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The material Li1.5Al0.5Ti1.5(PO4)3 is a lithium fast ion conductor with three-dimensional ion channels. 
It exhibits high ionic conductivity, with lithium ion conductivity. To prevent long-term direct contact 
between Li1.2Mn0.54Ni0.13Co0.13O2 material and electrolyte, and avoid HF corrosion of the electrode 
produced by the decomposition of the electrolyte. A three-dimensional skeleton lithium fast ion 
conductor Li1.5Al0.5Ti1.5(PO4)3 coating layer was successfully synthesized on the surface of the lithium-
rich manganese-based positive electrode material Li1.2Mn0.54Ni0.13Co0.13O2. The experimental results 
show that the Li1.2Mn0.54Ni0.13Co0.13O2@Li1.5Al0.5Ti1.5(PO4)3 composite material with a coating amount 
of 3% has the highest capacity retention rate after 100 cycles. The capacity retention rate reaches 
85.9% after 100 cycles at 0.1 C, which is better than the 82.14% of the base material. It proves that 
the Li1.5Al0.5Ti1.5(PO4)3 coating layer effectively prevents the occurrence of side reactions during long 
cycles, stabilizes the electrode surface structure, and reduces capacity loss.
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In recent decades, due to the effective utilization of renewable energy, lithium-ion batteries (LiBs) have become 
widely used as energy storage power supplies for hydropower, wind power, solar power stations, and small 
electric vehicles, owing to their large capacity. In addition, they have also demonstrated promising development 
prospects in various military equipment, aerospace, satellites, and space stations, among other fields1. The 
commercialization of lithium-ion batteries has mitigated carbon dioxide greenhouse gas emissions and reduced 
the high demand for fossil fuels2. However, despite the numerous advantages of lithium-ion batteries, there are 
still certain challenges and limitations associated with their use. First of all, the safety of lithium-ion batteries has 
garnered significant attention, particularly in extreme conditions such as high temperatures, overcharging, or 
external damage. These conditions can lead to thermal runaway, explosions, and other safety issues3. Secondly, 
lithium-ion batteries still require improvement in cycle life and energy density to meet the growing demand for 
high-performance batteries for electric vehicles and energy storage systems. Additionally, the limited rare metal 
resources in lithium-ion batteries, as well as the environmental and resource pressures in their manufacturing 
and recycling processes, present significant challenges4. The main reason for this underperformance is the 
development of electrode materials5,6. Currently, the primary anode material used in the commercial production 
of lithium-ion batteries is mainly carbon. The specific capacity of this material can typically be stabilized at 350 
mAh·g−1 or more. However, the specific capacity of the corresponding commercial anode material is less than 
200 mAh·g−1, significantly hindering the development of lithium-ion batteries.

The lithium rich manganese-based oxide Li1.2Mn0.54Ni0.13Co0.13O2 has a reversible specific capacity of more 
than 250 mAh·g−1 and a high working voltage (> 3.5 V vs. Li/Li +). It also has the characteristics of being cost-
effective and plays an important role in portable electronic devices. Furthermore, it is considered as an ideal 
power source for next-generation hybrid electric vehicles (HEVs) and electric vehicles (EVs), and is a promising 
anode material7. During the charging and discharging of batteries, there are issues with poor cycle stability, 
significant voltage drop, initial capacity loss, and reduced performance caused by manganese atom migration 
and oxygen release, leading to an irreversible phase transition that hinders its application8–10. Therefore, current 
research is focused on improving the retention rate and lifespan of batteries. Surface coating is often used to 
alter the surface of battery active materials. It acts as a physical barrier and creates a stable CEI film during 
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charge and discharge cycles. This helps prevent side reactions between the electrode surface and the electrolyte 
by slowing down the decomposition of the electrolyte and maintaining the oxidation ion vacancy in the lattice. 
As a result, it enhances the surface stability of the coating material, significantly improving the initial discharge 
capacity and capacity retention throughout the cycle11–13. In recent years, researchers have utilized various 
surface coating materials, including SmPO4

14, amorphous boron phosphate glass (combined)15, epoxy silane16, 
TiO2

17, ZrO2
18, AlF3-Al2O3

19, and other materials11,12, to coat Li1.2Mn0.54Ni0.13Co0.13O2. This coating aims to 
enhance the electrochemical performance of Li-rich cathode materials. However, most metal oxides are not 
lithium-ion conductors, which can result in high interface resistance between the cathode and the electrolyte. 
Surface modification with lithium-ion conductors offers unique advantages in this regard20.

The material Li1.5Al0.5Ti1.5(PO4)3, also known as a Na Super Ion Conductor (NASICON), is a lithium fast ion 
conductor with three-dimensional ion channels. It exhibits high ionic conductivity, with lithium ion conductivity 
of 10−3 S·cm−121. This material is considered a good solid electrolyte for high-energy batteries and is favored by 
researchers due to its excellent ion transport performance and chemical stability22. Li1.5Al0.5Ti1.5(PO4)3 has a high 
lithium ion diffusion coefficient and good electrochemical stability, which can effectively reduce the polarization 
effect and improve the battery’s cycle life. However, its low conductivity makes it unsuitable for direct use in the 
electrode, as this would decrease battery performance. To address this issue, researchers have proposed using 
Li1.5Al0.5Ti1.5(PO4)3 as a surface coating material for modifying the cathode materials of lithium-ion batteries 
in recent years. Choi et al.23applied a NASICON-type lithium conductor Li1.3Al0.3Ti1.7(PO4)3 (LATP) coating 
on C622 using a single gel process to address the limitations of C622. The study revealed that applying 0.5 wt% 
LATP on the surface of C622 substantially enhances battery performance, including discharge capacity, rate 
capacity, and cycle stability. However, the overall battery performance decreases with an increase in the coating 
amount beyond 1.0 wt%. Electrochemical analysis indicates that the improved battery performance is due to a 
high lithium ion diffusion coefficient and low interfacial resistance. Excessive coating, on the other hand, may 
hinder the movement of lithium ions and reduce battery performance. Liang et al.24utilized Li1.4Al0.4Ti1.6(PO4)3 
as the model cathode and applied a coating of Li1.4Al0.4Ti1.6(PO4)3 onto the surface of LiNi0.6Co0.2Mn0.2O2. 
This was done to reduce polarization and improve dynamic characteristics. The researchers investigated the 
key properties of this improved kinetics using atomic force microscopy and boundary potential analysis. The 
results showed that the formed interfacial transition layer provides a gradual potential slope and sustained 
polarization, resulting in improved cycle stability at room temperature (90% capacity retention after 100 cycles) 
and excellent rate capability (116 mAh·g−1 at 2 C). In a study by Wu et al.25, LiMn2O4 particles were coated with 
Li1.3Al0.3Ti1.7(PO4)3 using a wet chemical method. It was observed that the corners and edges of the coated 
LiMn2O4 particles were not as distinct as those without coating. The study found that the lithium-ion diffusion 
coefficients of the two powders are similar. However, at room temperature and 55 °C, the capacity retention rates 
of Li1.3Al0.3Ti1.7(PO4)3-coated LiMn2O4 were 98.2% and 93.9%, respectively, which were significantly higher 
than those of uncoated LiMn2O4 at 85.4% and 79.1%. As the charge and discharge ratio increased, the capacity 
retention difference between Li1.3Al0.3Ti1.7(PO4)3-coated LiMn2O4 and uncoated LiMn2O4 also increased at 
both room temperature and 55 °C, with the capacity retention rate of coated LiMn2O4 being 8.4% higher than 
that of uncoated LiMn2O4 at room temperature and 11.1% higher at 55 °C. Wang et al.26utilized mechanical 
fusion to alter the surface of the lithium-ion conductors Li1.4Al0.4Ti1.6(PO4)3 and Li(Ni0.6Co0.2Mn0.2)O2. After 
100 cycles, the capacity retention rate was 90.9%, significantly higher than that of the unmodified material 
(79%). Additionally, the Li1.4Al0.4Ti1.6(PO4)3 coating also enhances the rate performance and thermal stability 
of the material. The improved performance can be attributed to the enhanced stability of the interface between 
Li(Ni0.6Co0.2Mn0.2)O2 and electrolyte through the modification of Li1.4Al0.4Ti1.6(PO4)3. These results offer a 
potential method for developing dependable cathode materials with high energy density and long cycle life.

In this study, a sol-gel method was used to synthesize composite materials of Li1.2Ni0.13Co0.13Mn0.54O2@
Li1.5Al0.5Ti1.5(PO4)3. The electrochemical behavior of the material with the optimum coating ratio in the battery 
was examined through relevant characterization and electrochemical performance tests.

Materials and methods
Synthesis of the pristine and Li1.5Al0.5Ti1.5(PO4)3 coated material
The original layered oxide Li1.2Mn0.54Ni0.13Co0.13O2 (LNCM) powder was prepared using the sol-gel method 
followed by high-temperature combustion, which employs a similar approach as previously reported27. In the 
preparation of Li1.2Mn0.54Ni0.13Co0.13O2@Li1.5Al0.5Ti1.5(PO4)3 materials, first take 1.3412 mL of tetrabutyl titanate 
dissolved in 14 mL anhydrous ethanol and ultrasonicate for 30 min. At the same time, 0.4927 g AlNO3·9H2O and 
0.4020 g CH3COOLi·2H2O were respectively dissolved into 10 mL deionized water and stirred for 10 min to fully 
dissolve them. Then weigh 0.5520 g citric acid and dissolve it in 5 mL deionized water, weigh 0.9065 g NH4H2PO4 
and dissolve it in 3 mL deionized water, stirring for 10 min. Then 8 mL of glacial acetic acid was slowly dropped 
into the ethanol solution of the ultrasonic tetrabutyl titanate, and stirred for 20 min to inhibit the hydrolysis 
of tetrabutyl titanate. Finally, citric acid aqueous solution and NH4H2PO4 aqueous solution were added to the 
above solution and stirred for 10 min respectively to obtain a milky 0.025 g·mL−1 Li1.5Al0.5Ti1.5(PO4)3 solution 
in a fixed volume to 100 mL volume bottle. 0.00025 g·mL−1 Li1.5Al0.5Ti1.5(PO4)3 solution was obtained for use.

Weigh and disperse 0.1 g of LNCM powder into a 20 mL aqueous solution containing Li1.5Al0.5Ti1.5(PO4)3. Stir 
the mixture at a constant temperature and speed in a water bath at 85 °C until all the solvent evaporates, leaving 
behind a dry black powder. Dry the powder for 4 h at 120 °C, then place it in a tube furnace in an air atmosphere 
and sinter it at 800 °C for 6 h. This process will result in a surface cladding layer of Li1.5Al0.5Ti1.5(PO4)3 on the 
Li1.2Ni0.13Co0.13Mn0.54O2. The content of Li1.5Al0.5Ti1.5(PO4)3 coating ranged from 0 to 4 wt% of the LNCM 
powder, denoted as LATP-05-0, LATP-05-1, LATP-05-1.5, LATP-05-2, LATP-05-3, and LATP-05-4, respectively.
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Materials characterization
The crystalline structure of LNCM and Li1.5Al0.5Ti1.5(PO4)3 was analyzed using powder X-ray diffraction (XRD), 
utilizing Cu-Kα radiation. Scans were conducted within the range of 10 to 90 degrees at a rate of 10 °·min−1. 
Scanning electron microscopy (SEM; GeminiSEM300) was used to visually observe the surface morphology 
of the sample. During the test, the sample was secured onto the metal sample table using conductive tape. An 
accelerated voltage of 5 kV was applied, enabling the rough determination of the sample particle size. For further 
analysis of morphology, particle size, and microstructure, Transmission electron microscopy (TEM; The JEM-
2100, Japan) was employed. The TEM specifications include a point resolution of 0.23 nm, lattice resolution of 
0.14 nm, acceleration voltage range of 80–200 kV, and magnification range of 50–1,500,000. X-ray Photoelectron 
Spectroscopy (XPS) utilizes X-ray radiation to excite and emit valence or inner electrons of atoms or molecules. 
This technique allows for the detection of elements with atomic numbers equal to or greater than 3. XPS finds 
significant application in the characterization of lithium-ion battery cathode materials. It primarily serves 
to measure the types and valence states of elements on the surface of materials. In this paper, Thermo Field 
ESCALAB 250Xi X-ray photoelectron spectrometer is used for testing. The excitation light source uses Al-Kα 
ray, the energy is 1486.6 eV, the working voltage is 14.6 kV, and the vacuum degree of the analysis chamber is 
4 × 10−9 mbar. The standard is calibrated by C 1 s = 284.8 eV.

Electrochemical measurement
Material electrochemical characterization was conducted through CR2032 coin cell tests. The cathode electrodes 
were fabricated using a composition comprising cathode powder, Super P, and PVDF (mass ratio of 8:1:1) 
dissolved in N-methyl-2-pyrrolidone (NMP). Following thorough mixing, the slurry was uniformly spread onto 
an aluminum foil using a notch bar spreader with a thickness of 100 μm. It was then underwent drying at 120° 
C for 12 h within a vacuum oven. After compression at 10 MPa for 1 min, the resulting electrode was then 
cut into circular plates measuring 14 mm in diameter. All CR2032 coin cells were assembled within an argon-
filled glovebox (H2O, O2 < 0.1 ppm), employing lithium metal as the anode. LiPF6 (1  M) was dissolved in a 
mixture of ethylene carbonate and ethyl methyl carbonate (3:7 weight ratio) and a 25 μm trilayer polypropylene-
polyethylene-polypropylene membrane (MTI) were used as the electrolyte and separator, respectively. The 
electrochemical performance was assessed utilizing a land battery testing system (LAND CT2001A). Charging 
and discharging of all cells were conducted at ambient temperature, within a potential range spanning from 2.0 
to 4.8 V versus Li/Li+. The electrochemical workstation, CHI660B, facilitated the Electrochemical Impedance 
Spectroscopy (EIS) and cyclic voltammetry (CV) tests for the cells. EIS testing parameters comprised a 10 mV 
amplitude and a frequency range spanning from 10 MHz to 100 kHz. Meanwhile, CV parameters entailed a 
voltage range from 2.0 to 4.8 V and a scanning rate of 0.1 mV·s−1.

Result and discussion
In order to obtain the crystal structure characteristics of the material, the sample was subjected to X-ray powder 
diffraction analysis. Figure 1 shows the XRD spectra of the obtained LNCM sample LATP-05-X (X = 0, 1, 1.5, 2, 3, 
4) and Li1.5Al0.5Ti1.5(PO4)3 positive electrode material. Figure 1(a) is a comparison of the XRD spectra of the six 
samples LATP-05-X (X = 0, 1, 1.5, 2, 3, 4). All synthetic materials show a high-intensity diffraction peak with the 
R-3 m space group, and the low-intensity diffraction peak between 20° and 25° represents the monoclinic phase 
Li2MnO3 with the C2/m space group, which belongs to the typical hexagonal layered α-NaFeO2 structure. The 
characteristic peaks of the Li1.2Mn0.54Ni0.13Co0.13O2 cathode materials before and after coating modification in 
six different ratios remain basically consistent, indicating that the lithium fast ion conductor Li1.5Al0.5Ti1.5(PO4)3 
coated on the surface of the cathode material has not changed the internal structure of the raw material. The 
peak splits of the crystal planes (006)/(102) and (108)/(110) are more obvious, indicating that all materials have 
good layered structures.

To gain deeper insights into the internal crystal structure of the fast Li-ion conductor Li1.5Al0.5Ti1.5(PO4)3 
(LATP) before and after coating and modification, Table 1 lists the lattice parameters obtained from Rietveld 
refinement using the GSAS-II software, and the refinement results are shown in Figure S1. The data in the table 

Fig. 1.  XRD spectra of (a) LATP-05-X (X = 0, 1, 2, 3, 4) and (b) Li1.5Al0.5Ti1.5(PO4)3.
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show that the c/a values ​​in the lattice of the material LATP-05-X (X = 0, 1, 1.5, 2, 3, 4) are all over 4.9, and the 
materials are all perfect cubic close-packed structures. Among them, the c/a value (4.9943) and I(003)/I(104) 
ratio (1.8416) of the LATP-05-3 material are both the largest, indicating that the internal space of the LATP-05-3 
material is the largest, and the mixing degree of cations is the lowest. The lithium ion deintercalation channel 
is wide, which is conducive to the deintercalation of lithium ions, and then improves the electrochemical 
performance of the material. No obvious P, Ti, and Al element peaks were observed in the XRD spectrum, 
which may be due to the small coating amount and low element content. In order to verify the synthesis of 
Li1.5Al0.5Ti1.5(PO4)3 phase on the LNCM surface, XRD analysis was performed on the pure coating material 
synthesized under the same conditions, and the results are shown in Fig. 1(b). Compared with the standard 
PDF card of Li1.5Al0.5Ti1.5(PO4)3 in the database, most of the peaks of the synthesized Li1.5Al0.5Ti1.5(PO4)3 phase 
are basically consistent with the standard, verifying the formation of Li1.5Al0.5Ti1.5(PO4)3 under the synthesis 
conditions.

The morphology of these materials was observed by scanning electron microscopy, as shown in Fig. 2. From 
Fig. 2(a) to (f), the morphology of all samples is irregular small particles without obvious large-area aggregation. 
In addition, the morphology of LNCM remains basically unchanged before and after coating modification, 
indicating that the presence of Li1.5Al0.5Ti1.5(PO4)3 has no significant effect on particle growth. From LATP-05-
0 to LATP-05-3, the dispersion of sample particles gradually improves, among which LATP-05-3 has the most 
uniform particle dispersion, and the smaller particle size is conducive to the enhancement of electrochemical 
performance. LATP-05-4 shows slight agglomeration, which may be due to the rough surface of the material 
caused by excessive coating.

Figure 3 (a-f) is the EDS mapping of sample LATP-05-3 at 20 μm. It can be observed from the figure that Ni, 
Co, Mn, Al, Ti and P are evenly distributed on the LNCM surface.

Table 2 lists the element percentage distribution of Ni, Mn, Co, Ti, P, and Al in turn. The element percentage 
distribution corresponds to the stoichiometric ratio of the LATP-05-3 material, confirming the coating of 
Li1.5Al0.5Ti1.5(PO4)3 on the surface of the lithium-rich manganese-based positive electrode material.

The TEM image of the LATP-05-3 sample is shown in Fig. 4. Figure 4(a) clearly shows that the material has a 
clear boundary, and a layer of gray material is wrapped around the black main material. The green area in Fig. 4(a) 
is selected to analyze the internal lattice of the main material at a higher magnification, as shown in Fig. 4(b). 

Fig. 2.  (a-f) SEM images of LATP-05-X (X = 0, 1, 1.5, 2, 3, 4).

 

Sample a/(nm) c/(nm) c/a I(003)/I(104)

LATP-05-0 2.8556 14.2605 4.9939 1.5267

LATP-05-1 2.8580 14.2569 4.9884 1.4409

LATP-05-1.5 2.8573 14.2564 4.9895 1.7668

LATP-05-2 2.8572 14.2600 4.9909 1.2804

LATP-05-3 2.8568 14.2675 4.9943 1.8416

LATP-05-4 2.8581 14.2743 4.9943 1.4599

Table 1.  Lattice parameters of LATP-05-X (X = 0, 1, 1.5, 2, 3, 4).
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Figure 4(c) Fourier transform shows that the lattice spacing of the material is 0.478 nm, corresponding to the 
(003) crystal plane of LNCM. Combined with the element content information in EDS, it can be determined that 
the gray coating is Li1.5Al0.5Ti1.5(PO4)3, which is consistent with the XRD results.

In order to further explore the relationship between material particle size and performance, the uncoated 
positive electrode material Li1.2Mn0.54Ni0.13Co0.13O2 and the material coated with Li1.5Al0.5Ti1.5(PO4)3 were 
analyzed for particle size. For each material, 100 groups of particles were selected from the scanning electron 
microscope images at the same magnification. As can be seen from Fig. 5, the material particle size is mainly 
distributed between 0.1 and 1.5 μm. In Fig. 5(a), the average particle size of the uncoated positive electrode 
material LNCM particles is about 0.3 μm, and the normal distribution curve also shows the smallest degree 
of discreteness. This is because the uncoated positive electrode material has agglomeration compared to the 
coated modified material. Figure 5(b-f) are the particle size distribution diagrams of LATP-05-1, LATP-05-1.5, 
LATP-05-2, LATP-05-3, and LATP-05-4, respectively. It can be seen from the figure that the average particle 
size of all materials after coating and modification remains between 0.46 and 0.51 μm, and the sample particles 

Fig. 4.  TEM image of LATP-05-3.

 

Element Mass (%) Atom (%)

Mn 63.24 63.17

Co 17.1 15.92

Ni 16.28 15.22

Al 0.97 1.98

Ti 0.87 0.99

P 1.54 2.72

Total 100.00 100.00

Table 2.  The element content rates of mn, co, ni, al, Ti and P as per the EDS mapping results.

 

Fig. 3.  (a-f) Elemental mapping of LATP-05-3 via EDS.
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are relatively evenly dispersed. Among them, the normal distribution curve of LATP-05-3 material shows the 
smallest degree of discreteness, indicating that the sample particle size is the most uniform. In the process of 
participating in the electrochemical reaction, it can effectively accelerate the lithium ion deintercalation rate, 
thereby improving the electrochemical performance.

In order to obtain the valence distribution of elements in the lithium-rich manganese-based cathode material 
coated with Li1.5Al0.5Ti1.5(PO4)3, the LATP-05-3 material was tested by XPS, and the binding energy of the 
measured elements was calibrated with the external carbon source C 1 s (284.8 eV). Figure 6(a-c) are the fine 
spectrum comparisons of Ni 2p, Co 2p, and Mn 2p in LATP-05-0 and LATP-05-3 materials, respectively. The 
element spectra before and after Li1.5Al0.5Ti1.5(PO4)3 coating are basically the same. The main peak of Ni 2p3/2 
orbital binding energy is located at 855.68 eV, and the satellite peak is located at 861.98 eV; while the main peak 
of Ni 2p1/2 orbital binding energy is located at 872.7 eV, and the satellite peak is located at 879.78 eV, with 
a split energy level difference of ΔE = 17.02 eV, indicating that the Ni element in the sample before and after 
coating modification is + 2 valence. Analyzing the position of the 2p orbital split peak binding energy of Co, the 
orbital binding energy of Co 2p3/2 is 780.98 eV, while the orbital binding energy of Co 2p1/2 is 795.88 eV, with 
a split energy level difference of ΔE = 14.9 eV, indicating that the Co element in the sample is + 3 valence. The 
Mn2p orbital presents two main peaks, Mn 2p3/2 at 642.98 eV and Mn 2p1/2 at 654.58 eV, respectively, without 
corresponding satellite peaks, and the binding energy position corresponds to Mn4+. Figure 6(d-f) are the fine 
spectra of Ti 2p, P 2p, and Al 2p in the LATP-05-3 material. The Ti 2p3/2 orbital binding energy is at 458.58 eV, 
and the Ti 2p1/2 orbital binding energy is at 464.18 eV, proving the presence of Ti4+ in the material; the P 2p 
binding energy is at 133.38 eV, indicating that P exists on the surface of the Li1.5Al0.5Ti1.5(PO4)3 coating sample; 
the Al 2p3/2 orbital binding energy is at 72.58 eV, indicating the presence of Al3+. XPS analysis proves that Ni 
is + 2 valence, Co and Al are + 3 valence, and Mn and Ti are + 4 valence in the lithium-rich manganese-based 
positive electrode material before and after Li1.5Al0.5Ti1.5(PO4)3 coating.

In order to better demonstrate the performance of LATP-05-3 materials, electrochemical performance tests 
were carried out. Figure 7(a) is the first charge and discharge curve of LATP-05-X (X = 0, 1, 1.5, 2, 3, 4) materials 
at room temperature (25 °C), voltage range 2.0 ~ 4.8 V, and current density of 0.1 C. All electrodes show the 
electrochemical characteristics of two voltage platforms typical of lithium-rich manganese-based materials, and 
no new contours appear on the surface of the coated and modified electrode, indicating that the surface coating 
does not participate in the electrochemical process. The tilted area below 4.5 V corresponds to the migration of 
Li+ and the oxygen of low-valent transition metals in the LiTMO2 component; the platform above 4.5 V belongs to 
the activation of the Li2MnO3 component. Comparing the initial charge and discharge curves of the six samples, 
it was found that the initial discharge capacity of the coated LATP-05-1.5 sample was the highest, reaching 219 
mAh·g−1, and the initial Coulomb efficiency (71.29%) was also higher than that of the uncoated LATP-05-0 
sample (51.22%), showing the best charge and discharge performance among the six materials. Subsequently, the 

Fig. 5.  Particle size distribution of LATP-05-X (X = 0, 1, 1.5, 2, 3, 4).
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charge and discharge curves after 10 charge and discharge cycles at 0.1 C are shown in Fig. 7(b). The LATP-05-
1.5 sample still shows a discharge capacity of 218.3 mAh·g−1, which is much higher than the 180.2 mAh·g−1 of the 
LATP-05-0 sample. As the charge and discharge cycles proceed, the LATP-05-X (X = 0, 1, 1.5, 2, 3, 4) materials 
are tested at rate. As shown in Fig. 7(c), with the increase of current density, the discharge performance of the 
LATP-05-3 sample gradually becomes prominent. At charge and discharge rates of 0.1 C, 0.2 C, 0.5 C, 1 C and 

Fig. 7.  (a) Initial charge–discharge curves, (b) charge–discharge curves after 10 cycles (c) rate performance 
curves, and (d) cyclic curves after 100 times at 0.1 C of LATP-05-X (X = 0, 1, 1.5, 2, 3, 4).

 

Fig. 6.  Comparison of XPS spectra of LATP-05-0 and LATP-05-3 (a-c) Ni 2p、Co 2p、Mn 2p; (d) Ti 2p 
spectrum (e) P 2p spectrum; (f) Al 2p spectrum.
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2 C, the specific discharge capacity of the LATP-05-3 electrode is 204.4 mAh·g−1, 177.2 mAh·g−1, 146.5 mAh·g−1, 
121.1 mAh·g−1 and 96.4 mAh·g−1, respectively. When the current density is restored from 2  C to 0.1  C, the 
discharge specific capacity of the LATP-05-3 electrode is restored to 188.6 mAh·g−1, which is generally higher 
than other electrodes. In addition, after 100 cycles at 0.1 C, the capacity retention rate reached 85.9%, as shown 
in Fig. 7(d), and the optimal coating ratio of Li1.5Al0.5Ti1.5(PO4)3 coating was 3%.

Table 3 compares the capacity retention of several cathode materials after 100 cycles. The results show that 
LATP-05-X (X = 0, 1, 1.5, 2, 3, 4) materials have an electrochemical activation process. The first ten charge and 
discharge cycles in this chapter are all electrochemical activation processes of the materials, which are reflected in 
the rate diagram and cycle diagram. After the electrochemical activation, the charge and discharge performance 
of the materials tends to be stable. The Li1.5Al0.5Ti1.5(PO4)3 coating provides high ionic conductivity, reduces 
the resistance of interfacial charge transfer, and realizes the release of high capacity of the material. At the same 
time, the coating effectively isolates the cathode material and the electrolyte, inhibits the corrosion of HF, and 
can effectively prevent the occurrence of side reactions at high current density and long cycle processes, stabilize 
the electrode surface structure, and reduce capacity loss. However, when the coating reaches a certain thickness, 
it will lead to the lengthening of the Li+ diffusion path, which is not conducive to the deintercalation of Li+ and 
weakens the electrochemical performance. After comparing Table S1, it can be seen that the Li1.5Al0.5Ti1.5(PO4)3-
coated cathode material obtained excellent capacity retention while ensuring a superior level of discharge 
specific capacity.

The CV curves of the first three cycles of LATP-05-0 and LATP-05-3 materials are shown in Fig. 8(a, b). In the 
first cycle, the oxidation peak around 4.1 V corresponds to the removal of Li+ and the oxidation of Ni2+ and Co3+ 
during the charging process of lithium-rich manganese-based materials, and the oxidation peak around 4.7 V 
corresponds to the activation of the Li2MnO3 phase and the removal of Li2O to generate MnO2. The reduction 
peak near 3.62 V reflects the embedding of lithium ions in the layered lattice during the discharge process. It 
can be seen from the figure that the redox peaks of the first charge and discharge of LATP-05-0 and LATP-05-3 
materials are significantly offset from the redox peaks of the second and third cycles, and the curves of the second 
and third cycles basically overlap, which is consistent with the intrinsic mechanism and typical characteristics 
of the charge and discharge of lithium-rich manganese-based materials. Comparing LATP-05-0 and LATP-05-3 
materials, the oxidation peak intensity of LATP-05-0 decreased significantly in the second and third cycles, and 
the redox peak potential difference was 0.428 V, indicating that an irreversible phase change occurred inside the 
material; while the redox peak intensity of LATP-05-3 material remained basically unchanged in the three cycles, 
the redox peak current value was significantly greater than that of LATP-05-0, and the redox peak potential 
difference was 0.371 V, which was also significantly smaller than that of LATP-05-0, indicating that the dynamic 
performance was higher than that of LATP-05-0 material, the capacity loss was small in the first three cycles, and 
the good lithium ion insertion and extraction ability was conducive to the long cycle of the battery.

The lithium storage process of the battery material was characterized by the constant current intermittent 
titration (GITT) technique. The changes in the diffusion state of lithium ions in different voltage ranges were 

Fig. 8.  CV curves of (a) LATP-05-0 and (b) LATP-05-3.

 

Cathode material Capacity retention (%)

LATP-05-0 82.14

LATP-05-1 83.1

LATP-05-1.5 83.66

LATP-05-2 84.18

LATP-05-3 85.9

LATP-05-4 80.8

Table 3.  The capacity retention of LATP-05-X (X = 0, 1, 1.5, 2, 3, 4) after 100 cycles at 0.1 C.
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tested, and the lithium insertion and extraction processes of the materials were analyzed. In the GITT test, the 
LATP-05-0 and LATP-05-3 materials were charged at a current density of 0.1 C for 30 min in the voltage range 
of 2.0 ~ 4.8 V, and the battery voltage was allowed to recover to a stable value for 40 min under the open circuit 
voltage state. This process was repeated until the high cutoff voltage (4.8 V), and the same discharge process 
was continued until the low cutoff voltage (2 V). Figure 9(a, b) reflects the diffusion of lithium ions during the 
complete charge and discharge process of LATP-05-0 and LATP-05-3 materials, respectively, and the change 
trend of lithium ion diffusion is the same. In the charge and discharge stages, the LogDLi+ values ​​of the LATP-
05-3 material at different voltages are higher than those of the LATP-05-0 material. This further proves that 
the LATP-05-3 material has higher electronic/ionic conductivity and better interface stability, thus showing 
excellent electrochemical performance.

Figure 10 is the AC impedance curve of LATP-05-X (X = 0, 1, 1.5, 2, 3, 4) materials. It can be observed that 
the charge transfer impedance of LATP-05-3 electrode at low frequency and the ion diffusion impedance at high 
frequency are significantly smaller than those of LATP-05-0 electrode material, and LATP-05-3 electrode also 
shows the smallest charge transfer impedance among the six materials with different proportions. The surface 
LATP-05-3 material has a wide internal lithium ion migration channel and a fast ion deintercalation rate. This 
may be due to the fact that the particle size of LATP-05-3 material after coating modification becomes smaller 
and more uniform, and the surface area increases, which promotes charge transfer and ion diffusion.

In order to further study the ion dynamics process inside the LATP-05-3 material, Fig. 11 shows the CV 
results of LATP-05-3 at scan rates of 0.2, 0.5, 0.7, and 1 mV·s−1 and the impedance of the electrode after 100 cycles 
at 0.1 C. In Fig. 11(a), with the increase in the scan rate, the displacement of the oxidation peak and reduction 
peak of LATP-05-3 did not change significantly, the peak intensity increased and maintained a good peak 
shape, indicating that the degree of redox reaction inside the electrode material increased, which can reflect the 
strong deintercalation ability of lithium ions inside the material, indicating that there is a small electrochemical 
polarization problem in the LATP-05-3 material, with good electrochemical reversibility, and good matching of 
lithium ion migration and electron transfer speed. In Fig. 11(b), the charge transfer impedance decreases after 
cycling. We can analyze that the electrode material has an activation process during the charge and discharge 
test. When the electrode is not fully activated, the voltage and charge and discharge specific capacity are in 
an unstable state, and the impedance value is naturally larger. As the cycle progresses, the active substance is 
activated, the impedance decreases, and the stability of the electrode material is enhanced.

Fig. 10.  AC impedance spectra of the LATP-05-X (X = 0, 1, 1.5, 2, 3, 4) materials.

 

Fig. 9.  (a, b) GITT test curve and lithium ion diffusion curve of LASO-0 and LASO-3 materials, respectively.
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4. Conclusion
In this paper, the fast ion conductor Li1.5Al0.5Ti1.5(PO4)3 with three-dimensional lithium ion channels was 
coated on the surface of Li1.2Mn0.54Ni0.13Co0.13O2 by sol-gel method and high temperature calcination method, 
and the modified positive electrode material was applied to lithium ion batteries to test its electrochemical 
performance. The experimental results show that the Li1.2Mn0.54Ni0.13Co0.13O2@Li1.5Al0.5Ti1.5(PO4)3 composite 
material with a coating amount of 3% has the highest capacity retention rate after 100 cycles. The presence 
of Li1.5Al0.5Ti1.5(PO4)3 on the surface of Li1.2Mn0.54Ni0.13Co0.13O2 was confirmed by XRD characteristic peaks, 
element percentage in EDS, and binding energy in XPS spectra. By comparing the first charge and discharge 
curves of the six samples, it was found that the initial discharge capacity of the LATP-05-1.5 sample was the 
highest, reaching 219 mAh·g−1, and the initial coulombic efficiency was as high as 71.29%. As the charge and 
discharge cycles proceeded, it was found that all materials underwent an activation process. After activation, 
the final LATP-05-3 sample had the best cycle stability. After 100 cycles at 0.1 C, the capacity retention rate 
reached 85.9%, which was better than the 82.14% of the base material. In the cyclic voltammetry test, the redox 
potential difference of LATP-05-3 is 0.371 V, and the charge transfer impedance value is the smallest among 
several materials. The GITT test proves that the LATP-05-3 material has a higher ion diffusion coefficient and a 
higher lithium ion deintercalation rate. In summary, the lithium fast ion conductor Li1.5Al0.5Ti1.5(PO4)3 is coated 
on the surface of Li1.2Mn0.54Ni0.13Co0.13O2, which protects the electrode from HF corrosion while reducing the 
internal ion migration resistance of the material, so that the LATP-05-3 composite material exhibits the best ion 
diffusion state.

Data availability
The authors confirm that the data supporting the findings of this study are available within the article.
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