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Abstract: A uniformly coating transition metal oxide solution (TS-M) was developed to simultane-
ously remove residual Li compounds (RLCs) and stabilize the surface of NCM811 material. XRD 
analysis revealed that the synthesized cathode samples (TS-M, where M = Ti, Ge, Sn) exhibited hex-
agonal α-NaFeO2 structures without impurity phases. FE-SEM and EDX results confirmed the for-
mation of a uniform metal oxide coating (TS-Ti, TS-Ge: and TS-Sn) on the surface of NCM811, 
demonstrating its potential as a high-performance cathode material for lithium-ion batteries (LIBs). 
Among the treated samples, the TS-Sn sample delivered an excellent discharge capacity of 172.4 
mAh g−1 with a retention of 90.4% after 50 cycles at a 1.0 C rate, outperforming the TS-Ge and TS-Ti 
samples. Electrochemical impedance spectroscopy (EIS) further validated the improved impedance 
of NCM samples after Ti, Ge, and Sn coatings. Based on these findings, the application of Ti, Ge, 
and Sn metal oxide coatings to NCM811 is considered a reliable surface modification strategy for 
enhancing electrochemical performance by eliminating RLCs and stabilizing the surface. 

Keywords: Lithium-ion battery; cathode; layered transition metal oxide; residual lithium com-
pounds; surface coating 
 

1. Introduction 
Lithium-ion batteries (LIBs) have garnered significant attention as a suitable power 

source for electric vehicles (EVs), primarily due to their high energy density (50–260 
Wh·kg−1), extended cycle life (up to 10,000 cycles), low maintenance costs, and eco-friendly 
characteristics. With the expanding scope of EV applications, there has been a continuous 
increase in the demand for LIBs that offer enhanced safety and higher energy capacity [1–
5]. In LIBs, the cathode plays a pivotal role in determining the overall capacity, power 
output, and lifespan of the battery. Cathode reactions are typically slower, and their ca-
pacity is smaller compared to anodes, which underscores the critical importance of opti-
mizing cathode materials. Conventional cathode materials, such as LiCoO2 and LiMn2O4, 
exhibit significantly lower specific capacities compared to their anode counterparts. This 
disparity represents a major obstacle in meeting the requirements for higher capacity and 
energy density necessary for advanced EV applications. As a result, improving the per-
formance of cathode materials has emerged as a central focus in LIB research [1,6–8]. Lay-
ered LiNixCoyMnzO2 (NCM, x + y + z = 1) is most widely used in LIBs because of their 
superior capacity and cost-effectiveness compared to other cathode materials, such as 
LiCoO2 [9–16]. 

Over the last decade, numerous studies have demonstrated that increasing the nickel 
(Ni) content in NCM cathode materials is advantageous for enhancing specific capacity 
[17–20]. However, while a higher Ni content proportionally increases the specific capacity, 
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it also introduces critical drawbacks such as cation mixing [9,20], structural degradation 
[13,21,22], and the formation of residual lithium compounds (RLCs) such as lithium hy-
droxide (LiOH) and lithium carbonate (Li2CO3) [23]. Lithium hydroxide (LiOH), as an 
RLC, can cause significant issues during electrode slurry preparation by inducing gelation 
due to its high pH (>12) [24]. Meanwhile, lithium carbonate (Li2CO3) readily reacts with 
hydrofluoric acid (HF), which is generated by trace water in the electrolyte. This reaction 
not only produces gases that disrupt battery operation but also accelerates side reactions 
between the electrode and electrolyte [25]. HF formation, in turn, leads to the dissolution 
of transition metals from the cathode, resulting in surface corrosion, structural instability, 
and phase transformations that degrade the cathode’s electrochemical performance [26]. 

Addressing these challenges and reinforcing the electrochemical performance of Ni-
rich NCM cathodes requires the effective removal of residual Li from the material’s sur-
face. Significant efforts have been devoted to this goal. Among these, washing with deion-
ized water has proven effective for removing residual Li but also risks dissolving Li from 
the layered structure, which causes rapid capacity loss [27,28]. An alternative approach is 
surface modification, which not only mitigates side reactions by forming a protective coat-
ing layer but also eliminates residual Li through chemical reactions. However, current 
surface modification techniques often result in non-uniform coatings thereby limiting 
their effectiveness in improving electrochemical performance. In this respect, it is neces-
sary to develop a coating method that can effectively reduce the residual Li without com-
promising the structural integrity and electrochemical performance of Ni-rich NCM. 

In this report, we propose a novel bifunctional surface coating method designed to 
simultaneously remove residual lithium compounds (RLCs) and stabilize the surface of 
NCM811 cathode materials for lithium-ion batteries (LIBs). Uniformly dispersed nanopar-
ticles of transition metal oxides (Ti, Ge, and Sn) in isopropyl alcohol (IPA) were success-
fully synthesized using a hydrothermal method. These nanoparticles were selected as 
coating materials due to their superior properties, including high electrical conductivity, 
fast lithium-ion (Li⁺) diffusion, high mobility, and low resistivity compared to commonly 
used oxides such as ZrO2, SiO2, MgO, TiO2, and Al2O3. The Ti, Ge, and Sn nanoparticles 
effectively prevent side reactions, enhance structural and electrochemical stability, and 
maintain high conductivity. Furthermore, conventional coatings can increase interfacial 
resistance between the cathode material and the electrolyte, delaying Li⁺ mobility during 
intercalation and deintercalation processes. This study provides an in-depth analysis of 
surface-modified NCM811 cathodes utilizing Ti, Ge, and Sn nanoparticles, examining 
their structural, morphological, and electrochemical properties. Advanced characteriza-
tion techniques, including scanning electron microscopy (SEM), energy-dispersive X-ray 
spectroscopy (EDS), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS), 
were employed to evaluate the quality and performance of the coating layers. The findings 
demonstrate the potential of this bifunctional coating method to improve the commercial 
viability and performance of Ni-rich NCM cathode materials for LIBs. 

2. Materials and Methods 
2.1. Material Preparation 

All chemicals and solvents were obtained from commercial suppliers and used with-
out further purification. To synthesize TS-M nanoparticles (M = Ti, Ge, and Sn), three tran-
sition metal precursors with high reactivity towards lithium were selected: titanium (IV) 
isopropoxide (TTIP, 97%, Sigma-Aldrich, Seoul, Korea), germanium (IV) isopropoxide 
(GeIP, 97%, Sigma-Aldrich, Seoul, Korea), and tin (IV) isopropoxide (TIP, 10% w/v in iso-
propanol). Isopropyl alcohol (IPA, 99%, Sigma-Aldrich, Seoul, Korea) and tetrabu-
tylammonium hydroxide (TBAOH, 40% in water, Sigma-Aldrich, Seoul, Korea) were used 
as solvents and reagents. Commercial-grade LiNi₀.₈Co₀.₁Mn₀.₁O2 (NCM811, L&F, Daegu, 
Korea) was utilized as the target material for coating with the Ti, Ge, and Sn nanoparticles. 
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For the preparation of TS-Ti, the process involved the following steps: 
[Preparation of Solutions] 

Solution A was prepared by mixing 0.923 g of TTIP with 30 g of IPA. 
Solution B was prepared by dissolving 0.212 g of TBAOH in 75 mL of distilled water. 

[Synthesis of TBA-TiO2 Compounds] 
Solution A was slowly added to Solution B under continuous stirring at 400 rpm 

while heating at 150 °C for 2 h. During this step, a chemical reaction occurred between 
TBAOH and TTIP, resulting in the formation of TBA-TiO2 compounds. This process en-
sured the homogeneous and uniform dispersion of TiO2 particles in the reaction solution. 
Initially, the TBA-TiO2 solution appeared as a yellowish turbid mixture, which transi-
tioned to a transparent yellowish solution after several hours, indicating improved dis-
persion. 
[Hydrothermal Treatment] 

The pH of the TBA-TiO2 solution was adjusted by adding 40 mL of distilled water, 
ensuring a controlled and stable pH. The solution was then transferred to a Teflon-lined 
autoclave and heated at 150 °C for 2 h in a box furnace. The resulting translucent solution 
contained uniformly dispersed TiO2 nanoparticles, designated as TS-Ti. 

A similar synthesis protocol was employed for the preparation of the Ge and Sn col-
loidal solutions, resulting in TS-Ge and TS-Sn nanoparticles, respectively. 

To coat the surface of NCM811, the TS-M (M = Ti, Ge, Sn) compounds were homoge-
neously mixed with commercial-grade NCM811 under constant stirring for 10 min. The 
resulting slurry was filtered and dried at 120 °C for 8 h in a convection oven. The dried 
powder was subsequently heat-treated at 500 °C for 5 h under an oxygen atmosphere. The 
final surface-modified NCM811 samples, coated with the Ti, Ge, and Sn oxides, were la-
beled as TS-Ti, TS-Ge, and TS-Sn, respectively. 

For comparison, a pristine NCM811 sample without surface modification was pre-
pared. Additionally, to evaluate the effects of water washing on NCM811, a pristine sam-
ple was randomly washed with deionized (DI) water, denoted as W50. 

2.2. Material Characterization 
The crystal structures of the NCM811 samples were analyzed using X-ray diffraction 

(XRD, AERIS 300W, Malvern Panalytical, Malvern, UK) with Cu Kα radiation (λ = 1.5406 
Å). Field-emission scanning electron microscopy (FE-SEM, JSM-6700F, JEOL Co., Tokyo, 
Japan) was employed to examine the surface morphology of the resulting NCM811 parti-
cles. Energy-dispersive X-ray spectroscopy (EDS) was used to confirm the presence and 
uniformity of the coating material on the particle surfaces. Additionally, X-ray photoelec-
tron spectroscopy (XPS, Thermo Fisher Scientific, Waltham, MA, USA) was performed us-
ing monochromatized Al Kα radiation (hν = 1486.6 eV) to investigate the oxidation states 
of the coating elements on the NCM811 surface. The total amount of residual lithium com-
pounds, such as LiOH and Li2CO3, was quantified using the potentiometric titration sys-
tem (Metrohm 888 Titrando, Herisau, Switzerland). 

2.3. Electrochemical Measurements 
The electrodes were prepared using a mixture of active material, carbon black (Super 

P), and polyvinylidene fluoride (PVDF) in a 90:5:5 weight ratio. The resulting slurry was 
uniformly applied onto aluminum foil and dried at 80 °C in a convection oven. The dried 
electrodes were then pressed and punched into disks with a diameter of 14 mm. These 
punched electrodes were further dried overnight at 120 °C under vacuum before being 
transferred to a glove box for cell assembly. The typical mass loading and density of the 
prepared electrodes were 12 mg·cm−2 and 3.0 g·cm−3, respectively. 

The fabricated cathode was assembled into CR2032 coin-type cells in an argon-filled 
glove box, with metallic lithium foil serving as the counter electrode. The electrolyte 
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consisted of 1M LiPF₆ dissolved in a 3:7 volume ratio of ethylene carbonate (EC) and di-
methyl carbonate (DMC). Galvanostatic electrochemical tests were conducted within a 
voltage range of 2.5–4.3 V (vs. Li/Li⁺) under various current densities at 25 °C and 45 °C. 
Electrochemical impedance spectroscopy (EIS) measurements were also performed over 
a frequency range of 1 MHz to 10 mHz. These measurements were monitored in the dis-
charged state both after formation cycles and following 50 charge–discharge cycles. 

3. Results 
To mitigate the RLC issue, two primary approaches were employed: (1) a washing 

process and (2) a lithium-reactive coating process. The washing process is effective at re-
moving RLCs but comes with a significant drawback—the marked deterioration of cycle 
retention, as reported in previous studies [26–28]. In contrast, the lithium-reactive coating 
process is less efficient at RLC removal but compensates for this by forming a protective 
layer on the surface. This coating suppresses side reactions with the electrolyte thereby 
enhancing electrochemical performance and ensuring improved cycle stability, as demon-
strated in earlier studies [24,29–32]. 

In this study, we propose a synergistic approach that combines the benefits of both 
methods into a multifunctional surface coating process. This dual-strategy approach not 
only addresses surface instability but also effectively reduces RLCs thus enhancing overall 
battery performance. A schematic representation of the proposed two-in-one concept is 
illustrated in Figure 1. 

 
Figure 1. Schematic illustration for bifunctional coating process. 

To mitigate the degradation associated with washing with water, a co-solvent system 
of IPA/H2O was employed, which played a critical role in controlling adverse effects. Ad-
ditionally, TBAOH was utilized as a dispersing agent to enable the systematic dispersion 
and settlement of metal oxide nanoparticles on the surface of the as-prepared NCM811. 
This innovative multifunctional hybrid coating process successfully produced M-coated 
NCM811 particles, representing a novel contribution of this work. 

Figure 2a shows the XRD patterns of pristine W50 and TBA-M samples. The diffrac-
tion peaks correspond to the characteristic layered transition metal oxide structure based 
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on a hexagonal α-NaFeO2 framework with the space group R-3m. Notably, no additional 
peaks indicative of impurity phases were observed. The absence of reflections from the 
metal oxides is attributed to their minimal coating on the NCM811 surface. 

Lattice parameters for the TS-M particles were obtained through the XRD analysis, 
with the corresponding numerical presented in Figure 2b–d. The results confirm that no 
significant structural changes occurred after coating with metal oxides (Ti, Ge, and Sn), 
demonstrating that the original bulk structure of NCM811 remained intact. This high-
lights that the bifunctional coating process, which combines washing with a lithium-reac-
tive treatment, effectively modified the surface of NCM811 without compromising its bulk 
structural integrity. 

 
Figure 2. (a) XRD patterns, (b) lattice parameters a and c, (c) I(003)/I(104) ratio, and (d) c/3a ratio of 
pristine NCM811, W50, TS-Ti, TS-Ge, and TS-Sn cathode materials. 

The surface morphologies of pristine and modified NCM811 particles were examined 
using field-emission scanning electron microscopy (FE-SEM), as shown in Figure 3. In 
Figure 3a,b, the pristine sample displays a rough and blurry surface layer, presumed to 
consist of lithium residual compounds (RLCs). The individual boundaries between pri-
mary particles are unclear or difficult to distinguish due to the presence of RLCs. In con-
trast, NCM811 particles subjected to post-treatment, such as washing with water or bi-
functional coating, exhibit clear and smooth surfaces, indicating that residual lithium was 
effectively removed (Figure 3c–h). Notably, the TS-M samples, prepared with different 
metal sources (Ti, Ge, and Sn), demonstrate uniformly distributed small particles on the 
surface, which are assumed to be metal oxides (Figure 3e–h). These observations suggest 
that the bifunctional coating resulted in a uniform dispersion of metal oxide nanoparticles 
on the surface of NCM811. This uniform coating is expected to facilitate lithium-ion dif-
fusion and enhance electron transfer during redox reactions. Energy-dispersive X-ray 
spectroscopy (EDS) mapping analysis was performed on the TS-M samples to confirm the 
presence of metal oxides, with the results presented in Figure 3i (i-1–i-3). As shown, Ti, 
Ge, Ni, Mn, Co, and Sn are uniformly distributed on the surface of the NCM811 particles. 
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Figure 3. SEM images of pristine NCM811 (a,b), TS-Ti (c,d), TS-Ge (e,f), and TS-Sn (g,h). Corre-
sponding EDS mapping analysis images (i): TS-Ti (i-1), TS-Ge (i-2), and TS-Sn (i-3), respectively. 

To further evaluate the effects of the lithium-reactive coating, the concentration of 
RLCs in the pristine, W50, and TS-M samples was measured using potentiometric titration 
based on Warder’s method [33]. According to the results presented in Figure 4, the resid-
ual lithium concentration in the pristine sample was approximately 11,960 ppm, attributed 
to the ambiguous boundaries between primary particles observed in the SEM images. In 
contrast, the W50 sample exhibited a significantly reduced lithium concentration of 2990 
ppm, corresponding to a 75% reduction. This demonstrates that washing with water ef-
fectively removed RLCs such as LiOH and Li2CO3 from the surface of the pristine 
NCM811. 

 
Figure 4. Residual Li concentrations of pristine, W50, TS-Ti, TS-Ge, and TS-Sn samples. 
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The lithium concentrations of the TS-M samples with different metal elements (Ti, 
Ge, and Sn) were also measured. The total residual lithium concentrations were reduced 
to approximately 3000–6000 ppm, representing reductions of 51% for Ti, 65% for Ge, and 
62% for Sn. While these reductions are less significant compared to the 75% achieved with 
W50, they effectively demonstrate the ability of the TS-M coating process to remove RLCs. 

X-ray photoelectron spectroscopy (XPS) was conducted to further investigate the sur-
face condition of the resulting NCM811 particles. The XPS spectra for Ti 2p, Ge 3d, and Sn 
3d levels are shown in Figure 5a–c. The Ti 2p spectrum (Figure 5b) exhibited peaks at 458.0 
eV and 463.6 eV, corresponding to Ti 2p3/2 and Ti 2p₁/2, respectively, indicative of Ti⁴⁺ in 
the form of TiO2 [34,35]. Similarly, the Ge 3d spectrum (Figure 5c) showed peaks at 1218.6 
eV, 1220.0 eV, and 124.9 eV [36–38], while the Sn 3d spectrum (Figure 5d) displayed peaks 
at 486.39 eV and 494.84 eV [39–41]. These results confirm that all three metals were present 
in the +4-oxidation state, existing as MO2, which is consistent with the titration results 
mentioned above. 

 
Figure 5. Survey XPS spectrum of pristine NCM811, TS-Ti, TS-Ge, and TS-Sn (a); and high-resolu-
tion XPS spectra of Ti 2p (b), Ge 2p (c), and Sn 3d (d) levels. 

The detailed electrochemical properties of the prepared samples were evaluated in 
coin-cell configuration. Figure 6a presents the initial charge–discharge profiles of the pris-
tine NCM811, W50, and TS-M samples with different metal elements (Ti, Ge, and Sn) over 
a voltage range of 2.5 to 4.3 V at a current density of 0.1C (20 mA g−1). The initial discharge 
capacities of the pristine, W50, TS-Ti, TS-Ge, and TS-Sn samples were 206.2 mAh g−1, 214.5 
mAh g−1, 209.5 mAh g−1, 212.3 mAh g−1, and 210.2 mAh g−1, respectively. Among these, the 
W50 sample exhibited the highest discharge capacity, attributed to the removal of approx-
imately 75% of the surface lithium, as confirmed by potentiometric titration. The TS-M 
samples showed increased initial discharge capacities compared to the pristine sample. 
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Typically, surface coating with oxides decreases discharge capacity as oxides often im-
pede lithium-ion diffusion and act as resistive layers at the electrode–electrolyte interface. 
However, in the TS-M samples, the discharge capacities increased despite the inert nature 
of TiO2, GeO2, and SnO2, likely due to enhanced kinetics resulting from the significantly 
reduced residual lithium. 

Hence, the TS-M samples demonstrated improved capacity compared to the pristine 
sample. This electrochemical performance was attributed to the bifunctional coating, 
which simultaneously achieved two effects: (1) reducing residual lithium compounds 
(RLCs) on the surface through the washing process and (2) stabilizing the surface through 
a metal oxide coating, which acts as a protective layer against side reactions with the elec-
trolyte [34,36,41,42]. To further evaluate the coating effects, the rate capabilities of the pris-
tine, W50, and TS-M samples were tested at various current rates ranging from 0.5C to 
2.0C, as shown in Figure 6b. The TS-M samples exhibited better capacity retentions and 
higher discharge capacities compared to the pristine sample, despite the presence of a 
coating layer. At a 2.0C rate, the capacity retentions of TS-Ti, TS-Ge, and TS-Sn were 87.7%, 
88.4%, and 88.1%, respectively, relative to their capacities at a 0.5C rate, slightly exceeding 
the pristine sample’s retention of 87%. These results indicate that the surface coating with 
conductive materials prevents the buildup of resistance at the surface of the cathode ma-
terials thereby enhancing rate characteristics. 

To further investigate the effect of the bifunctional coating on electrochemical perfor-
mance, cycling performance tests were conducted at various temperatures. Figure 6c il-
lustrates the room temperature cycling performance at a constant current rate of 1.0C. 
After 50 cycles, the pristine sample exhibited a discharge capacity of 133.7 mAh g−1 with a 
capacity retention of 71.3%. While the W50 sample initially showed the highest discharge 
capacity, its capacity was dramatically decreased to show the lowest retention of 62.0% 
(111.3 mAh g−1 after 50 cycles). This reduced performance may be due to structural 
changes in the surface region during the washing process, where reactive Ni reacts with 
water to form a NiO rock salt phase, increasing surface resistance and deteriorating elec-
trochemical performance [26–28]. In contrast, the TS-M samples (TS-Ti, TS-Ge, and TS-Sn) 
demonstrated significantly improved cycling performance compared to the pristine and 
W50 samples. After 50 cycles, the TS-Ti, TS-Ge, and TS-Sn samples exhibited discharge 
capacities of 166.6 mAh g−1, 159.0 mAh g−1, and 172.4 mAh g−1, respectively, with capacity 
retentions of 88.6%, 86.8%, and 90.4%. 
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Figure 6. (a) Galvanostatic charge and discharge profiles of pristine, W50, and TSM (Ti, Ge, and Sn) 
at constant current of 0.1C. (b) Rate characteristics of all samples at 0.5C, 1.0C, and 2.0C. Cycling 
performance combined with coulombic efficiencies with current density of 1.0C(charge)/1C(dis-
charge) at (c) 25 °C and (d) 45 °C. 

Elevated temperature cycling tests were conducted at 45 °C to evaluate the surface 
protection stability, as shown in Figure 6d. The pristine and W50 samples exhibited severe 
capacity fading, with capacity retentions of 66.7% and 27.5%, respectively, after 50 cycles. 
In contrast, the TS-Ti, TS-Ge, and TS-Sn samples showed much better cyclability, with 
capacity retentions of 80.4%, 74.4%, and 81.3%, respectively. Among the TS-M samples, 
the TS-Sn sample exhibited the highest discharge capacity and capacity retention after 50 
cycles at both room temperature and 45 °C. These results underscore the improved cycle 
performance resulting from the enhanced surface stability imparted by the multifunc-
tional coating process. 

To elucidate the reasons behind the improved cyclability and rate capability of the 
TS-M samples, electrochemical impedance spectroscopy (EIS) tests were conducted. Fig-
ure 7 presents the Nyquist plots for the pristine and TS-M samples after 50 cycles. All 
samples exhibited two distinct semicircles: the semicircle in the high-frequency range cor-
responds to the film resistance (Rf), while the semicircle in the mid-to-low-frequency 
range represents the charge transfer resistance (Rct) at the cathode surface. 

As shown in Figure 7a,b, the total impedance of the pristine sample is significantly 
larger than that of the TS-M samples both before and after 50 cycles. The TS-M samples 
displayed lower impedance during the initial cycle, attributed to the reduced resistance 
from the removal of residual lithium and enhanced electrochemical reactivity. After 50 
cycles, the Rct values for the TS-M samples remained smaller than those of the pristine 
sample although the Rct values were increased for all samples. Notably, the Rct of the 
pristine sample (76.66 Ω) was much larger than those of the TS-M samples: TS-Ti (58.86 
Ω), TS-Ge (67.91 Ω), and TS-Sn (68.39 Ω). The EIS spectra were fitted using an equivalent 
circuit model (Figure 7c), comprising Rct, Rf, and the corresponding constant phase 
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element (CPE), providing further insight into the electrochemical processes. These trends 
of Rct after 50 cycles are attributed to the minimized side reaction between cathode and 
electrolyte at the surface, achieved through the metal oxide coating. While the pristine 
sample showed greater degradation, the metal oxide coating layer on the TS-M samples 
effectively mitigated interfacial resistance caused by residual lithium and suppressed un-
desirable side reactions with the electrolyte thereby preserving the stability of NCM811. 

 
Figure 7. Nyquist plots of pristine and TS-M samples (a) before and (b) after 50 cycles; (c) equivalent 
circuit model used for fitting EIS spectra. 

4. Conclusions 
In this study, the synergistic effect of a bifunctional coating using a metal oxide solu-

tion was demonstrated. A uniform coating layer of nano-sized metal oxides (Ti, Ge, Sn) 
was successfully applied to the surface of NCM811, introducing a novel surface coating 
method that ensures the uniform distribution of metal oxides on the active material. The 
cycling performance and rate capability of the TS-M samples were significantly improved 
by this bifunctional coating. Potentiometric titration confirmed that the concentration of 
residual lithium on the surface of the NCM811 particles was effectively reduced by a bi-
functional coating. The nano-sized metal oxides (Ti, Ge, Sn) contributed to reduced charge 
transfer resistance due to the uniform distribution of transition metal oxides at the surface. 
This hydrothermal coating approach is versatile and can be applied not only to NCM ma-
terials but also to other electrode materials used in lithium-ion batteries. 

The results provide strong evidence that the nano-sized metal oxide coating layer 
plays a critical role in reducing residual lithium compounds, stabilizing the surface of 
NCM811, mitigating surface degradation, and suppressing side reactions. Furthermore, 
this bifunctional coating approach simplifies the manufacturing process and reduces costs 
by combining two individual processes. These features make it a promising technology 
for mass production in the cathode materials industry for lithium-ion batteries. 
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