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Abstract: In recent years, the remarkable energy density of high-nickel ternary materials has captured
considerable attention. Nevertheless, the high-nickel ternary cathode material encounters several
challenges, including cationic mixing, microcrack formation, poor cycling capability, and limited ther-
mal stability. Coating, as a viable approach, proves to be effective in enhancing the material properties.
In this study, the LiNi0.8Co0.1Mn0.1O2 (NCM811) sample underwent a dry grinding process, followed
by Y2O3 coating and subsequent sintering at varying temperatures. The microstructure, morphology,
and electrochemical properties of the materials were meticulously examined, and the underlying
mechanism of coating modification was meticulously explored. The outcomes demonstrate the
attainment of dual coating and doping effects through Y2O3 modification. Y2O3 coating mitigates
the direct interaction between the NCM811 surface and the electrolyte, thereby inhibiting undesired
side reactions at the interface. Moreover, the Y element infiltrates the crystal structure, imparting
stability at elevated sintering temperatures. Remarkably, the Y2O3-coated cathode materials exhibit
significantly enhanced cycling stability, discharge capacity, and rate performance. These findings
can provide novel insights that can be harnessed to improve the energy density cathode material of
NCM811.

Keywords: lithium-ion battery; LiNi0.8Co0.1Mn0.1O2 cathode material; Y2O3 modification; dual
functions; cycle stability

1. Introduction

Long range is the primary technical index of new energy vehicles. Under the premise
of ensuring safety, it is an inevitable development trend to continuously improve the energy
density of batteries [1,2]. The cathode material is one of the decisive factors that determine
the energy density of lithium-ion batteries. Layered transition metal oxides for lithium-ion
batteries have the advantages of high energy density, good cycle stability, and rapid charge
and discharge [3]. The earliest LiCoO2 materials have relatively low capacity, and Co is
expensive, highly toxic, and scarce [4]. LiNiO2 is prone to thermal runaway reactions
during overcharge and overdischarge. LiMnO2 is prone to short cycle life and capacity
decay at high temperatures. The ternary high-nickel cathode materials have the advantages
of low cost, good safety performance, and high capacity. To a certain extent, the advantages
of various cathode materials are comprehensively used to improve the performance and
stability of batteries. The increase in nickel content is helpful to increase the capacity of the
battery. However, Ni2+ and Li+ easily switch positions, which adversely affects its cycle
performance, because the radius of Li+ is very close to that of Ni2+. High-nickel materials
are also prone to react with H2O and CO2 in the air to produce LiOH and Li2CO3, which can
cause side reactions with electrolytes and lead to surface instability [5]. In addition, lattice
oxygen precipitation, microcrack formation, and other problems lead to the destruction of
its structure and capacity attenuation.
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According to the characteristics of high-nickel materials, coating and doping methods
are generally used to improve their properties. The commonly used coating materials
are phosphates, fluorides, metal oxides, etc., such as Al2O3 [6–8], MgO [9,10], CeO2 [11],
TiO2 [12], AlPO4 [6,13], AlF3 [14], CaF2 [15], LiF [16], etc. Fluoride coating has strong
corrosion resistance and effectively protects the performance of high-nickel materials
in corrosive media [17–19]. However, it is easy to fail in a high-temperature reduction
environment; the coating layer is relatively brittle and easy to crack or peel, which affects
the stability and protection effect of the coating layer [20]. Phosphate coating has good
electrochemical properties, but its structural stability is poor, and it is prone to phase
transition or reaction to form precipitation, which affects the stability and protection effect of
coating [21–23]. The metal oxide coating can isolate the cathode material from the electrolyte
and minimize the harmful side reactions, thus protecting the surface of the material from
the erosion of the electrolyte during charge and discharge [21,24]. As a rare earth element,
yttrium has high oxygen affinity. At the same time, yttrium oxide (Y2O3) has excellent
chemical inertia, high corrosion resistance, outstanding thermal stability, promoted electron
transfer, and so on [25]. Liu et al. reported that coating LiNi0.5Co0.2Mn0.3O2 with yttrium
oxide can successfully improve its cycle and rate performance and reduce the internal
resistance of the material [26]. Therefore, using yttrium oxide coating in a high-nickel
cathode material system will be a beneficial attempt.

Among the various coating methods, wet coating is widely used. The existence of
media such as water may lead to lithium leaching and a change in positive electrode
surface stoichiometry [27,28]. ALD coating is a method of depositing material layer by
layer through gas phase reaction, but the process is complex, slow, and it requires highly
precise control [29]. CVD is formed by sending gaseous reactants into the reaction chamber
to form a coating on the surface of the substrate [30]. This coating process requires vacuum
conditions and high temperatures, and the equipment cost is high [31]. Dry coating does
not require a liquid phase medium and the process is relatively simple. It is a method that
can achieve high-speed and efficient production and is suitable for large-scale preparation.
In order to better meet the needs of practical production, this study adopts Y2O3 coating via
the dry milling method to prepare LiNi0.8Co0.1Mn0.1O2 cathode material and investigates
the effect of Y2O3 modification on the cathode material at different sintering temperatures.
Y2O3 can improve the electrochemical performance of lithium-ion batteries through the
synergistic improvement of coating and doping at higher temperatures.

2. Materials and Methods
2.1. Materials Preparation

The materials and reagents used in this experiment are commercial materials. Nano-
scale Y2O3 powder was purchased from the Shanghai Pacific Technology limited com-
pany. LiNi0.8Co0.1Mn0.1O2 powder was purchased from the Dongguan Oriental Sunshine
Scientific Research and Development limited company. LiNi0.8Co0.1Mn0.1O2 was taken
as the coated object, and Y2O3 was taken as the coating material. A total of 0.5 g of
LiNi0.8Co0.1Mn0.1O2 and 0.01 g (coating amount is 2 wt %) of Y2O3 were weighed into an
agate mortar and fully milled. The target samples were obtained via calcination at different
temperatures (400 ◦C, 700 ◦C, and 750 ◦C) for 12 h. The samples were labeled NCM@YO400,
NCM@YO700, and NCM@YO750, respectively. The sample and the assembled button bat-
tery used for synthesis in this experiment are shown in Figures S1 and S2.

2.2. Material Characterization

The material characterization methods used in this experiment are X-ray diffraction
(XRD, Rigaku D/max2550 VB, Showima City, Tokyo, Japan), scanning electron microscopy
(SEM, Quanta 450 FEG, FEI, Hillsboro, OR, USA), energy-dispersive X-ray detection (EDX),
high-resolution transmission electron microscopy (HRTEM, Hillsborough, OR, USA), and
X-ray photoelectron spectroscopy (XPS, ESCALAB250xi, Waltham, MA, USA). The spe-
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cific parameters used can be found in the literature previously reported by our research
group [32]. The XRD data was analyzed using JADE software (JADE 9).

2.3. Electrochemical Measurement

The electrochemical performance of the Land CT2001A battery testing system
(1 C = 200 mA g−1) was tested at room temperature in the voltage range of 2.8–4.3 V and
2.8–4.5 V, respectively. The scanning speed of the cyclic voltammetry curve was 0.1 mV S−1,
and the scanning range was 2.8 V–4.5 V (relative to Li/Li+). In the amplitude of 5 mV and
the frequency range of 0.01 hz~100 KHz, the electrochemical impedance spectroscopy (EIS)
test was performed. EIS curves of 150 cycles were obtained.

3. Results

The XRD spectrum and amplification spectrum of pure NCM811 and Y2O3-coated
NCM811 samples belong to the R3m space group as shown in Figure 1a, which is a hexago-
nal lamellar structure of α-NaFeO2. The pure NCM811 is consistent with PDF standard card
#87-1562. At the same time, sharp visible peaks are observed at 2θ≈ 29.15◦ and 2θ ≈ 33.79◦

of the Y2O3-modified NCM811 sample, which is consistent with PDF card #791257 through
analysis and belongs to the Ia-3 space group. The (108)/(110) and (006)/(102) peaks split
obviously, indicating that pure NCM811 and Y2O3-modified NCM811 maintain a highly
ordered layered hexagonal structure [33]. The Rietveld refinement parameters of bare
and Y2O3-modified NCM811 samples are shown in (Figure 1b) and Table 1. The strength
ratios of I(003)/I(004) of the samples are 1.5066, 1.5506, 1.5124, and 1.5263, respectively,
which are much higher than 1.20, confirming the low cation ordered layer structure mixing.
The amplification of the doped (003) peak shifts to smaller angles, and the shifted angles
are 0.04◦(NCM811@YO400), 0.08◦(NCM811@YO700), and 0.10◦(NCM811@YO750), respec-
tively. The above results may be due to the fact that the ion radius of Y3+ is larger than that
of transition metal ions M (M=Ni, Co, Mn), and some Y is doped into NCM811 materials,
which increases the host cell parameters and enlarges the plane spacing of the materials.
Increasing the plane spacing can effectively improve the diffusion rate of Li+ [34].
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Figure 1. (a) XRD patterns of pure NCM811 and Y2O3-modified NCM811 samples. (b) Patterns of
the Rietveld refinement parameter for NCM811 and Y2O3-modified NCM811 samples.

Table 1. Rietveld refinement parameters of bare and Y2O3-coated NCM811 samples.

Sample a (Å) C (Å) c/a V (Å3) Rp (%) I (003)/I (104)

NCM811 2.8709 14.2044 4.9477 101.4 3.95 1.5066
NCM811@YO400 2.8715 14.2042 4.9466 101.4 4.45 1.5506
NCM811@YO700 2.8740 14.2116 4.9449 101.7 4.01 1.5123
NCM811@YO750 2.8748 14.2136 4.9442 101.7 4.23 1.5263
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The scanning electron microscope image is shown in Figure 2a–d. Through the
observation of NCM811, the sample presents a similar spherical appearance, and the
diameter of the particles is between 10 and 15 µm. The particles are composed of original
particles with smaller particle size [35]. The enlarged SEM image is shown in Figure 2a1–d1.
The surface of the original sample is relatively smooth, while the surface of the Y2O3 sample
coated at 400 ◦C is rough. This may be due to the coating effect of Y2O3 on the surface of
the bare NCM811 sample. The surface of the modified sample is smooth at 700 ◦C and
750 ◦C. Compared with NCM811 particles without Y2O3 modification, the particles of the
modified samples are denser. The reduction in voids may be due to the diffusion of Y2O3
coating into the particle voids at high temperatures, which is more beneficial for reducing
the chances of electrolytes entering the gaps and then restraining the harmful reaction.
The surface of NCM@YO700 was analyzed using an EDS test to further understand the
elemental distribution of the coating. The main element components Ni, Co, and Mn
are uniformly distributed on the surface of the sample [36], as shown in Figure 2e–g. In
addition, Y can be observed in Figure 2h, which reaffirms the success of the Y2O3 coating
in the NCM811 sample.
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The transmission electron microscope images in Figure 3 show the crystal structure
of NCM811 and NCM@YO700 samples, with continuous and straight lattice stripes, in-
dicating high crystallinity and good layered structure. In Figure 3a, the spacings of the
(003), (006), and (101) planes of the NCM sample are 0.476 nm, 0.237 nm, and 0.245 nm,
respectively. Figure 3b shows that Y2O3 successfully coats the surface of the substrate, and
the composition analysis of the coating is carried out. In Figure 3c, the (003) plane spacing
of the NCM-@YO700 sample is 0.481 nm. The crystal plane spacing of NCM-@YO700 is
slightly wider than bare NCM811 [37]. It is proved that a certain amount of Y enters the
lattice of NCM811. Since the ionic radius of the transition metal ion M (M = Ni, Co, Mn) is
smaller than Y3+, the sample lattice spacing increases, and the cell volume of the sample
increases, which is consistent with the results analyzed with the X-ray diffractometer. The
magnification analysis of Figure 3I,II shows that the distance between crystal planes is
0.251 nm, 0.209 nm, and 0.160 nm, corresponding to (411), (134), and (622) of Y2O3, respec-
tively, indicating that some Y2O3 coating is realized on the surface of the NCM811 samples
to some extent.
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The XPS analysis of the surface elements of the materials reveals important information
about their oxidation valence states. In Figure 4a, Ni 2p3/2 and 2p1/2 exhibit two peaks
at 854.8 eV and 872.2 eV [38,39]. The Ni 2p3/2 spectrum shows deconvolution peaks at
854.6 eV and 855.7 eV, indicating the presence of Ni2+ and Ni3+ valence states. According
to Figure 4b,c, the Co 2p1/2 and Mn 2p1/2 peaks are observed at 794.9 eV and 654.2 eV,
respectively. The Co 2p3/2 and Mn 2p3/2 peaks are observed at 780.0 eV and 642.6 eV,
respectively. This indicates that the valence states of Co and Mn are mainly trivalent and
tetravalent [40]. In Figure 4d, the decrease in lithium peak intensity may be attributed to
the Y2O3 modification. The O 1s peak at 529.4 eV is related to the lattice oxygen in the
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metal skeleton in Figure 4e. The intensity of the lattice oxygen peaks is enhanced compared
to the untreated Y2O3 samples. Similar conclusions have been previously reported in the
literature [38,41]. This enhancement indicates an increase in oxygen vacancy peak area,
which effectively inhibits the loss of oxygen and improves the structural stability of the
material [42]. As shown in Figure 4f, the binding energies for Y 2p5/2 and Y 2p3/2 of the
modified samples are measured at 156.48 eV and 158.48 eV, respectively, indicating that the
valence state of Y is +3.
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Figure 5a shows the charge and discharge data of NCM811, NCM811@YO400, NCM81-
1@YO700, and NCM811@YO750 at a sub-constant current of 0.2 C (1 C = 200 mA g−1)
and room temperature. The naked NCM811 and the Y2O3-coated sample have a sim-
ilar discharge platform. At the current density of 0.2 C, the discharge capacities of
NCM811, NCM811@YO400, NCM811@YO700, and NCM811@YO750 are measured to
be 189.4 mAh g−1, 198.1 mAh g−1, 201.9 mAh g−1, and 203.1 mAh g−1, respectively. Y2O3
coating improves the specific discharge capacity of NCM811. At higher sintering tem-
peratures of 700 ◦C and 750 ◦C, the discharge capacity increases more obviously since
some Y2O3 diffuses into the gap of the primary intergranular pores of NCM811 against
electrolyte attack, and other Y2O3 is doped into the layered structure of NCM811, thereby
enlarging the Li+ ion transport channels. The dual effect of coating and doping is realized
through Y2O3 modification, leading to the enhanced discharge capacity and improved
electrochemical performance of the material. Figure 5b presents the cycling performance of
the samples at 1 C and the corresponding electrochemical parameters are shown in Table 2.
The capacity of NCM811@YO700 after 150 cycles is measured to be 183.6 mAh g−1, and
the retention efficiency is 96.58%. This improvement in cycling stability can be attributed
to the role of Y doping in stabilizing the crystal structure of NCM811 and enhancing its
stability. Additionally, a portion of Y remains on the surface of NCM811, which helps resist
electrolyte erosion and improve electrochemical stability. The rate performance of NCM811
and Y2O3-coated samples is tested in the voltage range of 2.7 V–4.3 V at room temperature,
as depicted in Figure 5c. At 5 C, the discharge capacity of NCM811 and NCM811@YO700 is
measured to be 107.54 mAh g−1 and 138.88 mAh g−1, respectively, indicating a significant
improvement in rate performance. This can be attributed to the effective inhibition of
harmful reactions between the electrolyte and active substances through the Y2O3 coating.
Figure 5d shows the cycling data of the samples at 2.7 V–4.5 V, which follows a similar
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trend to Figure 5b. After modification with Y2O3, NCM811@YO700 exhibits a capacity of
147.20 mAh g−1 and a retention efficiency of 76.44% after 150 cycles. The coating of Y2O3
can also effectively reduce the capacity attenuation. However, for the same sample, the
cyclic attenuation at 4.5 V is significantly worse than that at 4.3 V. Under the condition
of deep lithium removal at high potential, Ni3+ and O2− in high-nickel ternary cathode
materials oxidize at the same time to form Ni3+ and highly active oxygen [O] (such as O−,
O2−). The electrolyte irreversibly reacts with it to produce gas, which is not conducive to
surface charge transfer, resulting in fast capacity decay [41,43].
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Table 2. Electrochemical performance of the pristine and Y2O3-modified samples in the range of
2.7–4.3 V.

Systems
1st Discharge

Capacity
(mAh g−1)

Maximum
Discharge
Capacity

(mAh g−1)

150 st
Discharge

Capacity (mAh
g−1)

Capacity
Retention (%)

Original 176.3 177.9 135.7 76.28
NCM811@YO400 177.7 179.3 161.5 90.07
NCM811@YO700 182.9 190.1 183.6 96.58
NCM811@YO750 187.3 194.7 177.8 91.32

In order to further confirm the results, the SEM analyses of NCM811 and NCM@YO700
after 200 cycles were conducted in Figure 6. Obvious microcracks can be observed in the
particles of bare NCM811 after cycling in Figure 6a1. The morphology of the NCM@YO700
particles remains relatively intact in Figure 6b1, and there are no obvious microcracks. It
can be demonstrated that coating Y2O3 on the surface of particles can result in decreased
electrolyte corrosion, preserved crystal structure stability, and ultimately improved material
properties. This inference is similar to the explanation reported by Du et al. [44].
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Figure 6. SEM images of NCM811 and Y2O3-modified NCM811 samples after 200 charge/discharge
cycles; (a) bare NCM811; (b) NCM@YO700; and (a1,b1) the enlarged images of (a,b).

To further understand the electrochemical performance of the electrode, cyclic voltam-
metry (CV) tests were carried out, as shown in Figure 7a,b. The CV curves of the NCM811
and NCM811@YO700 samples are similar. It shows that there is no significant change in the
electrochemical reaction in the case of Y2O3-coated NCM811. In the second cycle, two redox
peaks are observed for NCM811, with the lower peak at 3.945 V/3.624 V corresponding
to Ni2+/Ni3+ and the higher peak at 4.265 V/4.097 V corresponding to Ni3+/Ni4+. For
NCM811@YO700, the redox peak is observed at 3.859 V/3.653 V and 4.253 V/4.128 V. The
difference of potential difference ∆E becomes smaller during circulation. The decrease
in the potential difference between the anodic and cathodic peaks in NCM811@YO700
(0.47 V) compared to NCM811 (0.66 V) indicates that the Y2O3 coating effectively reduces
the polarization of the original sample. This reduction in polarization can lead to improved
electrochemical kinetics and enhanced overall performance of the material [45]. In addi-
tion, compared with the exposed NCM811, NCM811@YO700 shows highly overlapping
reduction peaks in the first three cycles, indicating that NCM811@YO700 has a smaller
irreversible capacity.

The electrochemical impedance spectra (EIS) of the original NCM811 and NCM811@Y
O700 were analyzed to investigate the electrochemical kinetic properties. The EIS measure-
ments were conducted after 150 charge–discharge cycles, as shown in Figure 7c, and the
equivalent circuit fitting results were obtained with Z-View software. The EIS consists of a
concave semicircle and a diagonal line. At high frequency, the intercept with the semicircu-
lar x-axis corresponds to the total resistance (Rs), which includes contact resistance, material
resistance, and electrolyte ohmic resistance. The Rsf and Rct represent the resistance at the
electrode–electrolyte interface and the resistance associated with charge transfer processes,
respectively. The Warburg impedance (Zw) is a characteristic impedance resulting from the
diffusion limitation of ions. At low frequencies, the EIS can be represented by a diagonal
line; the non-ideal capacitance of the surface layer is represented by a constant phase angle
element (CPE) [32,46]. The values of NCM811 and NCM811@YO700 are calculated with
the given equivalent circuit. For NCM811 and the coated samples, Rsf is much smaller
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than Rct, which indicates that Rct is the main factor affecting the electrochemical reaction
(Seen in Table 3 for details). The Rct value of NCM811@YO700 is smaller than the bare
NCM811, which indicates that the coating of Y2O3 improves the conductivity of lithium
ions. Similar results have appeared in previous studies [46,47]. The Li+ ion diffusion
coefficient is estimated by the following formula [48].

DLi+ =
R2T2

2A2n2F2C2σ2
(1)

Table 3. Fitted values of impedance parameters of NCM811 and NCM811@YO700.

Electrode Rs (Ω) Rsf (Ω) Rct (Ω) DLi
+ (cm2 s−1)

NCM811 14.5 179.6 535.1 1.12 × 10−14

NCM811@YO700 9.5 85.3 322.8 2.28 × 10−14
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The gas constant (8.314 J K−1 mol−1), the absolute temperature (298 K), the elec-
trode’s surface (1.654 cm2), the number of electrons involved in the reaction (n = 1), the
Faraday constant, and the Warburg coefficient are represented by the variables R, T, A,
n, F, and σ, respectively [49]. C in this study is 0.00718 mol cm−3, which is the con-
centration of lithium ions. The value of σ can be obtained by linearly fitting the slope
of Z’ to the frequency ω−1/2 (Figure 7d). The DLi

+ value of NCM811 increases from
1.12 × 10−14 cm2 S−1 to 2.28 × 10−14 cm2 S−1 after Y2O3 modification. Considering that
NCM811 and NCM811@YO700 have similar structures and particle sizes, the enhancement
of Li+ ion mobility can be attributed to the Y2O3 coating on the NCM811 interface. There
have been similar reports previously [32,50,51].
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4. Conclusions

Y2O3-modified NCM811 samples were made by dry milling and heat treating at sin-
tering temperatures of 400 ◦C, 700 ◦C, and 750 ◦C in order to enhance the electrochemical
performance of NCM811. The discharge capacity, rate performance, and cycle stability
are all significantly enhanced by the Y2O3 alteration. Particularly, the NCM811@YO700
(sintered at 700 ◦C) demonstrates excellent cyclic stability with a capacity retention effi-
ciency of 96.58% after 150 cycles at 2.7 V–4.3 V, which is much higher than the 76.28%
of the bare NCM811, and still retains the discharge capacity of 183.6 mAh g−1 after cy-
cling. Also, the rate capacity is greatly enhanced at high current density for Y2O3-modified
NCM811. The discharge capacity of NCM811 and NCM811@YO700 is 107.54 mAh g−1

and 138.88 mAh g−1 at 5 C. The results show that dual coating and doping effects can be
achieved through Y2O3 modification. Y2O3 coating can reduce the direct contact between
the surface of NCM811 and the electrolyte, which is conducive to the inhibition of inter-
facial side reactions and the enhancement of electrochemical reactions. The other portion
of Y diffuses into the layer structure, which can stabilize the crystal structure, promote
lithium-ion transport, and enhance the cycling performance. The Y2O3 dry milling method
makes them have great application potential as high-energy-density cathode material.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/coatings14040443/s1: Figure S1: The positive electrode
materials used in the experiment were pure NCM811 and Y2O3-modified NCM811 samples, (a) bare
NCM811, (b) NCM@YO400, (c) NCM@YO700, (d) NCM@YO750.; Figure S2: Pictures of CR2032
button half-coin batteries in this experiment.
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