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Abstract: Cathode materials play a key role in the development and application of lithium-ion 

batteries, but the unfavorable factors such as structural phase transformation and low conductivity 

in the cycling process restrict the further improvement of battery performance, so the development 

and modification of high-performance cathode materials is a current research hotspot. LiNixCoyMn1-

x-yO2(x≥0.6), a high-nickel cathode material, has the advantages of high platform potential, high 

energy density and low cost, and is an ideal material to achieve the goal of 300 Wh kg-1 and above 

for batteries. However, its poor thermal stability, poor interface stability, safety and life cannot meet 

the requirements of current power batteries. In this paper, the research status of high-nickel cathode 

materials is introduced, including bulk doping and surface coating, and the modification method of 

doping and coating integration is also introduced. Finally, we put forward the prospect of the future 

development trend of high-nickel cathode materials. 

Keywords: lithium-ion batteries; high-nickel cathode materials; bulk doping; surface coating 

 

1. Introduction 

Growing energy demand, coupled with the rapid depletion of fossil fuels and the deterioration 

of environmental pollution, are driving the transformation of the energy mix [1–5]. In order to achieve 

the goals of carbon peak and carbon neutrality, it is necessary to promote an all-round, full-chain and 

full-life cycle energy revolution, optimize the energy structure, and build a clean, low-carbon, safe 

and efficient energy system [6]. Lithium-ion batteries are one of the most widely used chemical 

batteries due to their high energy density, low self-discharge rate, and long cycle life, and are widely 

used in electric vehicles, energy storage, and portable electronics [7–9]. Lithium-ion batteries are 

composed of six parts: cathode material, anode material, separator, current collector, electrolyte, and 

battery shell. Among them, the cathode material is one of the key factors that determine its 

performance, which has an important impact on the capacity, service life and cycle performance of 

the battery, and is also the key to reducing the cost of the battery. However, the performance of 

currently commercially available lithium-ion batteries is difficult to meet the growing performance 

requirements of electric vehicles [10–12]. 

In recent years, the layered structure of LiNixCoyMnzO2(x≥0.6) cathode material has been 
gradually applied to the field of electric vehicles and the energy industry due to its high energy 

density and excellent cycling performance [13,14]. High-nickel cathode material can deliver a high 

capacity of above 200 mAh g−1, which can effectively match the capacity of the current commercial 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 December 2023                   doi:10.20944/preprints202312.0225.v1

©  2023 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202312.0225.v1
http://creativecommons.org/licenses/by/4.0/


 2 

 

anode material graphite (372 mAh g-1), improve the energy density of lithium-ion batteries, and is 

expected to achieve the goal of 300 Wh kg-1 energy density of power battery cells [15,16]. 

However, high-nickel cathode materials still face many basic scientific and technical problems, 

which restrict their commercialization, and the main problems are the cycling performance and 

stability, including poor thermal stability of crystals, instability of electrolyte interfaces, and poor 

chemical and mechanical stability of particles [17–19]. Therefore, it is necessary to modify the high-

nickel cathode material to improve its cycling performance and stability. 

In this paper, we review the research progress of high-nickel cathode materials in bulk doping 

and surface coating. The bulk doping involves the introduction of different ions. Surface coating 

includes carbon material coating, phosphate coating, fluoride and oxide coating. In addition, the 

modification method of doping and coating integration is also discussed. Finally, we evaluate the 

methods summarized in this paper and look forward to the future development direction of high-

nickel cathode materials. 

2. Materials and Methods 

Bulk doping is to improve the stability of layered cathode materials by introducing other 

elements, mainly including anion doping, cation doping, and multi-ion co-doping. Doping some 

metal ions with low electrochemical activity in the crystal lattice of high-nickel materials can not only 

improve the chemical and thermal stability of the material structure, but also improve the electronic 

conductivity and ionic conductivity at the same time, and increase the output power of the battery. 

Equivalent cation doping generally does not change the valency of the element, but can make the 

material structure stable, while the doping of ions with lower valence states will lead to an increase 

in the valence state of the transition element, that is, the formation of holes, change the band structure 

of the material, and greatly improve the electronic conductivity of the material [20]. 

2.1. Anionic doping 

Anionic doping is the introduction of single or polyanion-substitution of O2- in the crystal lattice 

by introducing single or polyanionic ions such as F- [21,22] Br- [23], N3- [24], (BO3)3- [25,26]. F- has a 

better modification effect, because the electronegativity of F- is greater than that of O2-, so the bond 

energy of Li-F is higher than that of Li-O. F- substitution can effectively reduce the lattice constant, 

effectively inhibit the dissolution of transition metal elements, and at the same time, F- can promote 

the formation of SEI film on the surface of the material to avoid the corrosion of HF, a by-product of 

electrolyte reaction, and play a role in stabilizing the cathode-electrolyte interface and improving the 

cycling performance of the material.  

Zhao et al. [22] successfully synthesized fluorine-doped high-nickel cathode materials, the 

synthesis schematic diagram was shown in Figure 1a, and the basic morphology was shown in Figure 

1b-d. XRD analysis showed that the fluorine substitution process did not change the layered 

structure, but promoted the growth and expansion of unit cells in the c-axis direction, and improved 

the Li+ diffusion kinetics. Cyclic voltammetry (CV) (Figure 1e, f) and lithium-ion diffusion rate plots 

(Figure 1g) showed that fluorine substitution can effectively reduce the polarization and migration 

resistance of lithium-ions, resulting in smoother migration. 

He et al. [23] prepared a Br- modified LiNi0.815Co0.15Al0.035O2 cathode material by in-situ doping 

method for the first time, and found that Br- doping could reduce the particle size and increase the 

interlayer distance. When the concentration of Br- is 0.2 mol%, it could be observed that the potential 

polarization and RSEI + Rct value of the doped material were significantly reduced, and the Li+ 

diffusion coefficient increased, and the capacity retention rate was 75.7% after 100 cycles, indicating 

that the introduction of Br- can effectively enhance the stability of the material. 
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Figure 1. (a) Schematic diagram of fluorine-doped high-nickel cathode materials; (b-d) SEM images 

of S-F0, S-F1, S-F2; (e, f) CV curves at the scan rate of 0.1 mV s−1 for the sample S-F0 and S-F1 cathode 

electrodes; (g) DLi+ of S-F0 and S-F1 obtained from the EIS data. 

Binder et al. [24] innovatively doped N3- into Li1.02 (Ni0.8Co0.1Mn0.1)0.98O2 by ammonia treatment 

(in the presence of oxygen), and found that the introduction of N3- could expand the interlayer 

distance of the material structure, significantly improve the rate performance and overall 

electrochemical performance of the material. 

Chen et al. [25] used H3BO3 as a boron source, and (BO3)3-gradient doped high-nickel spherical 

LiNi0.8Co0.15Al0.05O2 (NCA) cathode materials were obtained after high-temperature sintering. At 1.5 

% borate, the material had a capacity retention rate of 96.7% after 200 cycles at 2 C, even under high 

cut-off potential and higher temperature test conditions, in addition to exhibiting more stable 

discharge capability and smaller voltage drop. 

2.2. Cation doping 

Cationic doping is the introduction of K+ [27], Na+ [28], Mn4+ [29], Mg2+ [30–32], Al3+ [33], Ti4+ [34–
36], V4+ [37,38], Zr4+ [39], etc. in the substitution structure of Li+ or transition metal ions. It can 

effectively reduce the mixing of Li+/Ni2+ cations, inhibit the multiphase transition in the charge-

discharge process, and improve the stability of the crystal structure, thereby improving the cyclic 

stability of the material. 

Xu et al. [27] successfully synthesized Li1-xKxNi0.8Co0.1Mn0.2 (LKNCM) by introducing K+ into 

NCM811 by molten salt-assisted growth method, and found that it had a low degree of Li+/Ni2+ 

mixing and ordered layered structure. It still had a capacity retention rate of more than 95% after 100 

cycles at 0.1 C and 95.2% capacity retention even after 180 cycles at 10 C, with excellent cycling 

stability, which was attributed to the K+ doping ability to effectively inhibit side reactions and 

electrolyte decomposition in charge-discharge cycles. 

Tao et al. [30] prepared LiNi0.8-xCo0.1Mn0.1MgxO2 by co-precipitation method, which showed low 

Li+/Ni2+ cation mixing at 2.7-4.5 V voltage, high structural stability and cycling stability, and the 

discharge capacity could reach 163.5 mAh g-1 after 200 cycles at 1 C, and the capacity loss rate did not 

exceed 20%. Bai et al. [31] used nano-silica sand grinding method to prepare Mg2+-doped NCA, and 

found that the polarization of the NCA electrode was slightly reduced, the lithium ion diffusion was 

enhanced, and the cycle retention rate was improved. Lv et al. [32] introduced Mg2+ into 

Ni0.83Co0.12Mn0.05 by co-precipitation-sintering. The results showed that Mg2+ doping can significantly 

improve the cycling stability of the material. When the doping amount was 0.96%, the initial 

discharge capacity was 199.7 mAh g-1, the capacity retention rate was 87.2%, and the structure was 

not damaged after cycling. 
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Song et al. [35] doped high-nickel LiNi0.7Co0.15Mn0.15O2 materials in solution. As shown in Figure 

2a-d, the material morphology remained similar after Ti4+ doping, but the lattice parameters of the 

layered structure were slightly shifted to the larger value by analyzing XRD. Analysis of 

electrochemical performance (Figure 2i-l) showed that Ti4+ doping enhanced cycling performance at 

25°C. In addition, when the temperature was increased to 60°C, the capacity retention rate of Ti-

doped material was greatly improved, and it was still 95% after 50 cycles. This was attributed to 

better retention of the compressive strength of the particles and Ti4+ doping to delay crack formation 

within the particles (Figure 2e-h). 

  

Figure 2. SEM images of (a, b) NCM powder; (c, d) Ti-NCM powder, SEM images of polished cross-

sections of (e) Fresh NCM electrode; (f) NCM electrode after 50 cycles; (g) Fresh Ti-NCM electrode; 

(h) Ti-NCM electrode after 50 cycles, Charge–discharge curves and cycling performance for NCM and 

Ti-NCM for (i, j) 3.0–4.3 V at 25°C; (k, l) 3.0–4.3 V at 60°C. 

2.3. Multi-ion co-doping 

Multi-ion co-doping is the use of multiple ions for modification, which can combine the 

advantages of multiple ions and maximize the comprehensive electrochemical performance of the 

material. For example, PO43-/Mn4+ [40], P3-/F- [41,42], Mg2+/Al3+ [43,44], Al3+/Fe3+ [45], Mg2+/F- [46], 

Na+/F- [47]. 

Qiu et al. [40] synthesized LiNi0.8Co0.15Al0.05O2 doped with PO43- and Mn4+ by high-temperature 

solid-state reaction. As shown in Figure 3a, a schematic diagram of the synthesis of the modified 

material, the crystal structure showed that the co-doping of PO43- and Mn4+ could expand the Li+ 

transport channel and reduce lattice defects, which could also be illustrated by the XRD of Figure 3b-

e to the low angle offset. The electrochemical performance was tested and found that the modified 

sample had good rate performance (Figure 3f), and that the NCM-PM3 had a capacity of 204 mAh g−1 

at 0.1 C at 2.7-4.3 V, and a capacity retention rate of 85.5% after 100 cycles at 1C (Figure 3g), and a 

capacity of 157.8 mAh g−1 even at a high current of 5 C (Figure 3h). In addition, even at a high 

temperature of 55°C, the capacity of NCM-PM3 was maintained at 80.9% after 100 cycles at 1 C (Figure 

3i), and the excellent cycling stability was attributed to the stabilizing effect of Mn4+ and PO43- that 

inhibited structural degradation during cycling. 

Yuan et al. [41] used LiPF6 as a dopant to co-dop P and F into the structure of NCM811 material, 

and found that the d spacing of the material increased, the surface stability was enhanced, and the 

cycling performance was greatly improved.  
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Xiao et al. [43] co-doped Mg2+ and Al3+ in NCM811 and found that the double doping could 

expand the fusion channel of Li+ and reduce the degree of cation mixing, thereby inhibiting the 

structural degradation during cycling and improving the structural stability during cycling. 

 

Figure 3. (a) Schematic diagram and crystal structure of the modified material; (b) XRD diffraction 

pattern; (c-e) Rietveld refinement results of samples and inserts; (f) Rate performance at 0.1-5 C; (g) 

Cycling performance at 1 C; (h) Cycling performance at 1 C; (i) Cycling performance at 1 C at 55°C. 

3. Surface coating  

Surface coating refers to coating a layer of chemically stable material on the surface of the 

material to block the direct contact between the electrolyte and the cathode material, so as to inhibit 

the dissolution and corrosion of the electrolyte on the cathode material and reduce the side reactions. 

Surface coating can improve the stability of the surface structure of the material, promote the transfer 

of electrons on the surface of the material, and prolong the service life of the material. At present, 

commonly used coating materials include carbon materials (amorphous carbon [48–50], graphene 

[51–53], carbon nanotubes [54,55]), phosphate (Li3PO4 [56–58], LiFePO4 [59], MnPO4 [60]), fluoride 

(CaF2 [61], AlF3 [62], LiF [63]), oxides (LiBO3 [64], LiWO3 [65], Li2TiO3 [66], WO3 [67], SiO2 [68], Al2O3 

[69], CeO2 [70]) etc.  

3.1. Carbon materials coating  

The high-nickel ternary cathode material has a high nickel content, large theoretical specific 

capacity and low cost, which is a promising cathode material for lithium-ion batteries, but there is 

still a mixed discharge of Ni2+ and Li+ that has an impact on its commercial application, and the low 

Co and Mn content will also adversely affect the cycling performance and rate performance of the 

material. Carbon materials have excellent electrical conductivity and large specific surface area. The 

coating modification of high-nickel ternary cathode materials by carbon materials can effectively 

improve the electrochemical properties of the materials. 

3.1.1. Amorphous carbon 

Liang et al. [50] used a liquid phase polymer acrylonitrile telomer (ANT) as a precursor to coat 

an amorphous carbon layer on a high-nickel cathode, and the synthesis process was shown in Figure 

4a, and the related morphology was shown in Figure 4b. When the ANT addition was 5 wt% and the 

annealing temperature was 600 °C, we could clearly see the presence of an amorphous carbon layer 

with a thickness of 50 nm in the TEM image (Figure 4c). Comparing the CV curves (Figure 4d, f), it 

could be found that the anode peak positions of 4.08 V and 4.31 V were reduced and the peak area 

was reduced after the amorphous carbon layer was coated, indicating that the amorphous carbon 

coating reduced the relative electrochemical polarity and inhibited the side reactions at high pressure. 

Comparing the charge-discharge curves (Figure 4e, g) and the cycle curves (Figure 4h, i), it can be 
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found that the coating of the amorphous carbon layer could improve the cyclic stability of the 

material and reduced the voltage attenuation. 

 

Figure 4. (a) Schematic diagram of carbon coating process on the surface of NMC811 particles; (b) 

SEM images of NMC811 with 5 wt% ANT added and annealed at 600°C; (c) TEM images of NMC811 

with 5 wt% ANT added and annealed at 600°C; (d, f) CV curves of bare NMC811 and carbon-coated 

NMC811; (e, g) Charge-discharge curves of bare NMC811 and carbon-coated NMC811; (h) 

Comparison of capacitance performance of NMC811 (3-4.3 V) thicknesses with different carbon 

coatings;(i) Comparison of long-cycle and high-voltage performance of bare NMC811 and carbon-

coated NMC811 (voltage range: 3-4.5 V). 

Qiu et al. [49] successfully prepared NCM-N2, an amorphous N-nano-carbon shell-coated 

material, in an N2 atmosphere, and found that its cycling stability was significantly improved. The 

capacity retention rate was 96.64% after 40 cycles at 0.1 C and 95.06% after 100 cycles at 1 C, which 

was attributed to the fact that the amorphous N-nanocarbon shell could inhibit the occurrence of side 

reactions, improve the conductivity, and effectively increase the diffusion rate and charge migration 

rate of Li+. Kathribail et al. [48] successfully inducted an amorphous carbon coating at NCM622 by 

furfuryl alcohol polymerization followed by calcination. It was found that the heat treatment could 

significantly improve the cycling stability, and the capacity retention rate could still reach 89.42% 

after 400 cycles of 2 C current cycle a heat treatment at 400°C, which was much higher than that of 

the uncoated sample (81.38%). 

3.1.2. Graphene 

As shown in Figure 5a, Jan et al. [52] successfully synthesized a layered NCM811-graphene 

composite, with Raman spectroscopy (Figure 5b) confirming the presence of graphene and a TG 

curve (Figure 5c) measuring a graphene content of 5.5%. The presence of graphene was clearly visible 

in SEM images (Figure 5d, e), and TEM images (Figure 5f, g) further illustrated the success of the 

coating. The CV curves showed that the redox peak potential difference of the graphene composites 

was reduced (Figure 5h, i), indicating that the introduction of graphene nanosheets could reduce the 

electrode polarization. The EIS image (Figure 5j) confirmed a significant reduction in RSEI and Rct, and 

a significant improvement in electrode kinetics. Further testing of the cycling performance showed 

that after 150 cycles at 1 C, the capacity still had 167.5 mAh g-1 and the retention rate was 92.2%.  

Ning et al. [51] prepared a homogeneous redox graphene-coated NCM811 (PG-NCM) by 

physical mixing, and found that the capacity could reach 194.1 mAh g−1 at 1 C, the capacity retention 

rate was 92.8% after 100 cycles, and the capacity could reach 122.1 mAh g−1 even at 10 C. 

Park et al. [53] constructed a conformal graphene coating on the surface of NCA, which could 

not only enhance the conductivity of the material and inhibit the degradation of the cathode surface, 
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but also greatly improve the cycling stability, making the material close to the volume capacity and 

specific capacity limits of the cathode of lithium batteries at the same time. 

 

Figure 5. NCM811-graphene composites (a) Preparation of schematic diagrams; (c) 

Thermogravimetric analysis; (d, e) SEM images; (f, g) TEM image, bare NCM811 and NCM811-

graphene composites (b) Raman spectroscopy; (h, i) CV curves; (j) EIS diagram after 5 charge-

discharge cycles at 0.1 C; (k) Cycling curves for 150 cycles at 1 C. 

3.1.3. Carbon nanotubes 

Zha et al. [54] prepared the PI3-NCM811 cathode by combining multi-walled carbon nanotubes 

(MWCNTs), polyimide (PI), and NCM811. The TEM image in Figure 6a showed that the 

microspheres of PI3-NCM811 were encapsulated by PI/MWCNTs and are approximately between 

150-180 nm thick. Figure 6b showed that the lattice fringe of NCM811 was 0.47 nm, which 

corresponded to the rhombic phase layered structure of NCM811(003) in Figure 6c. The 

electrochemical performance test showed that the capacity retention rate of the PI3-NCM811 cathode 

was 83.5% after 500 cycles at 1 C at 2.8-4.5 V (Figure 6d), which was much higher than that of the 

original sample (62.4%), and the excellent stability was not only due to the coating inhibiting the 

electrode material from contacting the electrode material and the electrolyte and preventing the 

material from being corroded by the electrolyte, but also that the PI/MWCNTs composite coating 

inhibited the cracking damage caused by the expansion of the crystal volume during discharge 

(Figure 6e-g).  

Hwang et al. [55] successfully coated NCM811 with a conductive three-dimensional carbon 

network layer (consisting of 6-amino-4-hydroxy-2-naphthalenesulfonic acid -functionalized rGO and 

carbon nanotubes). The coating could enhance the electrical conductivity, inhibit the occurrence of 

irreversible phase changes and side reactions, and achieve a stable high-rate electrochemical reaction. 

The capacity was maintained at 88% after 100 cycles at 1 C. 
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Figure 6. (a, b) TEM image of PI3-NCM811; (c) Simulated structures with rhombic phase (R-3m) and 

MWCNTs; (d) Long cycle performance of PI3-NCM811 cathode and NCM811 at 2.8-4.5 V at 25°C; (e) 

a model explaining that the PI3-NCM811 cathode has better cyclic stability than NCM811; (f, g) SEM 

images of NCM811 and PI3-NCM811 after 500 cycles. 

3.2. Phosphate coating  

As shown in Figure 7a, Zhang et al. [57] prepared an NCM811@Li3PO4 coated with a solid 

electrolyte lithium phosphate in situ with the basic morphology shown in Figure 7b, and found that 

the particle surface became rough. As could be seen from the TEM images (Figure 7c, d), NCM811 

had a typical layered structure, with a thickness of approximately 12.6 nm at the Li3PO4 surface, and 

good overall crystallinity (Figure 7e, f). When the coating amount of Li3PO4 was 1 mol%, it had the 

best electrochemical performance. The initial discharge capacity was 192.4 mAh g-1 (Figure 7g), and 

after 200 cycles at 1 C, the capacity was 157.8 mAh g-1, and the capacity retention rate was 86.7% 

(Figure 7h). In addition, the NCM811@Li3PO4 had good magnification performance (Figure 7i). The 

good electrochemical performance was attributed to the coating relieving stress-induced microcrack 

evolution, slowing down HF corrosion, and maintaining a high lithium-ion diffusion coefficient.  

 

Figure 7. (a) Schematic diagram of the synthesis process of NCM811@Li3PO4; (b) SEM images of 

NCM811@Li3PO4; (c) TEM image of NCM811; (d) HRTEM image of NCM811; (e) TEM image of    

NCM811@Li3PO4; (f) HRTEM image of NCM811@Li3PO4; (g) Charge-discharge performance of 

NCM811 and NCM811@Li3PO4 (0.1 C); (h) Cycling performance (1.0 C); (i) Rate performance. 

Zhu et al. [56] successfully constructed a Li3PO4 coating on the surface of NCM811 using the 

reaction between residual lithium and (NH4)2HPO4, and found that the material properties were 
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significantly improved, which was attributed to the formation of the coating to eliminate residual 

lithium on the surface, promote the diffusion of lithium ions, inhibit the reaction of surfactants with 

CO2 and H2O, and inhibit the occurrence of side reactions. 

Zhuang et al. [59] prepared Li3FePO4/C-coated NCM811 by simple ball milling and found that 

the coating could inhibit the change of particle volume during cycling and reduce the occurrence of 

side reactions. When the LFP/C coating amount was 1 wt%, it had good cycle stability and rate 

performance. The volume retention rate after 300 cycles at 25°C was 61.6%, which was significantly 

higher than the 48.63% retention rate of the bare NCM811. 

3.3. Fluoride coating 

Wang et al. [62] reported a modification strategy for the synthesis of a LiAlO2/LiF&AlF3 (LAFO) 

hybrid coating on the surface of NCM622, and the material preparation flow was shown in Figure 8a. 

The crystal structure of the NCM@LAFO was shown in Figure 8b, from which it could be seen that 

LiAlO2 was tightly fixed on the surface of NCM, while the LiF and AlF3 layers were fixed on the 

surface of LiAlO2, and this structural distribution could effectively slow down the corrosion of HF 

and alleviate the structural degradation and intergranular cracks during cycling. The structural 

distribution of NCM- LiAlO2-LiF&AlF3 could also be seen in Figure 8b, c. The electrochemical 

properties were tested and found to have excellent rate performance (Figure 8e) and cycling stability, 

with a capacity retention rate of 93.01% after 200 cycles at 1 C (Figure 8f) and 74.5% after 300 cycles 

at 5 C (Figure 8g).  

 

Figure 8. (a) Flow chart of the preparation of the NCM@LAFO; (b) Schematic diagram of the 

NCM@LAFO structure; (c) NCM@LAO TEM and HRTEM images; (d) NCM@LAFO TEM and 

HRTEM images; (e)Rate performance of NCM, NCM@LAO, and NCM@LAFO samples; (f) Cycling 

performance at 1 C; (g) Cycling performance at 5 C. 

Dai et al. [61] designed an ultra-thin calcium fluoride coating on the surface of NCM811 with a 

thickness of only 5-12 nm. When the calcium fluoride content was 3 wt%, the modified sample 

exhibited the best cycling capacity and rate performance. In addition, the calcium fluoride coating 

significantly improved the high-temperature stability of the cathode material, and the capacity 

retention rate was 79.68% after 50 cycles at 1 C at 55°C, far exceeding the 59.32% of the original 

sample. 

3.4. Oxide coating 

As shown in Figure 9a, Du et al. [64] prepared a uniform layer of lithium boron oxide coating 

from residual lithium on the surface of NCA, and the basic morphology was shown in Figure 9b. 

Through the TEM image (Figure 9c), it was found that the lithium boron oxide film not only 
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uniformly covered the surface of NCA, but also closely connected with the main particles in the 

secondary particles, preventing the degradation of the microstructure of the material. The charge and 

discharge curves at 0.1 C (Figure 9d) and the cycling performance at 2 C (Figure 9e) showed that 

NCA-LB1 had suitable electrochemical properties, and the average discharge voltage decreased by 

only 0.0385 V after 100 cycles (Figure 9f), indicating that it had good electrochemical stability. The 

performance of NCA-LB1 at 55 °C at 1 C was further tested (Figure 9g) and it was found that its 

capacity retention rate was 90.87% after 100 cycles, much higher than the 65.17% of the original NCA 

cathode. 

The excellent stability at high temperatures was attributed to the fact that the lithium boron 

oxide film mitigated electrolyte penetration into the particles, reduced the formation of SEI films 

within the NCA spheres, and thus reduced the formation of microcracks inside the secondary 

particles (Figure 9h, i). This result could also be illustrated by the EIS image after 100 cycles (Figure 

9j, k), where the RSEI of the NCA-LB1 electrode barely changed and the Rct increased significantly.  

 

Figure 9. (a) Schematic diagram of the formation process of boron oxide on the surface of NCA 

spheres; (b) SEM image of NCA-LB1; (c) TEM image of NCA-LB1; (d) Initial charge-discharge curves 

of NCA, NCA-LB05, NCA-LB1 and NCA-LB2 cathodes at 0.1 C; (e) Cycling performance of NCA, 

NCA-LB05, NCA-LB1 and NCA-LB2 cathodes at 2 C; (f) Average voltage of NCA and NCA-LB1; (g) 

Cycling performance of NCA and NCA-LB1 cathodes at 55°C; (h) SEM images of NCA and (i) NCA-

LB1 electrodes after 100 cycles at 55°C; Electrochemical impedance spectra of the cathode at the 1st 

and 100th cycles of (j) NCA and (k) NCA-LB1.  . 

Cho et al. [68] coated the surface of NCM622 with a layer of SiO2, and found that the cycling 

performance of the modified material was greatly improved at a high temperature of 60°C, and the 

capacity retention rate was 93% after 50 cycles. This was attributed to the fact that the coating 

inhibited the growth of interfacial impedance during cycling, slowing down the corrosion of HF. 

4. Integrated treatment of doping and coating  

Due to the complexity of the process, it is still a great challenge to achieve the structural and 

interfacial stability of nickel-rich materials at the same time. Therefore, researchers explore the 

integrated strategy of doping and coating, and realize the controllable preparation of stable cathode 

materials by modifying the doping and coating of the same material, while regulating the crystal 

structure and improving the interfacial stability of the material. 

Wang et al. [71] successfully introduced fluorite-type oxygen ion conductors into the surface of 

pristine particles, which ensured the stability of the electrochemical process under a special process 

environment. In this method, the oxygen ion conductor Ce0.8Dy0.2O1.9 containing oxygen vacancies 

was coated on the surface of the material by in-situ co-precipitation, which improved the stability of 

the cathode material, and obtained a material with high capacity, good safety and high electronic 
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conductivity, which was a modification strategy that combines the dual advantages of surface coating 

and element doping. As shown in Figure 1a, the oxygen ion conductor contained the rare earth 

element cerium, and there were two valence states of Ce3+ and Ce4+, which could be converted into 

each other in chemical processes. Ce4+ had strong oxidation properties, which could oxidize Ni2+ to 

Ni3+, reduce the mixed discharge of Li+/Ni2+, and further improve the first-turn cycle efficiency and 

structural stability of battery materials. In addition, a large number of oxygen vacancies existed in 

the Ce0.8Dy0.2O1.9 crystal, which brought better results in inhibiting the release of oxygen and 

improving the safety performance of the material, schematic diagram shown in Figure 1b. 

The results of the electrochemical performance test in Figure 2c-f showed that among the various 

oxygen ion conductors added, the 3 wt% oxygen ion conductor had the most significant effect on 

improving the electrochemical performance of the material. The first-pass coulombic efficiency and 

cycling performance of the original sample were 81.23% and 83.77%, compared to 90.24% and 94.27% 

for the NCM-CD3 sample. The reason for this was that the reaction between Ce4+ and Ni2+ alleviates 

the phenomenon of cation mixing, and showed excellent cycling performance. In addition, a large 

number of oxygen vacancies in Ce0.8Dy0.2O1.9 crystals could effectively trap unstable oxygen-

containing substances (such as O2-, O- and O22-) generated in the deep lithium removal process, the 

release of oxygen was reduced, and the stability and safety of the material were well improved. 

 

Figure 10. (a) Schematic diagram of cation disorder of NCM and Ce0.8Dy0.2O1.9 modified NCM; (b) 

Schematic illustration of the oxygen vacancies in the Ce0.8Dy0.2O1.9 modified layer enhancing the 

structural stability of Ni-rich materials; (c) Initial chargedischarge curves between 2.8 and 4.3V at 0.1 

C; (d) Initial coulomb efficiency; (e) The differential capacity curves in the first cycle; (f) Cycling 

performance at 1 C. 

Bao et al. [72] controlled the post-annealing temperature of the ultra-thin ZrO2 films prepared 

by ALD, and the Zr4+ layered oxides could be surface-doped to accelerate charge transfer while 

providing adequate protection. Using single crystal NCM622 as the model material, it was found that 

the surface Zr4+ doping combined with ZrO2 coating could improve the cycling performance and rate 

performance. Surface doping by controllable post-annealing of ALD surface coatings revealed an 

attractive approach to the development of stable and Li+ conductive interfaces for monocrystalline 

cell materials. 

Ran et al. [73] used a gradient phosphate polyanion doping strategy to enhance the 

electrochemical performance of NCM622 cathode materials. This strategy synergistically realized the 

gradient doping of phosphate polyanions and the in-situ coating of Li3PO4 coatings. Gradient doping 

improved the cycling stability and rate performance of NCM622, and the capacity retention rate of 

the modified sample reached 92.9% at high cut-off voltage (4.5 V) and high temperature (55°C). 

Zhang et al. [74] modified the internal and surface structure of the high-nickel NCM811 cathode 

material by employing the rare element Y doping. The coating of the surface lithium-ion conductor 

LiYO2 as a surface protector inhibited the side reactions, and the gradient Y3+ doping supported the 

crystal structure, showing a synergistic effect in improving the electrochemical performance of the 

cathode material, with a capacity retention rate of up to 98.4% after 100 cycles at 2.8-4.5 V. 
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5. Conclusions 

High nickel cathode materials have the advantages of high energy density and high safety, but 

there are also problems of cation mixing and poor stability that need to be solved, which will 

adversely affect the commercial application of high nickel cathode materials. In this paper, the main 

modification methods of high-nickel cathode materials are summarized, such as ion doping and 

surface coating. Although the cycling performance and thermal stability of the modified materials 

have been greatly improved, these methods cannot fully solve all the problems existing in high-nickel 

cathode materials. 

In the future, one of the main directions for the development of high-nickel cathode materials is 

co-modification, such as element doping, surface coating and structural design, which can improve 

the structural stability of materials and reduce the degree of cation mixing through element doping. 

By reducing the side reactions between the cathode material and the electrolyte through surface 

coating, we can jointly solve the problems of improving surface sensitivity and oxygen evolution and 

transition metal ion migration.  

In addition, the introduction of oxygen vacancies on the surface of the particles can adsorb and 

store oxygen, the generation of oxygen is inhibited, the process of reversible redox of oxygen ions in 

the electrochemical process can be better carried out, and the thermal stability of battery materials is 

also improved. Since the diffusion of lattice oxygen vacancies in the bulk phase of the material and 

the aggregation of specific crystal planes are the direct causes of high-temperature phase 

transformation gas production and crack and final rupture of oxide cathode materials, the irreversible 

oxygen loss reaction at the interface can be inhibited by the surface coating strategy, so as to 

effectively reduce the generation of lattice oxygen vacancies in the process of cycling, inhibit the 

diffusion and accumulation process of lattice oxygen vacancies from the source, and finally achieve 

the effect of improving particle stability. 

In summary, it is difficult for a single modification strategy to take in to account the needs of 

improving the structural stability, energy density, and rate performance of materials at the same time, 

so the comprehensive application of various modification strategies is crucial. It is believed that with 

the joint efforts of future researchers, high-nickel cathode materials can be better applied to lithium-

ion batteries and conform to people's expectations for battery development in the new energy era. 
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