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Abstract: High-entropy oxides (HEOs) are a new class of emerging materials with fascinating 
properties (such as structural stability, tensile strength, and corrosion resistance). High-entropy oxide 
coated Ni-rich cathode materials have great potential to improve the electrochemical performance. 
Here, we present a facile self-ball milling method to obtain (La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 (HEO) 
coated LiNi0.8Co0.1Mn0.1O2 (NCM811). The HEO coating endows NCM811 with a stable surface, 
reduces the contact with the external environment (air and electrolyte), and inhibits side reactions 
between cathode and electrolyte. These favorable effects, especially when the coating amount is 
5 wt%, result in a significant reduction of the battery polarization and an increase in the capacity 
retention from 57.3% (NCM811) to 74.2% (5HEO-NCM811) after 300 cycles at 1 C (1 C = 200 
mA·h·g−1). Moreover, the morphology and spectroscopy analysis after the cycles confirmed the 
inhibitory effect of the HEO coating on electrolyte decomposition, which is important for the cycle 
life. Surprisingly, HEO coating reduces the viscosity of slurry by 37%–38% and significantly 
improves the flowability of the slurry with high solid content. This strategy confirms the feasibility of 
HEO-modified Ni-rich cathode materials and provides a new idea for the design of high-performance 
cathode materials for Li-ion batteries.   
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1  Introduction 

The boom in renewable energy, various portable electronic 
devices, and electric vehicles have driven advances in 
advanced battery technology [1]. Li-ion battery (LIB) 
is an undeniable pioneer with increasing energy 
density at a manageable cost [2]. Nowadays, Ni-rich 
cathode materials LiNixM1–xO2 (x ≥ 0.6, M = Co, Al, 
Mn, Ti, etc.) are considered as the up-and-coming ones 
for LIBs to meet the needs of the high density energy 
storage demands [3,4]. However, some intractable 
issues hinder the large-scale commercial application of 
Ni-rich cathode materials, such as serious side reactions 
between cathode and electrolyte resulting in the 
decomposition of electrolyte, the formation of a thicker 
cathode electrolyte interphase (CEI), and the corrosion 
and pulverization of the active materials. These issues 
are responsible for the degradation of electrochemical 
performance [5,6]. Therefore, it is particularly important 
to overcome the above problems to break through the 
restrictions of the commercial application of Ni-rich 
materials. 

Among various modification methods, surface coating 
is one of the most effective strategies [7]. Until now, 
various materials have been used as the surface coating 
materials for Ni-rich cathodes, such as metal oxides, 
phosphates, organic polymers, and carbon materials 
[4,8–13]. According to previous works, the ideal surface 
coating should meet the following conditions: (1) The 
coating materials do not change the crystal structure of 
the cathode material, (2) the coating layer is thin enough 
and well dispersed so as not to reduce the conductivity, 
(3) the coating layer can inhibit the degradation of 
cathode material, and (4) the coating process does not 
increase the cost of the material too much. 

High-entropy (HE) materials, as an emerging concept 
in recent years, combine with more than five elements 
(the concentration of each element is between 5 and  
35 at%) to create new single-phase materials with a 
configuration entropy (Sconfig) ≥ 1.5R [14–17]. This 
concept has been applied in various fields. In particular, 
with the application in energy storage first reported in 
2018, high-entropy oxides and their derivatives have 
attracted much attention [18–20]. At present, it has 
been used as LIB cathode materials [21,22], anode 
materials [23], and sodium-ion battery cathode materials 
[24]. It is easy to find from previous studies that 
high-entropy oxides are ideal coating materials for the 
electrochemical active material because of its advantages 

(such as structural stability due to high entropy) [25]. 
Unfortunately, to our best, there is no report about 
high-entropy oxides modified battery active materials, 
especially high-entropy oxides modified Ni-rich cathode 
materials. 

Herein, a simple and inexpensive strategy for high- 
entropy oxide coated NCM811 has been proposed for 
the first time. Through mixing NCM811 microspheres 
and nano (La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 (HEO) 
particles, self-ball milling, and low-temperature heat 
treatment, the roughly HEO coating NCM811 was 
achieved. As shown in Fig. 1, the HEO coating can 
reduce the contact of NCM811 with the surrounding 
environment (air and electrolyte) and inhibit the side 
reactions on the electrode–electrolyte interface. Most 
intuitively, the HEO coating significantly reduces the 
viscosity and increases the flowability of slurry at a 
high solid content. In comparison with the uncoated 
counterpart, the sample with 5 wt% HEO coated 
(5HEO-NCM811) delivers enhanced cycling stability 
(74.2% capacity retention vs. 57.3% of NCM811 after 
300 cycles at 1 C (1 C = 200 mA·h·g−1)). In addition, 
the slurry of 5HEO-NCM811 has a lower viscosity and 
better processability at the same solid content, thanks 
to lower surface lithium impurities. Owing to the 
simplicity, efficiency, and low cost of the method, this 
strategy can be used for coating modification of HE 
substances in other electrode materials. 

2  Experimental  

2. 1  Synthesis of La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 and 
HEO coated NCM 

The (La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 (HEO) powder 
was synthesized at 1300 ℃ in the air by solid-state 

 

 
 

Fig. 1  Schematic illustration of coating process of 
NCM811 with HEO. 
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reaction method using La2O3, Nd2O3, Sm2O3, Eu2O3, 
Gd2O3, and ZrO2 as raw materials. Detailed information 
was reported in our previous work [26]. The HEO 
coated NCM811 was synthesized by a self-ball milling 
method. This novel method can be concluded as using 
the NCM811 microparticles as the mill balls combined 
with low-temperature heat treatment. To acquire the 
composites, firstly, the prepared HEO was mixed with 
NCM811 at different ratios. Then the mixtures were 
ball-milled. Finally, the mixtures were sintered at 300 ℃ 
in air for 1 h. After cooling to room temperature, the 
HEO coated NCM811 composites were finally obtained. 
For comparison, the different surface coating ratios of 
1, 3, 5, and 10 wt% were tried (denoted as 1HEO- 
NCM811, 3HEO-NCM811, 5HEO-NCM811, and 
10HEO-NCM811, respectively).  

2. 2  Material characterization  

The phases of HEO, NCM811, and HEO coated NCM811 
were analyzed by the X-ray diffractometer (X’Pert 
PRO MPD diffractometer, Cu Kα radiation) in the 2θ 
range of 10°–80°. The scanning electron microscope 
(SEM, FEI Nano SEM 450) was utilized to evaluate 
the surface morphology of all the samples. The X-ray 
photoelectron spectroscope (XPS, Thermo SCIENTIFIC 
ESCALAB 250Xi) was employed to investigate the 
chemical compositions of these samples. The rheometer 
(HAAKE, MARS III) was used to realize the rheological 
tests of the slurry. The tests were conducted immediately 
after the completion of the slurry mixing process, where 
a steady-state flow test and an oscillation test were 
performed to evaluate the viscosity and the stability of 
the slurry, respectively. The flow curves were carried 
out for shear rates ranging from 1 to 200 and the 
oscillation tests for τ ranging from 10−2 to 103. Each 
test consisted of 50 steps and was performed at 25 ℃. 
The detailed test parameters were described in the 
previous studies [4,27].  

2. 3  Assessment of electrochemical performances 

To evaluate the electrochemical performances of these 
materials, CR2032 coin half-cells were assembled in a 
glovebox filled with argon. 1.0 M LiPF6 in a mixture 
of ethylene carbonate (EC)/dimethyl carbonate (DEC)/ 
ethyl methyl carbonate (EMC) (volume ratio = 1:1:1) 
was used as the electrolyte. The amount of electrolyte 
used in the cell is around 80 μL (electrolyte volume: 
cathode material weight = 1 L:25 g). The separator and 

anode were a porous polypropylene membrane 
(Celgard2500) and a lithium metal disc with a diameter 
of 15 mm, respectively. The cathode electrodes were 
fabricated by mixing the active material, poly(vinyl 
difluoride) (PVDF), and acetylene black (AB) in a 
weight ratio of 8:1:1 with the solvent of N-methyl-2- 
pyrrolidone (NMP). Then the homogenized slurries 
were coated on Al foil and dried at 100 ℃ for 8 h 
under vacuum. The prepared cathode electrodes were 
cut to disks with a diameter of 12 mm, and the mass 
loading of the electrode is ~2 mg·cm−2. The assembled 
half-cell was cycled at a galvanostatic charge/discharge 
in the LAND CT2001A battery test instrument with a 
specified current density between 2.8 and 4.3 V (vs. 
Li+/Li). The electrochemical impedance spectroscopy 
(EIS) was performed with a frequency range of 
10−2–105 Hz after 300 cycles. Cyclic voltammetry (CV) 
was carried out on a Solartron Electrochemical 
Workstation (UK 1260+1287). 

3  Results and discussion 

The morphologies of the HEO nanoparticles, NCM811, 
and HEO coated NCM811 were observed by SEM as 
shown in Fig. S1 in the Electronic Supplementary 
Material (ESM) and Fig. 2. The prepared HEO is a 
flake powder with a size of ~100 nm (Figs. S1(a) and 
S1(b) in the ESM). Figures S1(c)–S1(h) in the ESM 
show that 6 elements (Zr, Nd, Eu, Sm, La, and Gd) are 
relatively uniformly distributed in the HEO. The 
high-resolution SEM image shows that the contour of 
the NCM811 primary particles is clearly visible and 
smooth. However, HEO nano-flakes appeared on the 
surface of the coated NCM811. When the coating 
amount is 1 wt% (Figs. 2(c) and 2(d)), the nano-flakes 
mainly appear on the boundary of the primary particles. 
Increasing the amount of HEO (Figs. 2(e)–2(i)), the 
nanosheets become more and gradually cover the 
surface of NCM811 so that the original boundary 
between the primary particles cannot be distinguished. 
From the energy dispersive spectroscopy (EDS) 
mapping results, the Ni, Co, and Mn belonging to 
NCM811 are uniformly distributed. Elements (Zr, Nd, 
Eu, Sm, La, and Gd) belonging to HEO are also 
observed and are evenly distributed on the surface of 
HEO-NCM811, but the distribution is sparse compared 
to the elements of Ni, Co, and Mn. This is due to the 
low content of HEO in the composite.  
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Figures 3(a) and 3(b) show the X-ray diffraction (XRD) 
patterns of HEO, NCM811, and 5HEO-NCM811. The 
prepared HEO is single-phase and has a pyrochlore 
structure [26,28,29]. NCM811 and 5HEO-NCM811 
conform to the hexagonal α-NaFeO2 crystal structure 
and belong to the 3R m  space group [30]. The clearly 
splitting (006)/(102) and (108)/(110) peaks reveal that 

these two materials have a well-ordered layered structure 
[31,32]. In the XRD pattern of 5HEO-NCM811, the 
characteristic peak of HEO at 29° can be clearly found, 
but not observed in that of NCM811. This indicates 
that HEO has been successfully coated on the surface 
of NCM811, which is consistent with the results 
observed by the SEM. 

 

 
 

Fig. 2  SEM images of (a, b) NCM811, (c, d) 1HEO-NCM811, (e, f) 3HEO-NCM811, (g) 5HEO-NCM811, and (h, i) 
10HEO-NCM811. (j) Elemental mappings of O, Ni, Co, Mn, Eu, La, Zr, Sm, Nd, and Gd of 5HEO-NCM811. 

 

 
 

Fig. 3  (a) XRD patterns of NCM811, 5HEO-NCM811, and HEO from 10° to 80° and (b) enlarged XRD patterns in (a) from 
25° to 35°. XPS spectra of (c) survey, (d) O 1s, (e) C 1s, and (f) Ni 2p of NCM811 (top) and 5HEO-NCM811 (bottom). 
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To study the effect of HEO coating on the surface 
chemistry of NCM811, XPS analysis was performed to 
determine the surface element types, chemical environment, 
and valence state. Both of the survey spectra of 
NCM811 (top) and 5HEO-NCM811 (bottom), as shown 
in Fig. 3(c), have obvious peaks of Ni 2p, Co 2p, Mn 2p, 
O 1s, and C 1s. However, the Zr 3d peak only appeared 
in the survey spectrum of HEO-NCM811, which once 
again proved that HEO was successfully coated on the 
surface of NCM811. In addition, the relative peak 
intensity of C 1s in the survey spectrum of NCM811 is 
significantly higher than that of 5HEO-NCM811. The 
possible reason is that the HEO coating reduces the 
contact of NCM811 with carbonaceous substances 
(such as CO2) in the air [33]. High-resolution XPS 
spectra of O 1s (Fig. 3(d)) and C 1s (Fig. 3(e)) were 
used to further study the effect of HEO coating layer 
on the adsorbate on the surface of NCM811. The O 1s 
peaks of bulk materials, Li2CO3/LiOH, and adsorbed 
OH− are located at 529.0, 531.8, and 533.8 eV, 
respectively [34]. It is worth noting that the percentages 
of adsorbed OH− and Li2CO3/LiOH on the surface of 
NCM811 are 11.8% and 83.4%, respectively, while 
those on the surface of 5HEO-NCM811 are 3.2% and 
81.7%, respectively (Table 1). The collected C 1s spectra 
contained species mainly derived from the adventitious 
carbon (284.8 eV), C–O (286.2 eV), O–C=O (288.6 eV), 
and carbonate (289.6 eV) [35]. The contents of CO3

2– 
on the surface of NCM811 and 5HEO-NCM811 are 
29.9% and 2.5%, respectively. For NCM811, even if it 
is stored in vacuum, and the contact with air is 
minimized during operation, carbonates will be formed 
on the surface. In contrast, under the same storage 
conditions and operation processes, the amount of 
carbonate formed on the surface of 5HEO-NCM811 is 
significantly reduced. This proves in another way that 
the HEO coating can inhibit the reaction of NCM811 
with the air. 
 

Table 1  Contents of each parts in the O 1s, C 1s, and 
Ni 2p XPS spectra in Figs. 3(d)–3(f)        (Unit: %) 

O 1s C 1s Ni 2p 
 Adsorbed 

 OH− 
Li2CO3/ 
LiOH 

Bulk C–O O=C–O CO3
2– Ni3+ Ni2+

NCM811 11.8 83.4 4.8 5.9 3.1 29.9 56.8 43.2

5HEO-NCM811 3.2 81.7 15.1 10.5 8.0 2.5 54.1 45.9

 

The valence states of Ni in Ni-rich materials have an 
important influence on the electrochemical performance 
[36]. In particular, Ni2+ will increase cation mixing, 

aggravate the deterioration of the material structure, 
and ultimately reduce the capacity and accelerate the 
capacity decay. It has been previously reported that 
some ion dopings (such as W5+) or some coatings (such 
as LiNbO3) will increase the content of Ni2+ [37–39]. 
The high-resolution XPS spectra of Ni 2p in NCM811 
and 5HEO-NCM811 are shown in Fig. 3(f). The peaks 
of Ni3+ and Ni2+ are located at ~856.5 and ~855 eV, 
respectively. The Ni2+ contents of the two materials are 
close (56.8% for NCM811 and 54.1% for 5HEO- 
NCM811) (Table 1). This means that the HEO coating 
of this strategy does not affect the oxidation valence of 
Ni. The high-resolution XPS spectra of Sm 3d, Gd 4d, 
Eu 4d, and Zr 3d of the two samples are shown in Fig. S2 
in the ESM. In comparison, the characteristic peaks of 
Sm 3d, Gd 4d, Eu 4d, and Zr 3d in 5HEO-NCM811 are 
obvious, while they are inconspicuous in the NCM811 
sample. This also shows the presence of HEO on the 
surface of HEO-NCM811. 

The alkaline Li-based impurities (such as Li2CO3) 
formed by Reactions (1)–(4) between Ni-rich cathode 
and air are responsible for the difficulty in slurry 
processing [40,41]. Alkaline environments tend to 
induce the defluorination of poly(vinyl difluoride) (PVDF) 
binders, which then lead to particle agglomeration and 
a sudden increase in the slurry viscosity during cathode 
fabrication [34]. To explore the effect on the processing 
of this strategy, the rheological properties of slurries 
were tested. Except for the active material, the slurries 
of NCM811 and 5HEO-NCM811 have the same 
composition, ratio, and solid content. Firstly, for the 
laboratory commonly-used slurries with a weight ratio 
of cathode:PVDF:AB = 8:1:1 and a solid content of 
29.4%, as shown in Fig. 4(a), the viscosity of the 
NCM811 slurry is higher than that of the 5HEO- 
NCM811 slurry across the entire test range, especially 
at the low shear rate. Strikingly, when the shear rate is 
50 s−1, HEO coating reduces the slurry viscosity from 
4.9 Pa·s (NCM811) to 3.9 Pa·s (5HEO-NCM811)  
(Fig. 4(c)). In addition, the amplitude sweeps were 
used to compare the rheological properties of the two 
slurries in detail (Figs. 4(b) and 4(c)). In Fig. 4(b), the 
storage moduli (G') of the two pair curves dominate 
over the loss moduli (G") under low shear range, but 
the opposite in high shear range. When G' is higher 
than G", the slurry is solid-like and mainly elastically 
deformed; when G' is less than G", the slurry is mainly 
viscous deformation and exhibits liquid-like characteristics 
[27]. The intersection point location is often used to 



J Adv Ceram 2022, 11(6): 882–892  887  

www.springer.com/journal/40145 

assess the stability of slurry and the potential for 
increasing the solid content. The results show that the 
intersection point of NCM811 is on the right side of 
5HEO-NCM811, indicating that NCM811 slurry has 
better stability than that of 5HEO-NCM811 slurry at 
this solid content. That is, the HEO coating increases 
the potential for an enhanced solid content in the 
NCM811 slurry [4].  

 3+ 2 2+
latticeNi + O Ni + O   (1) 

 2
activeO + O O + O    (2) 

  

 2 2
active 2 2 3O + CO /H O CO /2OH    (3) 

 3+ 2
3 2 3Li + CO /2OH Li CO /2LiOH    (4) 

Subsequently, viscosity and rheology tests were also 
performed for slurries with a higher active substance 
content (cathode:PVDF:AB = 92:4:4 in weight) and 
the higher solid contents (61.5% and 65.3%) in order 
to get closer to the practical production, as shown in 
Figs. 4(d)–4(f). Both cathode materials showed an 
increase in the viscosity as the solid content increased. 
However, the 5HEO-NCM811 slurry possessed a  

 
 

Fig. 4  (a) Viscosity curves and (b) amplitude sweeps of NCM811 and 5HEO-NCM811-based slurries with the weight ratio of 
8:1:1 (cathode:PVDF:AB) and the solid content of 29.4%. (c) Comparison of the corresponding viscosities and relative 
stabilities of the two samples. (d, e) Viscosity curves and (f) amplitude sweeps of NCM811 and 5HEO-NCM811-based slurries 
with the weight ratio of 92:4:4 (cathode:PVDF:AB) and the solid contents of 61.5% and 65.3%. (g) Photographs of the NCM811 
and 5HEO-NCM811-based slurries with the weight ratio of 92:4:4 (cathode:PVDF:AB) and the solid content of 65.3% and the 
flow processes of these two samples. 
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lower viscosity compared to the NCM811 slurry with 
the same solid content. That is, at a solid content of 
61.5%, the viscosity of NCM811 is 6.7 Pa·s and that of 
5HEO-NCM811 is 4.1 Pa·s. When the solid content 
rises to 65.3%, the viscosities of NCM811 and 5HEO- 
NCM811 are 12.8 and 8.0 Pa·s, respectively. As for the 
amplitude mode, as shown in Fig. 4(e), the intersection 
point of the 5HEO-NCM811 slurry is smaller than that 
of NCM811 at the same solid content. To more visually 
show the enhancement of the processing performance 
of NCM811 by HEO coating, the fluidity of these two 
kinds of slurries with the weight ratio of 92:4:4 (cathode: 
PVDF:AB) and the solid content of 65.3% were recorded 
as shown in Fig. 4(f). In the beginning, both slurries 
had the same liquid level (the amount of slurry was the 
same), and when inverted reagent bottle, the slurry of 
5HEO-NCM811 flowed slowly downward for the first 
three minutes, and the distance increased rapidly within 
3–7 min and basically flowed to the bottom by the 15th 
minute. In contrast, the slurry of NCM811 barely flowed 
throughout the process. It can be concluded that this 
strategy can increase the fluidity and solid content of 
NCM811 slurry, reducing the amount of solvent and 
lowering the production cost. 

In order to evaluate the benefits of the electrochemical 
performance brought about by HEO coating, the 
assembled half-cells were charged/discharged with the 
voltage range of 2.8–4.3 V at 1 C. The electrochemical 
performances of NCM811 and xHEO-NCM811 (x = 1, 
3, 5, and 10) cathodes were tested. As shown in Fig. 5(a), 
at the current density of 0.1 C, 1HEO-NCM811 delivers 
the highest capacity (194.7 mA·h·g−1), while 10HEO- 
NCM811 is the lowest one (159.3 mA·h·g−1). In 
addition, NCM811, 3HEO-NCM811, and 5HEO-NCM811 
electrodes deliver 190.5, 187.6, and 185.8 mA·h·g−1, 
respectively. Since the HEO is inactive in the voltage 
range of 2.8–4.3 V, the initial capacity decreases as the 
amount of coating increases. However, the reduction of 
the content in the range of 0–5 wt% is relatively small. 
When the coating amount is 10 wt%, the capacity 
decreases significantly, so it can be considered that this 
coating amount is excessive. In order to investigate the 
influence of each coating amount on the capacity 
attenuation, the cycling performance of each electrode 
was normalized. As shown in Fig. 5(b), after 300 cycles 
at 1 C, the capacity retention of NCM811, 1HEO- 
NCM811, 3HEO-NCM811, 5HEO-NCM811, and 10HEO- 
NCM811 electrodes are 57.3%, 67.6%, 68.1%, 74.2%, 
and 66.6%, respectively. Compared with NCM811, the 

capacity retention of the HEO coated NCM811 has 
improved to varying degrees. The cycle retention also 
increased upon the amount of coating increased from 0 
to 5 wt%. The possible reason is that the HEO coating 
layer prevents NCM811 from contacting the electrolyte, 
reducing the side reactions between the electrode and 
the electrolyte. That is, the HEO coating layer reduces 
the cycle attenuation caused by the side reaction 
between the electrode and the electrolyte. 

The CV test was carried out to further investigate 
the influence of HEO coating on the electrochemical 
parameters of NCM811. The first two-cycle CV curves 
of NCM811 (blue curves) and 5HEO-NCM811 (red 
curves) with a scan rate of 0.1 mV·s−1 in the voltage 
range of 2.8–4.3 V are shown in Fig. 5(c). Both samples 
show three typical pairs of redox peaks of Ni-rich 
cathode materials: hexagonal phase (H1)–monoclinic 
phase (M), M–new hexagonal phase (H2), and H2– 
hexagon phase (H3) [36]. The initial redox peaks in the 
first cycle of NCM811 are located at 3.81 V (H1–M) 
and 3.71 V (M–H1), and the potential difference is 
0.104 V. The peak potential difference in the second 
cycle is 0.058 V. In contrast, the peak potential differences 
in the first cycle and the second cycle of 5HEO- 
NCM811 are 0.066 and 0.037 V, respectively, which 
are both smaller than those of NCM811. The results show 
that HEO coating layer can reduce the electrochemical 
polarization and improve the reversibility, playing a 
positive role in the rate performance and cycling stability. 
In addition, the potential difference between the oxidation 
peak position of the first cycle and the second cycle of 
5HEO-NCM811 is smaller than that of NCM811. This 
also shows that HEO coating layer can reduce the 
irreversible capacity during the first charge. To verify 
the benefits inferred from the CV results, the rate 
performance of NCM811 and xHEO-NCM811 were 
tested at different current densities from 0.1 to 5 C 
between 2.8 and 4.3 V. There is little difference in the 
rate performance of these materials. As shown in Fig. 
5(d), the capacity retention rates of NCM811, 1HEO- 
NCM811, 3HEO-NCM811, 5HEO-NCM811, and 10HEO- 
NCM811 at 5 C (the 55th cycle) are 71.38%, 73.19%, 
74.12%, 74.69%, and 72.14%, respectively. Generally, 
oxide coating will reduce the rate performance by 
hindering the ion migration [7]. However, the HEO 
coating did not decrease but slightly improved the rate 
performance. Therefore, the Li-ion diffusion coefficients 
(DLi+) of NCM811 and 5HEO-NCM811 were evaluated. 
The CV curves of NCM811 and 5HEO-NCM811 at  
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Fig. 5  (a) Cycling performances and (b) normalized cycling performances of NCM811, 1HEO-NCM811, 3HEO-NCM811, 
5HEO-NCM811, and 10HEO-NCM811. (c) CV curves of NCM811 and 5HEO-NCM811. (d) Normalized rate performances. CV 
curves of (e) NCM811 and (f) 5HEO-NCM811 at various scan rates. (g) Relationship of peak current and square root scan rate. 

(h) DLi+
 of NCM811 and 5HEO-NCM811. 

 

various scan rates of 0.2, 0.4, 0.6, 0.8, and 1 mV·s−1 
are shown in Figs. 5(e) and 5(f), respectively. The 
relationship between the peak current and square root 
scan rate is illustrated in Fig. 5(g). Finally, the DLi+ is 
calculated by the Randles–Sevcik equation: 

 5 3/2 1/2 1/2
p 0 Li

2.69 10i n AC D v   (5) 

where ip, n, A, C0, and v represent the peak current, the 
number of electrons in redox reaction, the area of 
electrode, the molarity of lithium ions, and the scan 
rate, respectively. As shown in Fig. 5(h), DLi+ of the 
two samples have the same order of magnitude, 
indicating that the HEO coating layer does not hinder 
the diffusion of Li+. However, compared to NCM811, 
the DLi+ of 5HEO-NCM811 is slightly larger. This is 
because the amount of HEO coating is very small 
relative to that of the bulk material, and the coating 
layer suppresses the side reaction at the electrode– 
electrolyte interface, and thus the Li-ion diffusion is 
slightly improved. 

To further explore the reasons for better electrochemical 
performances of the coated samples, the EIS, SEM, 
and XPS were employed to study the morphology and 
the surface CEI component of the cycled material. The 
EIS was performed with a frequency range of 10−2–105 
Hz after 300 cycles. As shown in Fig. S3 in the ESM, 
compared with Li||5HEO-NCM811, Li||NCM811 half- 
cell shows a greater impedance, resulting from the resistance 
of the thick CEI on the surface. The morphologies of 
NCM811 and 5HEO-NCM811 after 300 cycles are 
shown in Figs. 6(a) and 6(b), respectively. The secondary 
particles of NCM811 are obviously broken, and there is 
a thick layer of sediment on the surface which makes the 
morphology of the primary particles become blurred. In 
contrast, the particles of the cycled 5HEO-NCM811 
remained intact. The surface morphology did not change 
much compared with that before the cycle, no obvious 
deposits were observed, and the primary particles were 
clearly visible. For F 1s in the cycled NCM811 (Fig. 
6(c)) and 5HEO-NCM811 (Fig. 6(d)), the peaks at  
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Fig. 6  SEM images of (a) NCM811 and 5HEO-NCM811 electrodes after 300 cycles at 1 C. F 1s XPS spectra of (c) NCM811 
and (d) 5HEO-NCM811 after 300 cycles at 1 C, and (e) corresponding NiF2/LiF contents of these two samples. 

 
687.8, 686.6, and 685.0 eV are attributed to PVDF, 
LixPOyFz, and NiF2/LiF, respectively. LixPOyFz and 
NiF2/LiF are considered as the electrolyte decomposition 
product and component of CEI, respectively [42]. As 
shown in Fig. 6(e), the content of NiF2/LiF in the 
cycled NCM811 is 78.72%, which is more than twice 
that in the cycled 5HEO-NCM811 (33.74%). This fully 
proves that the HEO coating layer improves the cycle 
stability by reducing the interface side reactions and 
reducing polarization. 

4  Conclusions 

In summary, the HEO coated NCM811 cathode material 
was successfully prepared for the first time using a 
facile self-ball milling method. The results of a series 
of physical and chemical tests (such as the XPS and 
SEM) show that the HEO nanosheets are distributed on 
the surface in a discontinuous form. The HEO coating 
effectively reduces the contact of NCM811 with air 
and electrolyte, hinders the formation of Li2CO3/LiOH, 
inhibits the side reaction of NCM811 and residual 
lithium compound with electrolyte, and protects the 
cathode material from HF corrosion. These positive 
effects of HEO coating, especially when the coating 

amount is 5 wt%, significantly reduce the polarization 
of the battery, and increase the capacity retention rate 
from 57.3% (NCM811) to 74.2% (5HEO-NCM811) 
after 300 cycles at 1 C. Meanwhile, the coating will 
not negatively affect the Li-ion diffusion and rate 
performance. The SEM and XPS test results of the 
cycled electrodes further prove that the HEO coated 
NCM811 can prolong the charge–discharge cycle by 
suppressing side reactions at the electrode–electrolyte 
interface. In addition, the slurry of 5HEO-NCM811 has 
a lower viscosity at the same solid content, and the 
processing performance is substantially improved. This 
strategy provides a new reasonable path to the coating 
modification of the Ni-rich cathode material, providing 
a new idea for high-performance LIB cathode materials. 
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