAh-g* and the working voltage up to 3.8 V and has a long cycle life, good thermal stability,
easy preparation of materials, relatively low price, environmental friendliness and other excellent
characteristics [10,11]. But there are also some unsolved problems. Among them, the irreversible
capacity loss of the first charge caused by the mixing of cations is more serious. Under high charge and
discharge voltage, the positive electrode material may react with the electrolyte solution and makes the
cycle performance worse. The low lithium ion diffusion coefficient and electronic conductivity make
the rate performance poor. The existence of these problems restrict its commercial application [12-14].
In response to the above problems, researchers modified the materials by surface coating, bulk doping
and other means to achieve the purpose of improving electrochemical performance [15-17].

Surface coating modification has been experimentally proved to improve the electrochemical
performance of lithium battery cathode materials under high cut-off voltage or more cycles. For example,
Zhang et al. coated lithium-rich manganese-based cathode materials with lanthanum phosphate. The
cycle stability of the modified materials was greatly improved and the capacity retention rate was as high
as 83.2% after 200 cycles at 1C [18]. Besides, Chen et al. coated Li1.2Mnos4Nio.13C00.1302 cathode
material with cerium phosphate, which increased the coulombic efficiency of the first turn from 88.26%
t0 92.19% and its performance at high temperature was also significantly improved, mainly due to the
coating layer which can reduce the side reaction between the cathode material and the electrolyte and
increase the diffusion channel of lithium ions [19].

In recent years, metal fluoride coating has a significant advantage in improving the
electrochemical performance of cathode materials. The reason is that the metal fluoride coating layer
can protect the cathode material from HF corrosion and the electronegative F can inhibit the transition
metal migration to ensure the stability of the layered structure and to improve the cycle performance,
voltage attenuation, and low first-lap coulomb efficiency. For example, Lu et al. reported that
Liz2Mnos4Ni0.13C00.1302 cathode material with cerium fluoride coating has improved cycle and rate
performance. Under 5C, the capacity increased from 82.2 mAh-g? to 103.1 mAh-g. The reason is
probably because the coating material suppresses the increase of impedance during the cycle [20]. In
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addition, Niu et al. coated lithium-rich layered Li1.2Mno 54Nio.13C00.1302 cathode material with YFzwhich
greatly improved the high rate performance. The capacity increased from 148.3 mAh-g™ to 179.6 mAh-g’
1 at 5C. The reason is that in the process of YFs; modification and secondary baking, a spinel phase with
three-dimensional Li* diffusion channels is formed, which is beneficial to improve the rate performance
[21].

In this article, the lithium-rich layered oxide Li1.2Mno.s4Ni0.13C00.1302 was first prepared by the
sol-gel method and then a small amount of LaFz was coated on the surface of the material by a simple
chemical deposition method for modification. It was found that the rate performance, cycle performance,
coulomb efficiency of the first charge and discharge and impedance performance of the material with a
coating amount of 2% were significantly improved. In this paper, the reasons for the improvement of
electrochemical performance were also deeply explored.

2. EXPERIMENTAL

2.1 Preparation of samples

The original layered oxide Li1.2Mno.s4Ni0.13C00.1302 powder was prepared by sol-gel method.
First, LiSO4-H20, NiSO4-6H20, Co0SO4:7HO and MnSOs4-H.O with a stoichiometric ratio of
1.26:0.13:0.13:0.54 were dissolved in deionized water to get a clear and transparent solution. Second,
we weighed equimolar citric acid and dissolved it in a certain amount of deionized water. And then we
added it dropwise to the metal salt mixed solution after the dissolution was completed. Third, we adjusted
the pH of the solution to 8 with ammonia. The solution was placed in a water bath at 85°C and stirred
until a gray wet gel was formed. It was then dried in a blast drying oven at 120°C for 12 h to form an
off-white xerogel. After being fully ground, it was calcined by two stages (450°C, 5h, 850°C, 12h) in an
air atmosphere to obtain the original material.

In order to prepare Li12Mnos4Nio.13C00.1302 coated by LaFs, the prepared raw material powder
was added to the lanthanum nitrate (La(NOz)3) aqueous solution under continuous stirring, and then the
NHF aqueous solution was added dropwise to the suspension. The molar ratio of La to F was 1:3. Then,
the suspension was stirred and evaporated in a water bath at 80°C until the water was completely
evaporated. The dry powder was calcined in a tube furnace at 450°C for 5 hours in nitrogen atmosphere
to obtain LaF3 coated Li12Mnos4Nio.13C00.1302 material. In this study, the coating amount of LaFs on the
original material was 1%, 2%, and 4%. The original material and the modified material were named
Pristine, 1wt%-LaFs, 2wt%-LaF3 and 4wt%-LaFs respectively.

2.2 Characterizations

The crystalline structure of samples was characterized by X-ray diffraction (XRD) using a Bruker
D8 advance-X diffractometer with Cu ko radiation in the 26 angular range of 10°-80° at a scanning rate
of 0.02°/s. X-ray photoelectron spectroscopy (XPS, ESCALAB250) was performed to characterize the
surface state of the obtained products. The particle morphology and element composition of the powders
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were observed by using scanning electron microscope (SEM, USA JEM-1400plus) and energy
dispersive spectroscope (EDS). Transmission electron microscope (TEM, Japan JEM-1400plus) was
used to examine the coating layer of cathode powders at an acceleration voltage of 80 kV.

2.3 Electrochemical measurements

First, polyvinylidene fluoride (PVDF), acetylene black and N-methylpyrrolidone (NMP) were
mixed in a weight ratio of 8:1:1 then the active material was added. Then it was stirred overnight to form
a uniform slurry. The obtained slurry was evenly coated on the aluminum foil, and it was placed in a
blast drying oven at 120°C for 12 hours. After drying, it was cut into circular electrode sheets with a
diameter of 16 mm using a punching machine. The battery assembly is operated in a glove box filled
with argon gas. This study used the CR2016 button battery and high-purity lithium sheets as the negative
electrode. The separator is a porous polypropylene film Celgard 2400 and the electrolyte is 1mol/L
LiPFe/(EC+DEC+EMC) of which the volume ratio of EC (ethylene carbonate), DEC (diethyl carbonate),
EMC (ethyl methyl carbonate) is 1:1:1. We use a sealer to seal the battery with a pressure of 50 MPa
and let it stand for 12 hours. In this study, the button battery 3000-1 blue battery test system produced
by Wuhan Lanbo Test Equipment Co., Ltd. was used to perform charge and discharge tests on the
assembled CR2016 button battery. The test temperature is 25°C~30°C and the test voltage range is 2.0V-
4.8V. Under 0.2C rate, charge and discharge cycle 50 times and carry out rate performance test at current
density of 0.1C, 0.2C, 0.5C, 1C, 2C, 5C ,10C, where 1C=200 mAhg™. The CHI660C electrochemical
workstation produced by Shanghai Chenhua Instrument Co., Ltd. was used to perform cyclic
voltammetry and AC impedance testing on the assembled button battery. The cyclic voltammetry test
temperature is 25°C~30°C, the scan rate is set to 0.1mV/s and the voltage range is 2.0V~4.8V. The AC
impedance test conditions are: the test potential is 5mV, the frequency range is 0.01~100 000 Hz and
the test temperature is 25°C~30°C.

3. RESULTS AND DISCUSSION

The XRD patterns of Liz.2Mnos4Nio.13C00.1302 before and after LaFs modification were shown in
Figure 1. The original materials and the materials synthesized with 1%, 2% and 4% LaFs coating amount
all have characteristic peaks of the typical a-NaFeO: structure. Secondly, there were some weaker
diffraction peaks between 20°~25°, these diffraction peaks belong to the characteristic diffraction peak
of Li2MnOs with monoclinic unit cell structure. It could also be seen from the figure that the (006)/(102)
and (108)/(110) diffraction peak splitting degrees of the materials synthesized under LaF3z coating
amount were more obvious which indicated that the synthesized materials have relatively high complete
layered structure. There was no characteristic diffraction peak of LaFz in the XRD pattern. This may be
due to the low content of LaFz or the low sintering temperature during coating and the coating layer
existed in an amorphous state without forming a crystal structure. Interestingly, the peak of the (104)
crystal plane shifts to the left( 20 decreases) after LaFs coating. According to the Bragg equation,
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2dsinb=A, d increases when the value of 0 decreases. It could be inferred that the coated material has
undergone lattice expansion. This may be due to the fact that part of the F~ in the coating layer diffused
into the bulk phase of the material due to the concentration gradient which increased the interlayer
spacing. The increasing of the interlayer spacing made the insertion and extraction of Li* easier and
improved the Li* transmission Kinetics, which was beneficial to the improvement of rate performance.

—
3 _
[=] <t
— ﬁ 9 8
D S A
—_— A
— = — =
. o = <~ ©
Li,MnO = © 2 N @
2 3 —_— o 5
PR <2 = T ZAwt%-LaF,

I 2wt%-LaF,

H | 1wt%-LaF,
‘ Pristine
[ R~ ki ““‘Ul"uu“ AR AW

10 20 30 40 50 60 70 80
20 /degrees

Intensity(a.u.)

Figure 1. X-ray diffraction pattern of the Pristine, 1wt%-LaF3, 2wt%-LaF3, 4wt%-LaFs.

From the lattice parameters in Table 1, it could be seen that the parameters a of the materials
coated with LaFs decrease first and then increase as the amount of coating increasing. The lattice
parameter a usually represents the distance between transition metal atoms in the transition metal
layer[22]. This might be due to the fact that a part of F~(r=1.33A) in the transition metal layer diffused
into the bulk phase due to the concentration gradient, replacing O> (r=1.4A) on the interface. It reduced
the distance between the metal atoms in the transition metal layer. However, as the amount of coating
increased, part of the transition metal might be reduced to a lower valence state due to the charge
compensation of F~ substitution O and the ion radius of the low oxidation state was larger than that of
the high oxidation state [23]. The lattice parameter ¢ usually represents the layer spacing [22]. We can
see from Table 1 that the c value increased as the amount of coating increased indicating that the distance
between the layers of the material has expanded. It could be calculated from Tablel that when the coating
amount was 2 wt%, the c-axis expansion rate reached 0.664%. It was consistent with the above-
mentioned analysis. Besides, the unit cell parameters c/a of the materials were all greater than 4.899
indicating that the obtained materials all had a good layered structure. Except for 4wt%-LaFs, the
1(003)/1(104) intensity ratio was greater than 1.2 indicating that the Li* and Ni?* cation mixing degree
was very low [24]. As the coating amount increased, the 1(003)/1(104) intensity ratio gradually decreased
and part of the transition metal ions migrated into the Li layer causing mixed cations. When the coating
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amount reached 4 wt%, the cation mixing was serious indicating that the coating amount should not
exceed 4 wt%. The above analysis showed that the lithium-rich material synthesized by the sol-gel
method had a good layered structure and the coating amount below 4 wt% did not change the crystal
structure of the material.

Table 1. The lattice parameters of four samples

Sample alA c/A c/a l(003)/ 1 (104)

Pristine 2.8582 14.3276 5.0128 1.6774
1wt%-LaFs 2.8485 14.3524 5.0385 1.3134
2wt%-LaF3 2.8604 14.4228 5.0422 1.2625
4wt%-LaFs 2.8612 14,4281 5.0426 1.1408

Scanning electron microscope (SEM) and transmission electron microscope (TEM) were used to
study the morphology of the original raw materials and LaFz coated modified materials. As shown in
Figure 2, all samples were polygonal and uniformly distributed with a diameter of 400-500 nm. Further
observations showed that the particles grew uniformly and the surface was smooth and flat during the
sol-gel synthesis process. But after LaFz modification, the surface gradually became rough. For 1wt%-
LaFs, this change was not obvious due to less modification. For 2wt%-LaFs, the surface of the original
material was covered with a uniform mesh coating layer. Such a structure provided a short path for the
insertion/extraction of lithium ions which facilitated the transmission of lithium ions [25]. For 4wt%-
LaFs, small particles of different sizes could be clearly seen on the surface indicating that the deposition
of LaFs was uneven, which was caused by the accumulation of LaF3 due to the excessive concentration
of LaFz. This showed that the coating amount should be controlled reasonably. As shown in Figure 3,
when the coating amount was 1 wt%, there was no obvious coating layer because the coating amount
was too small [26]. When the coating amount was 2 wt% and 4 wt%, the coating thickness reaches 2-3
nm and 6-7 nm respectively. The coating layer was uniformly deposited on the surface of the original
material. This thin coating layer would avoid direct contact between the electrode and the electrolyte,
thereby reducing the side reactions between the active material and the electrolyte to a certain extent
[27].
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Figure 2. SEM images of prepared samples (a) Pristine, (b) 1wt%-LaFs3, (c) 2wt%-LaFs, (d) 4wt%-LaFs.

Figure 3. TEM images of prepared samples (a) Pristine, (b) 1wt%-LaFs3, (c) 2wt%-LaFs, (d) 4wt%-LaFs.

In order to further observe the distribution of elements in the modified sample, we conducted
EDS spectra in SEM mode [28]. EDS analysis (Figure 4) showed the presence of Ni, Co, Mn, F and La.
The mapping of the sample coated with 2% LaFs (Figure 4c-4h) showed that F and La were uniformly

distributed on the surface of the LNCMO particles. Therefore, the LaF3 coating layer was evenly coated
on the surface of the LNCMO material.
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Figure 4. SEM image (a), EDS spectra (b) and the elemental mappings (c-h) of 2wt%-LaFs sample.

X-ray photoelectron spectroscopy (XPS) was used to study the surface composition of materials
and the oxidation state of elements [29]. As shown in Figure 5, all coated modified samples exhibited
characteristic peaks of F1s and La3d which confirmed the presence of LaF3z coated on the surface. As
shown in Figure 5 and Figure 6, the characteristic binding energies of F1s and La3d were 684 eV and
834.89 eV respectively which were consistent with the characteristic binding energies of pure LaFs. For
materials with different coating amounts, the Ni2p and Mn2p peaks have no obvious chemical shifts
which indicated that the Ni and Mn ion environment in the material structure has not changed. However,
the F binding energy moved to a low binding energy position as the amount of LaF3 coating increases.
This might be due to a part of F~diffusion into the bulk phase due to the concentration gradient replacing
oxygen and binding with transition metal. It was beneficial to stabilize the material [30]. The result was
consistent with the above-mentioned XRD analysis. Besides, the intensity of each peak of the coated
material was reduced to different degrees which was attributed to the existence of the LaFs coating layer
on the surface of the material. When the coating amount increased, the intensity of the F1s peak became
significantly larger. Combined with XRD, EDS, XPS test results, we could confirm that LaFz was
successfully coated on the surface of the original material.



Int. J. Electrochem. Sci., 16 (2021) Article ID: 210344

— 1wt%-LaFg

— 2wt%-LaF5

— dwt%-LaF3
Ci1s

S

W

F

*.—’L‘“‘Lu

1000 800 600

400 200 0

Binding Energy(eV)

Figure 5. Chemical information for as-

prepared materials with LaF3 coating.

(a) Mn2p — 1wt%-LaF;
—— 2wit%-LaF3
—— 4wt%-LaF,

—— 1wit%-LaF;
—— 2wit%-LaF
—— 4wt%-LaF,

Binding Energy(eV)

660 657 654 651 G4B G45 642 639 810 805 BOO 795 790 785 780 775

Binding Energy(eV)

— wi%-LaFy
—— 2wi%-LaF;
—— 4wi%-LaF;

(c) Ni2p

(@ 01s — Twt%-LaF;
2wt%-LaF;

4wt%-LaF

A

885 880 875 870 865 860 855 850 845
Binding Energy(eV)

542 540 538 536 534 532 530 528 526
Binding Energy(eV)

. —— wtd-LaF,
(e) La3d —— 2with-LaF,

—— 4wt%-LaF;

872 864 856 848 840 832 824
Binding Energy(eV)

Figure 6. XPS spectra for Ni 2p, Co 2p, Mn 2p, O 1s, F 1s and Ld 3d.

f)yF1s — 1wit%-LaFy
—— 2wtt-LaF;
— 4wi%-LaF;

606 693 690 687 684 681 678
Binding Energy(eV)



Int. J. Electrochem. Sci., 16 (2021) Article ID: 210344 10

Figure 7 showed the first charge and discharge curves of Pristine and LaFs (1wt%-LaFs, 2wt%-
LaFs, 4wt%-LaF3) coated modified materials at 0.1C. As shown in the figure, the discharge capacity of
the unmodified sample was 265.0 mAh-g * and the initial coulombic efficiency was 66.25%. The first
coulombic efficiencies of the modified materials 1wt%-LaFs, 2wt%-LaFs and 4wt%-LaF3z coated with
LaFs were 58.3%, 73.0% and 65.8% respectively. The first irreversible capacities of Pristine, 1wt%-
LaFs, 2wt%-LaFs and 4wt%-LaFs were 135 mAh-g %, 225 mAh-g %, 130 mAh-g! and 140 mAh-g?!
respectively. The results showed that coating the appropriate amount of LaFs (2wt%) on the lithium-rich
manganese-based cathode material could effectively improve the initial coulombic efficiency of the
lithium-rich cathode material and reduce the irreversible capacity loss during the first cycle which meant
that the stability of the electrode structure has been greatly improved. The irreversible capacity loss was
relatively low and the main reason for the high initial coulombic efficiency might be that the LaFs coating
layer could be used as a protective layer to reduce the corrosion of the electrolyte on the material surface
and inhibit the dissolution of transition metals [31].
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Figure 7. The initial charge and discharge curves of Pristine, 1wt%-LaFs, 2wt%-LaFs and 4wt%-LaF3
over 2.0-4.8V.

Figure 8 was the rate performance graph of four samples. The first charge and discharge were
activated at the rate of 0.1 C (1C=200 mAh-g ). The samples were charged and discharged for 10 cycles
at 0.1C, 0.2C, 0.5C, 1C, 2C, 5C and 10C respectively. Finally, they were charged and discharged 10
cycles at 0.1C. It could be seen from Figure 8 that as the charge and discharge current increased, the
discharge capacity gradually decreased. At the same time, it can be seen that the rate performance of all
LaFs coated and modified materials have improved. However, the rate performance of the material with
a coating amount of 2 wt% had the greatest increase. For example, the discharge capacity of 2wt%-LaF3
at 1C was 260 mAh-g %, while the original sample was only 165 mAh-g %. The discharge specific
capacity of the 2wt%-LaF; coated material at 5C is 170 mAh-g %, which is 39.4% higher than the CeFs
modified material (103.1 mAh-g ) prepared by Lu [20]. In addition, when the current density returned
to 0.1C, the discharge capacity could be fully recovered indicating that LaFs coated cathode material had
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good electrochemical reversibility and structural stability. The increase in rate performance could be
attributed to two reasons: (1) Parts of La®* and F~ diffused into the bulk phase, XRD analysis showed
that this would be conducive to the transmission of Li*; (2) The coating layer prevented the active
material from directly contacting the electrolyte and stabilized the three-dimensional structure of the
material [32].
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Figure 8. The rate performance for the Pristine, 1wt%-LaFs, 2wt%-LaF3, 4wt%-LaF3 respectively.

Figure 9 showed the cycle performance test of the four materials. The first cycles were activated
at the rate of 0.1C and then they were charged and discharged at 0.2C and 2.0-4.8V for 50 cycles. The
capacity of LaFz coated samples was higher than the original material. Secondly, compared with the
original sample with a capacity retention rate of 78.73%, the capacity retention rate of the sample coated
with 2 wt% LaFs remained stable at 99.21% after 50 cycles. The improvement in performance could be
attributed to the LaFs coating which not only protected the electrode from the corrosion of the electrolyte
but also stabilized the structure of the active material by reducing O? loss [33].
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Figure 9. Cyclic performance of four samples during 50 cycles at a current density of 0.2C between 2.0
and 4.8V.
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Figure 10 compared the rate performance of the four materials from 0.1C to 10C. Obviously, the
LaFs coated sample showed better rate performance than the original sample. Among them, the material
with 2 wt% coating had the best performance. As shown in Figure 10, the discharge capacity of the
original material at current densities of 0.1C, 0.2C, 0.5C, 2C, 5C and 10C were 265.1 mAh-g?, 248.2
mAh-g 1, 205.1 mAh-g '}, 175.3 mAh-g %, 149.6 mAh-g %, 105.3 mAh-g * and 74.8 mAh-g ' respectively.
In contrast, the discharge capacity of the material with 2 wt% coating were 355.1 mAh-g!, 325.2
mAh-g %, 280.1 mAh-g !, 252.3 mAh-g %, 215.6 mAh-g?, 170.3 mAh-g ! and 125.8 mAh-g . Evenat a
high current density of 10C, the discharge capacity was still increased by 51 mAh-g*. This fully showed
that LaFs coated samples were more durable under high discharge current compared with uncoated
modified materials and rate performance could be improved by surface modification with LaFs coating.
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Figure 10. The initial discharge profiles of (a) Pristine, (b) 1wt%-LaFs, (c) 2wt%-LaFs,and (d) 4wt%-
LaFzat a series of current densities.

Figure 11 showed the cyclic voltammetry curves of materials synthesized with different amounts
of LaFs coating. It could be seen from the figure that the curves were consistent with the typical cyclic
voltammetry curve of the lithium-rich cathode material [34]. In the first cycle, there were two obvious
anode peaks which appeared in the voltage of 4.0~4.3V and 4.5~4.7V respectively. The first anode peak
corresponds to the oxidation reaction of Ni**/Ni** and Co**/Co*" accompanied by the release of Li*
which corresponds to the first voltage plateau at the first charge. The second anode peak corresponds to
the irreversiblely release of Li>O from Li2MnQg, so the second anode peaks of the original material and
the material with 1 wt% and 4 wt% coating amount disappeared in the last two scans. Interestingly, the
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oxidation peak of the material with 2 wt% coating amount remained at 4.6V in the second circle which
presumably because Li* was not combined with O? after being released but reacted with the more
electronegative F~ ions in the coating layer to form reversible LiF. Irreversible Li>O was generated in the
third cycle which was consistent with the charge-discharge curve. In addition, the cyclic voltammetry
curves of the second circle and the third circle basically coincide after the first scan indicating that the
electrode reaction was more reversible. But the first anode peak still had a small negative shift as the
number of scan cycles increased. The peak intensity of the two cathode peaks gradually increased with
the increased of the number of scanning turns. Especially the second cathode peak was the most obvious
indicating that the material was further activated which was beneficial to the release of Li* from the
material. In addition, the peak of the cathode was about 3.8 VV mainly due to the reduction of Ni*" to
Ni2*,

Generally speaking, the cathode peak of 3.3 V will not appear in the initial discharge process
[35,36], but a significant cathode peak appeared in the second and third cycles which indicated that the
reduction of Mn*" in layered manganese dioxide components resulted from the activation of
electrochemical inactive component LizMnQOs. It showed the good reversibility of Mn*/Mn®*" redox
reaction [37]. Compared with the 3.3 V cathode peak in the first cycle, these more pronounced cathode
peaks in the second and third cycles indicated that Mn**/Mn3* was easier to reduce after activating the
Li2MnOz component in the first cycle.
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Figure 11. Cyclic voltammetry (CV) of (a) Pristine, (b) 1wt%-LaFs3, (c) 2wt%-LaFs3, (d) 4wt%-LaFs.
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In order to understand the reasons for the improved performance of the LaFs modified material,
the impedance spectra of the original material and the LaFs modified material were measured at a
charging potential of 4.0V. It could be seen intuitively from Figure 12 that the AC impedance diagrams
of all samples were composed of a semicircle in the high-frequency region and a diagonal line in the
low-frequency region. The intersection of the starting point of the high-frequency region and the real
axis was the solution impedance Re and the semicircle corresponded to the charge transfer resistance
Ret. The diagonal line in the low frequency region represented the Warburg resistance of lithium ion
diffusion [38]. The smaller the slope, the smaller the Warburg resistance. It could be seen from Figure
12(a) and Table 2 that the solution impedance of the material before and after coating did not change
much and the charge transfer resistance of the original material was the highest at 121 Q. The sample
prepared when the coating amount was 2 wt% had the lowest charge transfer resistance which was 74.6
Q. From Figure 12(b) and Table 2, it could be seen that the charge transfer resistance of the materials
with the coating amount of 1 wt% and 2 wt% after 50 cycles were the smallest, about 44 Q2 and the
charge transfer resistance of the original material was the highest, about 80.5 Q. It indicated that the
coating can maintain a relatively stable structure and ions diffusion channel. The coating amount was
too high (4wt%) which might cause certain damage to the material structure. Comparing Figure 12(a)
and Figure 12(b), it could be seen that the impedance of the solution after 50 cycles was higher than that
before the cycle. It might be caused by side reactions of the electrolyte under high voltage during the
cycle and the charge transfer resistance of each material after the cycle became smaller than before the
cycle which might be due to the activation of the material after the cycle. Secondly, the Warburg
impedance of the material became larger after the cycle. This was because the layered structure of the
material was corroded and phase change occured after 50 cycles of the material which had an adverse
effect on the diffusion of lithium ions [39]. In summary, among the four materials, the sample with 2
wt% coating had the smallest impedance indicating that the appropriate coating made the material
structure more stable and improved the electrochemical performance.
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Figure 12. ESI spectrums of 0 (a) and 50" (b) for four sample.(in the charged stated of 4.0 V,1 MHz and
10MHz with an AC voltage of 5 mV).
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Table 2. Resistance of 0 and 50" for four samples.

Sample Pristine(Q) Iwt%-LaF3(Q) 2wt%-LaF3(Q)  3wt%-LaF3(Q)
Re-0 3.6 3.5 3.3 3.8
Rct-0 121 110.8 74.6 98.3
Re-50 4.9 3.9 3.7 4.3
R¢t-50 80.5 45.1 43.9 65.2

4. CONCLUSION

In this paper, LaFs was successfully coated uniformly on the surface of lithium manganese base
cathode material by chemical deposition method. The LaFs coating layer could effectively inhibit the
side reaction between the cathode material and the organic electrolyte. In addition, lattice expansion
occurred in the material after coating which widened the lithium ion transmission channel. It was
conducive to the insertion and extraction of lithium ions and increased the migration rate of Li* at the
interface. Thus, the electrochemical performance of the sample was significantly improved. In
particularly, the modified cathode material coated with 2 wt% LaFs had a higher coulombic efficiency
(7%) than that of the original material due to the suppression of oxygen loss during the initial charging
process and the discharge capacity was as high as 355.1 mAh-g * at 0.1C. In addition, the LaFs coating
layer could make the structure of the material surface more stable during charge and discharge. The 2
wt% LaFs coating modified cathode material had the best cycle performance and the capacity retention
rate was 99.2% after 50 cycles at 0.2C. Therefore, we prepared the original material by the sol-gel
method and successfully prepared the cathode electrode material with high electrochemical performance
by the LaFs coating modification.
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