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Abstract: With the rising popularity of electric vehicles and the widespread deployment of
energy storage power stations. The demand for high-energy-density lithium-ion batteries
is increasing day by day. Lithium-rich layered materials are among the most promising
candidates for the cathode of next-generation lithium-ion batteries due to their high en-
ergy density, cost-effectiveness, and advantages in safety and environmental protection.
However, the occurrence of side reactions between lithium-rich layered materials and elec-
trolytes has led to poor performance in later stages, posing challenges to their commercial
viability. In this study, we enhance the electrochemical performance of lithium-rich layered
cathode materials by applying varying amounts of solid electrolyte Li;ZrOs as a coating on
their surfaces. By precipitating ZrO, onto the surface of the precursor, we successfully sin-
ter both the lithium-rich layered material and the coated material simultaneously, thereby
reducing processing costs. The experimental results show that the coated material has more
excellent electrochemical performance, specifically, when the coating amount is 1%, com-
pared with the uncoated sample, the first Coulombic efficiency is improved from 56.9% to
63%, and after 500 charge/discharge cycles, the coated sample still has a capacity retention
rate of more than 60%; Additionally, the Li,ZrOj3 coating significantly improves the rate
performance of the material, at a rate of 5 C, the specific discharge capacity improved from
102.2 mAh-g~! for the uncoated material to 137.3 mAh-g~!. The reaction mechanism was
investigated by cyclic voltammetry and AC impedance test, and the results showed that
the appropriate amount of Li;ZrOj coating can effectively reduce the side reaction between
the material and the electrolyte, improve the transport performance of lithium ions in the
material, and then enhance the overall electrochemical performance of the material.

Keywords: lithium-ion batteries; li-rich layered materials; coating; initial Coulombic
efficiency

1. Introduction

The rapid development of small digital devices, particularly mobile phones, as well as
larger applications such as electric vehicles and energy storage power stations, has led to
an increased demand for higher energy density in lithium-ion batteries. Fundamentally, the
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energy density of a lithium-ion battery is determined by the potential difference between
the positive and negative electrodes, along with the reversible capacity [1]. However, the
capacity of commercially available anode materials is several times greater than that of
the currently available cathode materials [2]. The existing commercial cathode materials,
including LiFePOy, LiCoO,, and ternary LiNij _x_yCoxMnyO,, are approaching their max-
imum energy density limits. Consequently, the development of cathode materials that
offer high energy density, long cycle life, and low cost has become a primary focus of
contemporary research.

The lithium-rich layered material xLiMnOj3-(1—x)LiTMO, (where TM represents
transition metal elements) has emerged as one of the most promising next-generation
cathode materials for commercial lithium-ion batteries, owing to its high specific capacity
(>250 mAh-g~!) and low cost [3-5]. The structural formula indicates that this lithium-
rich layered material comprises LiITMO, in a hexagonal crystal system combined with
Li;MnOj in a monoclinic crystal system [6-8]. In the coexistence of these two phases, the
Li;MnOj3 phase not only stabilizes the structure at low voltages but is also activated when
the voltage exceeds 4.5 V, enabling the material to achieve a specific capacity greater than
250 mAh-g~! [9,10].

However, upon activation of the LiMnOj3; composition, the lithium-rich layered
material experiences irreversible migration of transition metal ions from the transition metal
layer to the lithium layer during the charging process. Concurrently, surface O>~ ions are
irreversibly released [11], resulting in a structural transformation from a layered to a spinel-
like configuration. This transformation leads to initial electrochemical issues, such as low
Coulombic efficiency, rapid voltage degradation, and diminished rate performance [12-14].
In order to address these issues, investigators have explored various methods of modifying
lithium-rich layered materials. Some have introduced other atoms into the bulk phase of
the material to improve the stability of the material structure by increasing the bonding
energy between the dopant ions and and the oxygen ions, which in turn improves the initial
Coulombic efficiency and cycling stability of the material [15-17]; others have investigated
the surface pretreatment method, which reduces the irreversible loss of oxygen through
the formation of defects on the surface of the material, thus improving its electrochemical
performance [18,19]. In addition, surface coating is a very effective modification means
in the research related to lithium-ion materials, which reduces the side reaction between
the electrode material and electrolyte by reducing the contact area, and thus improves
the rate performance and cycle stability [20-22]. In previous studies, Ga;O3, Li;SO3 and
other materials have been coated on the surface of Li-rich manganese materials with good
modification effect [23,24]. In previous studies, researchers have paid less attention to the
first Coulombic efficiency. LiZrOj3 is a common electrode material, whose (001) crystal
spacing is similar to that of (003) crystal spacing of LiMO, (M = Ni, Co, Mn), so that Li*
can pass through the LiyZrO; capping layer quickly. Currently, there are few studies on the
modification of Li;ZrOs as a surface capping material applied to Li-rich manganese-based
materials. In this paper, we enhance the performances of lithium rich layered materials
Lij 5Nig 17C0p.16Mng 6707 5 coated with solid electrolyte (Li;ZrOs).

2. Materials and Methods

Preparation of Samples

Initially, metal salts such as NiSO4-6H,0O, CoCl,-6H,0, and MnCl, were dissolved
in an appropriate amount of deionized water to prepare solution A. Separately, a certain
amount of NaOH is weighed according to the stoichiometric ratio and dissolved in deion-
ized water to produce solution B. Once both solutions were completely dissolved, solution
B was slowly introduced into solution A using a peristaltic pump, resulting in the formation
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of a precipitate. Then, the mixture at the end of the reaction was vacuum filtered to obtain
the precursor precipitate. The filtered precipitate was repeatedly washed three times with
deionized water to remove water-soluble Na* adhered to the surface. Finally, the washed
precipitate was dried in a drying oven at 80 ° C for 10 h to obtain the powder precursor.
The precursor was subsequently mixed with an excess of 5% LiyCO3 and thoroughly milled.
The ground solid mixture is placed in a muffle furnace and heated in two steps under an
air atmosphere: first, it was pre-sintered at 600 °C for 6 h, followed by sintering at 800 °C
for 8 h. Finally, the lithium-rich layered material Li; 5Nig 17Co0g 16Mng 6702 5 was obtained
through natural cooling.

An appropriate amount of precursor powder was weighed and placed in a beaker,
to which a suitable quantity of anhydrous ethanol and deionized water was added. The
beaker was then heated to 80 °C, after which an appropriate amount of ethylene glycol
and n-butyl zirconium was gradually introduced. Following 12 h of stirring on a magnetic
stirrer, the material was transferred to an oven for drying at 80 °C. The dried precursor
was subsequently milled thoroughly with an excess of 5% Li;CO3, and then placed in
a mulffle furnace under an air atmosphere for a two-stage sintering process. Initially, it
was pre-sintered at 600 °C for 6 h, followed by sintering at 800 °C for 8 h. After sintering,
the material was dried in an oven at 80 °C. Ultimately, natural cooling resulted in the
formation of LipZrOs-coated Li; 5Nig 17C0g 16Mng 705 5 materials with coating percentages
of 0 wt%, 1 wt%, 3 wt%, and 5 wt%. These materials will be referred to hereinafter as
LNCM, Zr-LNCM-1, Zr-LNCM-3, and Zr-LNCM-5, respectively.

(a) Material characterization

The material structure was characterized using an X-ray diffractometer with a scanning
angle ranging from 10 ° to 90 ° in increments of 0.01 °, utilizing Cu Ka radiation (XRD,
Panaco Empyrean, Almelo, The Netherlands). The surface morphology and elemental
distribution of the samples were analyzed using a transmission electron microscope (TEM,
JEM-2100F, Tokyo, Japan), a scanning electron microscope (SEM, Hitachi SU8010, Tokyo,
Japan), and an energy dispersive spectrometer (EDS, IXRF, Tianjin, China).

(b) Electrochemical testing of materials

The cathode material, conductive graphite, and polyvinylidene fluoride were mixed in
1-methyl-2-pyrrolidone (NMP) at a mass ratio of 8:1:1 and stirred thoroughly. The resulting
slurry was then uniformly coated onto aluminum foil and dried overnight in an oven at
80 °C to produce the cathode electrode sheets. These electrode sheets were subsequently
placed in an argon-filled glove box and assembled into LIR2032-type button cells for testing
their electrochemical properties. The batteries were charged and discharged at various
rates between 2 and 4.8 V using a LANG (CT2001A, LANHE, Wuhan, China) blue power
test system. Electrochemical impedance analysis and cyclic voltammetry were conducted
using an electrochemical workstation (CHI760E, Zhenhua Instruments, Shanghai, China).

3. Results and Discussion
3.1. Crystal Structure

Figure 1 presents the XRD diffractograms of four groups of samples before and after
coating. The diffraction patterns indicate that all four groups exhibit typical lamellar -
NaFeO, phases, which belong to the R-3m space group [25]. In contrast, the low-intensity
superlattice diffraction peaks observed in the 21°and 23°can be attributed to the Li;MnOs
phase, characterized by a C2/m space group, as well as the ordered arrangement of Li, Ni,
and Mn atoms within the transition metal layer [26]. Furthermore, a distinct separation
between the peaks adjacent to (006)/(102) and (018)/(110) is clearly visible in the graph,
suggesting that the material possesses a well-defined lamellar structure [27]. Comparing
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the XRD diagrams of the four groups of samples reveals that the structure of the lithium-
rich layered material Li; 5Nig 17Cog.16Mng 6707 5 remains unchanged before and after the
Li,ZrOj coating, indicating that the application of Li»ZrO3 does not affect the structural
integrity of the lithium-rich layered material. Additionally, structural refinement was
performed on the samples before and after coating, with the resulting lattice parameters
presented in Table 1. Typically, we utilize the peak intensity ratio of 1(003) /1(104) to assess
the degree of Li/Ni mixing and rearrangement within the material, and the c/a ratio to
evaluate the quality of the material’s lamellar structure [28,29]. According to the data in
Tables 1 and 2, it is evident that the degree of Li/Ni mixing and rearrangement is influenced
to some extent by the coating dosage of Li;ZrO3; however, the lamellar structure of the
material appears to be insensitive to variations in the Li;ZrO3 coating dosage, and the
structural information remained unchanged before and after encapsulation. In addition, no
characteristic peaks corresponding to Li»ZrO3 were detected in the XRD diffraction pattern,
due to the fact that the amount of coating material is very small compared to the matrix
material, and the XRD detection is not sensitive to the amount and its tiny composition, so
the XRD pattern of all samples does not change significantly.
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Figure 1. XRD schematics of samples coated with different amounts of Li»ZrO3.

Table 1. Cell information after structural refinement of four groups of samples.

Lattice
Sample R-3m C2/m
a [nm] ¢ [nm] V [nm] a [nm] b [nm] ¢ [nm] V[nm] Rwp[%] CHI?
LNCM 0.2843 1.4199 0.0994 0.4919 0.8507 0.5052 0.1993 6.05 1.75
Zr-LNCM-1 0.2846 1.4212 0.0997 0.4921 0.8522 0.5036 0.1991 5.99 1.71
Zr-LNCM-3 0.2845 1.4214 0.0996 0.4931 0.8531 0.5015 0.1990 6.07 1.81
Zr-LNCM-5 0.2845 1.4216 0.0997 0.4931 0.8538 0.502 0.1993 6.19 2.10
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Table 2. 1(003) /1(104) vs. c/a for four groups of samples.

Sample 1(003)/1(104) a [nm] ¢ [nm] c/a

LNCM 1.808 0.2843 1.4199 4.994
Zr-LNCM-1 1.937 0.2846 1.4212 4994
Zr-LNCM-3 1.829 0.2845 1.4214 4.996
Zr-LNCM-5 1.902 0.2845 1.4216 4.996

3.2. Morphology and Surface Composition

Subsequently, the surface morphology of the material was characterized, as illus-
trated in Figure 2, which presents scanning electron microscope (SEM) images of the
Lij 5Nip 17C0¢.16Mng 6707 5 lithium-rich layered material before and after Li;ZrOj3 coating.
From the figure, it is evident that the morphology of the material did not change signifi-
cantly after modification; it retains an irregular polyhedral shape. However, there are still
some differences on the surface of the samples before and after coating. From the figure,
we can see that the samples without coating and with less coating have smoother surfaces
and more obvious particle separation; With the increase of coating amount, the surface
of the sample begins to become rough, and some small particles begin to adhere to the
surface of large particles. At the same time, the sample begins to agglomerate, and with the
increase of coating amount, the agglomeration of sample particles becomes more compact;
This indicates that appropriate coating can effectively reduce the direct contact between
the electrolyte and the material. However, when the coating amount is too high and the
coating layer is too thick, the specific surface area of the material in contact with the elec-
trolyte decreases, which may reduce the conductivity of the material, thereby reducing its
electrochemical performance. In order to further study the distribution of surface elements
of different materials before and after coating, energy dispersive spectroscopy (EDS) tests
were carried out on two materials, LNCM, which was uncoated, and Zr-LNCM-1, which
was coated with 1 wt%. The results of the EDS analysis are shown in Figure 3. The results of
the EDS analysis are shown in Figure 3. It is noteworthy that the detection of the Li element
was not performed due to its small atomic weight, which limits accurate measurement [30].
As shown in Figure 3b, the elements Ni, Co, Mn, and Zr are uniformly distributed through-
out the material, with Zr exhibiting a consistent distribution across all areas, indicating that
the coating material is evenly applied to the surface. And the composition of the prepared
sample is uniform and consistent. To further examine the microstructure of the materials
before and after coating, high-resolution transmission electron microscopy (HRTEM) tests
were conducted on four sets of samples. Figure 4 demonstrates that the thickness of the
coating layer increases with the amount of coating material. The surface of the uncoated
sample appears relatively smooth, and clear lattice fringes of the (003) plane are observed,
with a crystal spacing of 0.46154 nm, as shown in Figure 4e. In Figure 4c, the surface
of the material coated with Li,ZrO3 exhibits a thin coating layer, which thickens as the
coating amount increases. Upon further magnification of the material coated with 1 wt%
Li; ZrO3, the presence of the coating layer is clearly visible in Figure 4f. This indicates
that the Li;ZrOj is successfully coated on the surface of the material without entering the
crystal lattice to change the crystal structure of the material. Additionally, the lattice fringes
on the crystal surface of the lithium-rich material (003) remain observable, with a crystal
spacing of 0.45358 nm, suggesting minimal change in crystal spacing before and after
coating. However, no lattice fringes of the coating material were detected, which may be
attributed to the thinness of the coating layer, rendering the lattice fringes less discernible.
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Figure 2. (a,c,e,g) Scanning electron microscope images of LNCM, Zr-LNCM-1, Zr-LNCM-3, and
Zr-LNCM-5 at 10,000 %; (b,d,f,h) Scanning electron microscope images of LNCM, Zr-LNCM-1, Zr-
LNCM-3, and Zr-LNCM-5 at 50,000 %, respectively.
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Figure 3. (a,b) show the EDS maps of LNCM, Zr-LNCM-1, respectively.

0.46154nm

0.45258n01

Figure 4. (a-d) TEM images of LNCM, Zr-LNCM-1, Zr-LNCM-3, and Zr-LNCM-5, respectively, and
(e,f) HRTEM images of LNCM, Zr-LNCM-1, respectively.

4. Electrochemical Performance Analysis
4.1. Initial Charge/Discharge and Coulombic Efficiency

Figure 5a presents the initial charge-discharge curves of the four samples at a charge-
discharge current density of 0.2 C at room temperature. As shown in the figure, the
charge-discharge characteristics of the samples before and after coating did not exhibit
significant changes. All samples displayed two typical charging regions: when the charging
voltage was below 4.5 V, Li* ions were extracted from LiTMO,, accompanied by the
oxidation of transition metals, where Ni?* /Ni®* was oxidized to Ni**, and Co®* was
oxidized to Co*". However, when the charging voltage exceeded 4.5 V, the Li;MnO;
component began to activate, resulting in the irreversible extraction of Li* from Li;MnOj3,
which formed Li;O with O?~ ions. This process led to the irreversible release of O?~
and Li*, contributing to a reduction in the initial specific capacity performance of the
material [31,32]. According to Table 3, the initial discharge specific capacities of LNCM, Zr-
LNCM-1, Zr-LNCM-3, and Zr-LNCM-5 at a 0.2 C rate were 159.6 mAh-g~1,169.9 mAh-g~!,
165.6 mAh-g~!, and 154.8 mAh-g~!, respectively. The irreversible capacity of LNCM was
measured at 101 mAh-g-1, while the irreversible capacities of Zr-LNCM-1 and Zr-LNCM-3
were 99.5 mAh-g~! and 93.9 mAh-g~!, respectively. The initial Coulombic efficiencies of
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the materials improved from 56.9% to 63% and 63.8%, respectively. This enhancement can
be attributed to the capping materials” ability to hinder the irreversible release of lattice
oxygen, thereby improving the electrochemical performance of the materials. Figure 5b
shows the charge/discharge curves of different materials after 500 cycles, from which it can
be seen that the capacity retention rates of LNCM, Zr-LNCM-1, Zr-LNCM-3, and Zr-LNCM-
5 are 54%, 60%, 57%, and 48%, respectively, and that the samples with a coating amount of
1% have the best capacity retention rates. The best capacity retention was achieved with 1%
coating.The discharge voltage plateau of all the materials showed a significant decay with
the increase of charging and discharging times, but the voltage decay was significantly
slowed down with the coated materials. Therefore, the appropriate amount of Li;ZrO3
coating can help to improve the cycling stability of the materials and make the materials
show better electrochemical performance. Table 4 demonstrates the changes in some
electrochemical properties of several materials before and after coating, and it can be seen
that compared with the uncoated material, the Li,ZrOs material coating has the advantage
of being able to improve its cycling stability without decreasing the initial specific capacity
of discharge, and it can significantly increase the first-time Coulombic efficiency.
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Figure 5. (a) Initial charge/discharge and Coulombic efficiency of Li,ZrO;3 coated with different
amounts of LipZrQj3, (b) Charge/discharge curves after 500 cycles of different materials.

Table 3. Initial charge/discharge data of samples before and after coating.

Initial Charge Initial Discharge Irreversible Initial Charge
Sample Specific Capacity = Specific Capacity = Specific Capacity = and Discharge
[mAh-g—1] [mAh-g—1] [mAh-g—1l Efficiency [%]
LNCM 280.1 159.6 120.5 56.9
Zr-LNCM-1 269.4 169.9 99.5 63
Zr-LNCM-3 259.5 165.6 93.9 63.8
Zr-LNCM-5 251.8 154.8 97.0 61.4

Table 4. Changes in some electrochemical properties before and after coating of four materials.

First Coulombic Efficiency Initial Discharge

Coating Material Change (Before and C?gacityl\ll{ etelr)l tu)m Specific Capacity
After Coating) yele Numbet Change [mAh-g~1]
Li,ZrOs +6.1% 60% (500 times) +10.3
SnO; [21] +0% 88% (200 times) +38.2
Li,SiOs [23] / 75% (100 times) —25
Ga20; [24] +2.3% 85.6% (200 times) +7.4

4.2. Rate Performance Analysis

Figure 6 illustrates the rate performance of the lithium-rich layered material before
and after coating. The samples were initially activated at room temperature for five cycles
at a discharge rate of 0.1 C, followed by five cycles at discharge rates of 0.2 C,0.5C,1C,
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and 5 C, respectively. Then, each sample was charged and discharged at a rate of 0.1 C for
5 cycles. From the graphs, it is evident that the discharge specific capacity of all samples
decreases with increasing discharge current, likely due to the heightened polarization
within the cell at higher currents [33]. The discharge specific capacities of the uncoated
samples were measured at 165.4 mAh-g~! and 156.4 mAh-g~! at discharge rates of 0.1 C
and 0.2 C, respectively. These values were comparable to those of the 3 wt% coated samples
and were only surpassed by the 1 wt% coated samples. However, as the discharge rate
increased to 1 C and 5 C, the discharge specific capacity of the uncoated samples declined
more significantly than that of the coated samples. This phenomenon may be attributed to
the formation of a thicker solid electrolyte interphase (SEI) film on the electrode surface
of the uncoated samples at high currents, which increases electrode resistance and charge
impedance, leading to a more rapid decline in capacity at elevated rates. In contrast,
the modified samples exhibited a notable improvement in specific capacity at discharge
rates of 1 C and 5 C, particularly for the 1 wt% coated samples. The discharge specific
capacities of the 1 wt% coated samples were recorded at 183.2 mAh-g~! and 137.3 mAh-g !
at discharge rates of 0.1 C and 5 C, respectively. Upon returning to the 0.1 C discharge rate
after 25 cycles, the specific capacity of the 1 wt% coated sample was significantly higher
than that of the other samples and was nearly identical to that observed during its initial
activation at 0.1 C. Therefore, it can be concluded that an appropriate Li;ZrOj3 coating
effectively inhibits the formation of a thicker SEI film under high current conditions, thereby
enhancing the structural stability of lithium-rich materials and significantly improving the
rate performance of the electrode materials.
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Figure 6. Rate performance before and after coating.

4.3. Cyclic Voltammetric Curve Analysis

To further investigate the reasons behind the enhanced multiplicity performance and
cycling stability of the lithium-rich layered material after the application of the Li;ZrO3
coating, cyclic voltammetry (C-V) tests were conducted on four sets of samples within
a voltage range of 2 to 5 V at a scanning rate of 0.1 mV/s. Figure 7 presents the cyclic
voltammetry curves for the four sample sets. The peaks observed around 4 V during the
charging process correspond to the oxidation of transition metals and the extraction of Li*
from LiMO; [34]. In contrast, the peaks around 4.6 V represent the activation of LioMnOs3,
which is accompanied by an irreversible release of O>~ and the irreversible detachment of
Li*. During the discharge process, the reduction peaks at 3.3 V and 3.8 V correspond to
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the reduction reactions of Mn**, Co**, and Ni**, respectively [35]. The cyclic voltammetry
curves indicate that the peak intensity of the oxidation peak near 4.6 V decreases upon
coating with LipZrOj3. This reduction suggests that the exfoliation of Li,O is suppressed
during the activation of the LiMnOj3 phase, thereby improving the initial Coulombic
efficiency of the material and enhancing its structural stability. In addition, compared to the
uncoated samples, all coated samples showed a left shift in the oxidation peak at around
4.3 V. This may be because after being coated with Li,ZrO3, the coating layer isolated the
direct contact between the lithium rich material and the electrolyte, thereby reducing the
side reactions between the electrolyte and the material under high voltage, resulting in the
oxidation signal peak appearing at lower voltage disturbances. This phenomenon indicates
that surface coating with LipZrO3 can effectively enhance the stability of the material under
high pressure, which is beneficial for improving the overall electrochemical performance of
the material. On the other hand, we can also see from the figure that the coated samples
Zr-LNCM-1 and Zr-LNCM-3 exhibit two more prominent reduction peaks at 3.3 V and
3.8 V, while the uncoated sample LNCM and the sample Zr-LNCM-5 with a higher coating
amount are relatively flat, indicating that the appropriate amount of LipZrO3 coating helps
the reduction reaction to proceed more fully, making the electrochemical reaction smoother
and improving the electrochemical stability of the material.

0. 003
— LNCM
—— Zr-LNCM-1
0.002
Zr-LNCM-3
< —— Zr-LNCM-5§
E
5 0.001 |
-
=]
®
0. 000 -.L\\
-0. 001 . . . . . . : . . L
2.0 2.5 3.0 3.5 1.0 4.5 5.0

Voltage vs.Li/Li"/V
Figure 7. Cyclic voltammogram of the material before and after coating.

4.4. AC Impedance Analysis

To further investigate the mechanism by which the LipZrO3 coating enhances the
material properties, electrochemical impedance tests were conducted on four sets of samples
after activation at 0.2 C for 10 cycles. These tests were performed using an electrochemical
workstation (CHI760E) with an oscillation amplitude of 5 mV and a frequency range from
0.01 Hz to 10° Hz. The results of the impedance tests are presented in Figure 8. The circuit
diagrams utilized for the electrochemical impedance fitting are displayed in the lower
right corner, along with the fitting results summarized in a table. As shown in Figure 8a,
the electrochemical impedance spectra of the four sample groups consist of semicircles
in the mid- and high-frequency regions, along with straight lines in the low-frequency
region. Generally, the semicircle observed in the high-frequency region corresponds to
the charge-transfer resistance (Rct) at the electrode-electrolyte interface, while the slope
of the straight line in the low-frequency region is attributed to the Warburg impedance
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(Zw). Additionally, the intercept of the semicircle on the x-axis in the high-frequency
region represents the conduction impedance (Rs) of Li* ions across the solid electrolyte
interphase (SEI) membrane [36,37]. The Rct values of the coated samples are significantly
lower than those of the uncoated samples, indicating that the coated samples exhibit
reduced transfer resistance at the interface. In contrast, the Rs values of the four sample
groups show a slight increase due to the coating, which may be attributed to the necessity
for Li* ions to traverse the coating layer along with the SEI film. Since the combined
Rs and Rct values for the Li,ZrO3; material with 1 wt% coating are lower than those of
the uncoated lithium-rich layered material, the samples with 1 wt% coating demonstrate
excellent multiplicative performance. To further investigate the Li* transport rate, the
lithium ion diffusion coefficient (Dy;*) was calculated using the following equation:

+ 202 2 44 2
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Figure 8. (a) Electrochemical impedance initial plot of the pristine sample with different amounts
of Li;ZrOj3 coating, (b) Plot of the relationship between Z'and w~1/2, (c) EIS impedance mapping
between the initial 0-50 Z (ohms).

In the above equation, Z' represents the Warburg impedance, o represents the Warburg
impedance factor, w represents the angular frequency, R represents the gas constant, T
represents the test temperature, A represents the contact area between the electrolyte and
the cathode material, n signifies the number of electrons involved in the electrochemical
reaction, F is the Faraday constant, and ¢ denotes the lithium ion concentration. [38,39].

The Warburg impedance is represented by the slope of the straight line in the low-
frequency region and is associated with the diffusion of Li* ions within the material [40,41].
Figure 8b illustrates the relationship between Z’ and w~1/2 for the four sample groups,
revealing an inverse correlation between the lithium ion diffusion coefficient and the
Warburg impedance factor 0. As shown in Figure 8b, among the four sample groups, those
coated with 1 wt% LipZrO3 exhibit the highest lithium diffusion coefficients, while the
samples coated with 5 wt% Li,ZrO3 demonstrate the lowest Li*ion diffusion coefficient.
This reduction may be attributed to an excessive amount of coating material. Figure 8c
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demonstrates the impedance values of different samples within 0-50 (). It can be seen from
the figure that the initial impedance values of all samples are basically the same, indicating
that the LipZrO3 coated does not change the impedance of the material itself. In summary,
proper Li;ZrOj3 coating can improve the charge transfer capability between the material
and the electrolyte, thereby increasing the overall lithium ion migration rate of the material
and enhancing the electrochemical performance of the material.

5. Conclusions

By coating Li,ZrOs material on the surface of Li-rich manganese-based cathode mate-
rial, the electrochemical performance of the material can be significantly improved. The
results show that Li;ZrOs is successfully coated on the surface of Li-rich manganese-based
cathode materials, and this modification method can effectively inhibit the interfacial side
reaction between the electrode materials and the electrolyte, inhibit the overgrowth of solid
electrolyte interfacial (SEI) film at the interface of the materials, reduce the irreversible
release of O~ ions from the materials, and thus improve the first coulombic efficiency
of the materials, as well as greatly enhance the cycling stability of the materials. This is
of considerable significance for the study of the modification of lithium-rich manganese-
based materials.
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