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Due to its high capacity and energy density, LiNiosC00.2Mno.2O2 is broadly regarded as one of the most
promising active cathode materials in lithium-ion batteries. However, poor rate capability and cycling
performance have significantly hindered the further commercialisation of LiNiosC00.2Mng20;. In this
study, LiNig.sC002Mno20:> is successfully modified by Y20s-coating in order to avoid negative side
reactions between the electrodes and electrolytes, as well as to stabilise the cathode material’s
structure. The newly coated materials are characterised and investigated by several tests at high cut-off
voltages. The hybrids with Y203 exhibit an excellent rate capability and outstanding cycling
performance. Especially, they display a discharge capacity of 170.6 mAh g with a retention of 85%
after 100 cycles at 0.5 C over 3.0-4.6 V at room temperature. Therefore, the improved cathode material
demonstrates excellent potential for application in the emerging green energy industry.
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1. INTRODUCTION

Lithium-ion batteries (LIBs) have been extensively used in a wide range of electronic devices
and hybrid electric vehicles[1, 2]. Recently, with global warming and the rising demand for green
energy, the lithium-ion battery has been increasingly considered a promising alternative
environmental-friendly energy source [3, 4]. Furthermore, of all the parts in LIBs, the electrodes play a
very significant role in the core processes of lithium-ion intercalation and deintercalation[5, 6]. The
research on anodes is developing rapidly, and many achievements have been made [7-9]. Regretfully,
unlike anodes, the development of cathode materials has lagged. With lower toxicity, a low cost and a
high reversible capacity, LiNii-xyCoxMnyO2 (NCM) cathode materials have become a topical area in
LIB research in recent years[10, 11]. In particular, with even higher theoretical capacity, Ni-rich LiNi1-
xyC0xMnyO- cathode materials are considered a viable alternative to LiCoO2, which has already been
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used for conventional commercial products in LIBs since the 1990s [12, 13]. However, due to its
insufficient capacity retention and poor rate capability, Ni-rich NCM materials still have many
limitations in application[14]. Unsurprisingly, the stability of cathode materials decreases greatly over
several uses[15].

To tackle these problems, various solutions, such as ion doping, concentration gradient
structure and surface modification, have been utilised to improve the electrochemical performance of
Ni-rich NCM cathode materials[16-19]. As one of the most efficient approaches, common surface
coating including metal oxides (ZrOz, ZnO, Co030s, CeO2, TiO2, Al203, RuO, and Mo0s3)[20, 21],
metal phosphates (AIPO4, LaPOs, Mn3(PO4)2, and Nis(POa)2)[22] and metal fluorides (MgF2, CeFs,
AlFs, and FeF3)[23], etc. could effectively improve the rate performance, reversible specific capacity,
thermal stability and cycle performance of cathode materials[24]. In addition, surface modification can
reduce the contact between cathode materials and air during mass production as well as extend storage
life[25]. Among these modifier materials, metal oxides are widely used in the surface coating
modification of NCM active materials[26]. As a traditional form of rare element oxides, yttrium oxide
(Y203) shows excellent thermal stability, high corrosion resistance and good electrical contact with
electrode materials. Therefore, Y>Os may be a promising coating material for enhancing the
electrochemical performance of LIBs. In the past few years, many articles on cathode materials have
used Y203 as a modified additive, including LiMn2Os, LiNiogC0o.15Alo.0s, LiNio.sMn150a,
Li1.2Mnos54Ni0.13C00.1302, LiNigs5C002Mng302 and LiNiogC00.1Mno102, which prove that Y»Os3 can
truly help the battery retain a high capacity [27-30]. However, as a potential commercial material, the
effect of nano-coated-Y203 on LiNio.sC00.2Mno.2O2 cathodes during electrochemical performance has
neither been researched nor reported on. And of all the relevant studies on Ni-rich cathode materials,
the cycle performance and high rate capability of nano-Y2Oz-coating modified materials have yet to be
investigated. The sol-gel process is a commonly used material preparation method, which is
economical, allows for easy control of the morphology of synthetic materials and is very suitable for
commercial manufacture. In this study, we used Y»0sas a nano-coating to modify the surface
environment of NCM622 particles through the wet method. The morphological and structural effects
of yttrium oxide on a spherical NCM622 cover were investigated. Herein, the electrochemical and high
cut-off voltage cycling properties of different amounts of Y203 coating on NCM622 were compared
with the original bare active material.

2. EXPERIMENTAL SECTION
2.1. Material preparation

2.1.1. Preparation of LiNiosC002Mng20;

LiNiosC002Mno202 precursor was synthesised by means of a co-precipitation method.
Stoichiometric amounts of sulphate hydrate (mol% of NiSO4-6H20: C0oSQO4-7H20: MnSO4-5H,0 =
6:2:2) were dissolved and stirred in deionised water to obtain a homogeneous solution. Then, the
mixed metal salts solution was instilled into a continuous stirred tank reactor with appropriate amounts
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of NaOH (as the precipitation) and NH4OH (as the complexing agent) solution. The pH was carefully
maintained at 11, and the temperature remained unchanged at 60°C during the whole process[31].
After six hours of vigorous stirring and reaction, the Nio.sC00.2Mno202(OH). precursor was obtained
through extraction filtration, water washing and drying in a vacuum oven at 85°C for a suitable amount
of time. Next, the dried precursor and LIOH-H>O powder were mixed homogeneously at a molar ratio
of 1:1.05. Subsequently, the mixture was preheated to 450°C for 5 h and calcined at 800°C for another
12 h. Ultimately, the NCM622 cathode material was prepared after naturally cooling it to room
temperature.

2.1.2. Y203 coating on LiNio.sC00.2Mno 202

The process of synthesising a Y203-coated NCM622 sample is shown in Fig. 1. The concrete
process is described as follows.

Firstly, 5 g of NCM622 powder and stoichiometric amounts of Y(NOz)3-6H20 were added into
300 and 200 ml of deionised water, and both were ultrasonically dispersed for 15 min, respectively.
Then, with NH3-H20 as a chelating agent, the reaction environment pH was carefully controlled at
10.5 at 60°C, and the Y (NOz)3 solution was instilled into the LiNio.6C00.2Mno 202 suspension at a speed
of 1.5 mL/min. After continuously stirring for another 4 h, the insoluble resultant was water-washed
several times and filtered and dried at 80°C in a vacuum oven for 12 h. In the end, the composite was
sintered at 495°C for 6 h and cooled to room temperature. In this way, we successfully applied aY203

coating to the NCM622 materials.
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Figure 1. Schematic synthesis procedure of Y.03-coated NCM622.

2.2. Material characterisation

The crystalline phase, structure and compositions of the cathode materials were characterised
by X-ray powder diffraction in the 20 range of 5-80° at a step size of 0.02° (XRD, DX-2700, Cu Ka
radiation). The morphological features of the samples were investigated by using scanning electron
microscopy (SEM, TESCAN MIRA3 LMU) and high-resolution transmission electron microscopy
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(HRTEM, Tecnai G2 F20). Energy dispersive spectroscopy (EDS, Oxford X-Max20) was tested in
conjunction with SEM to ascertain the element content and distribution of the samples. X-ray
photoelectron spectroscopy measurement was used to identify the chemical element state of the
modified samples (XPS, ThermoFisher-VG Scientific ESCALAB250Xi, Inc) using monochromatic Al
Ko radiation (h A = 1486.6 eV).

2.3. Electrochemical measurement

CR2025 coin cells were utilised in galvanostatic cycling to test the electrochemical
performance of the samples. If not specially mentioned, all the processes of this part were finished at
room temperature (25°C). 80 wt.% active material powder, 10 wt.% polyvinylidene fluoride (PVDF, as
the binder) and 10 wt.% acetylene black (as the electrode precursor) were dissolved in N-methyl-2-
pyrrolidone (NMP). The mixture slurry was pasted uniformly onto aluminium foil after grinding and
was mixed well. Subsequently, the above cathode pieces were dried at 80 °C in the vacuum oven for
12 h and cut into wafers with a 14-mm diameter. With a treated cathode piece, a cut of lithium metal
foil as the anode, a few drops of electrolyte (1 mol/L LiPFe in EC: EMC: DEC = 1:1:1 in volume) and
Celgard 2400 as the separator, the cells were assembled in a glove box filled with high-purity argon.
All the batteries were shelved for at least 12 h in air before the experiments. The cycling and rate
performances of the cells were tested with the Neware Battery Test System BTS-XWJ-7.4.16S
(Neware, China) at a range of 3.0-4.6 V. Cyclic voltammetry (CV) was performed at 0.1 mV s? at a
range of 2.8-4.6 V. Electrochemical impedance spectroscopy (EIS) measurements were carried out in a
frequency range of100 kHz to 10 mHz with an alternating current (AC) on an electrochemical
workstation (GAMRY Reference 600).

3. RESULTS AND DISCUSSION

3.1. Material characterisation

As displayed in Fig. 2, the XRD patterns of samples (pristine NCM material and NCM material
modified by Y203) showed similar sharp characteristic diffraction peaks corresponding to the
hexagonal a-NaFeO: structure of the R3m space groups. The clear peak splitting of (006)/(002) and
(108)/(110) demonstrates that both of the samples had a distinct layer structure. Moreover, a second
phase appears. A new peak was detected at about 29°, which might be attributed to the characteristic
peak of Y203, as the plane of (222) formed after the sample was calcined. Detailed data on the lattice
parameters of the samples are given in Table 1.
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Figure 2. XRD patterns of pristine NCM and Y»0s-coated samples.

Table 1. Rietveld Refinement Results of XRD Data for Pristine NCM and Y»03-Coated NCM.

Pristine NCM YO@LNCM

a(A) 2.87974 2.8839
c(R) 14.2273 14.3289
cla 4.940 4.967
Unit 102.18 103.21
volume(A3)
1(003)/(004) 1.5000 1.4079

Figure 3. SEM images of (a) pristine NCM and (b) YO@LNCM.

The basic morphology of the samples was characterised by scanning electron microscopy
(SEM) and is shown in Fig. 3. As can be seen in Fig. 3a, the bare NCM sample exists as a uniform-size
spherical particle that has a comparatively smooth surface. Compared to Fig. 3b, which is an image of
the modified sample, the particle surface is slightly rougher than that of the pristine active material,
indicating that Y>O3swas coated onto the NCM particle surface successfully. The EDS mapping images
were taken out to further express the distribution of metal elements on the surface, which are shown in
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Fig. 4. From the mapping images of Ni, Co, Mn and Y in Fig. 4, we can see that the main modified
cathode material elements, especially the element Y, are uniformly distributed, which reveals that
Y203was homogeneously coated onto the NCM particles.

Figure 5. TEM images of YO@LNCM cathode material samples.

In order to observe the formation of modified samples more deeply, Fig. 5 shows HRTEM
images of Y.0z-coated NCM cathode materials at different magnifications. In the panels of Fig. 5a and
5b, Y20swas coated evenly onto the NCM particle surface in nanoscale, which is consistent with the
SEM and EDS results. The lattice fringes of the edges on the sample in Fig. 5b with a white colour
exhibit an inter-planar distance of 0.473 nm, which represents the (003) plane of NCM622.
Meanwhile, the lattice fringes of the edges on the sample in Fig. 5b with a red colour exhibit an inter-
planar distance of 0.323 nm, which is attributed to the (222) plane of the Y203 crystal. The appearance
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of NCM’s lattice fringes indicates that the surface coating modification did not change the existing
crystal structure of the cathode material. Furthermore, the existence of Y203 lattice fringes coincides
with SEM images, which confirms that Y2Oswas coated onto the active material.

To understand the newly synthesised oxides better, we used XPS to further investigate the
valence state of YO@LNCM materials. Fig. 6 shows the XPS Y 3d spectra of the Y:0s-coated
NCM622 sample. In the chart, the Y 3d peaks show two peaks at 158.69 eV and 156.69 eV (the
characteristic bonding energy of Y 3ds. and Y 3dsp, respectively), which means that the coating
process did not alter the oxidation state of the element Y.
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Figure 6. The XPS analysis of the modified NCM622 (Y 3d spectra).

3.2. Electrochemical performance

Fig. 7 shows the initial charge-discharge curves of the pristine and the modified sample at a
current density of 0.1 C within a voltage range of 3.0-4.6 V. We can see from the image that the
pristine and YO@LNCM (Y203-coated NCM622 sample) fall under similar curves in the initial
charge/discharge processes. The lack of obvious differences indicates that yttrium oxide coating did
not obstruct lithium-ion normal exertion/insertion in the cathode material. In addition, with the
appearance of yttrium oxide, the initial discharge capacity decreased. This is likely because Y203 is a
form of inactive oxide, and it is not effective at conducting electrons during the charged-discharged
process[32, 33]. Besides, the initial charge/discharge capacities of the pristine NCM622 and
YO@LNCM were228.4/222.1 mAh g?! and 227.0/213.3 mAh g, while their initial coulombic
efficiencies were97.2 % and 94.0 %, respectively.
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Figure 7. Initial charge/discharge curve of pristine and Y20O3-coated samples.

To evaluate the cycle performances of the pristine and Y20s3-coated NCM622 samples, the
pristine and YO@LNCM samples were charged-discharged at 0.5 C between 3.0 and 4.6 V for 100
cycles (Fig. 8). After that, the discharge capacity of the pristine sample was 136.7 mAh g, and it had
a capacity retention rate of 66.5%. Compared to the bare sample, the YO@LNCM product showed a
higher discharge capacity and capacity retention, which was 170.6 mAh g*at a rate of 85.4%. The
higher capacity retention of the modified sample indicates that the appearance of a protective layer
suppressed the side reactions. A physical barrier was built at the interface between the cathode material

and the electrolyte to avoid direct contact between the two[34]. These improvements enhanced the cell
cycling process.
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Figure 8. Electrochemical performance (100 cycles at 0.5 C) of NCM622 (black symbol) and Y 203-
coated NCM622 samples (red symbol).
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The rate capabilities of the pristine and modified samples are compared in Fig. 9. All the half
cells were tested under discharge rates of 0.2, 0.5, 1, 2, 5 and 0.2 C at 3.0-4.6 V at room temperature,
respectively. And as Fig. 9 shows, at 0.2 C, the discharge capacity of the pristine was slightly higher
than that of the modified samples. This is also because yttrium oxide showed no electrochemical
activity within the given voltage range[35].However, at other discharge rates, the YO@LNCM sample
performed better than the bare NCM material did. Particularly, while the pristine sample performed
very poorly at a high rate discharge of 5 C, the modified sample exhibited a 30-mAh g? higher
discharge capacity than the original discharge capacity of 123.4 mAh g*. The coated samples’ varying
multiplier performance demonstrates that proper Y203 coating can improve the LIB’s capability by
protecting the electrodes from side reactions, lowering the surface residual lithium salts and improving
the reversible transfer of Li*[36]. The rate capabilities result herein is consistent with that of previous
performance studies.
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Figure 9. Rate capabilities of the pristine and Y,03s-coated NCM samples.

A comparison of the electrochemical performance of similar yttrium oxide-coated cathode
materials used for lithium-ion batteries is shown in Table 3. As can be clearly observed, after 50 cycles,
the capacity retention rate of YO@LNCM®622 was much higher than that of YO@LNCM523 and
YO@LNCA. And after 100 cycles, the capacity retention rate of YO@LNCM (high cut-off voltage)
was slightly lower than that of YO@LNCM811 and Li1.2Mno:s54Ni0.13C00.1302 materials (normal cut-off
voltage), which was caused by the difference in cut-off voltage. Increasing the charging voltage means
that more Li-+ is removed from the cathode electrode so that the transition metal element in the cathode
electrode has a higher valence state. Therefore, a high cut-off voltage usually leads to a decrease in the
structural stability of the material itself and a decrease in the stability of the material/electrolyte
interface. As a result, considering various situations, we believe that the cycling performance of
YO@LNCM cathode material is excellent.
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Table 3.The electrochemical properties of typical Y20s-coated NCM/NCA cathode materials.

Initial discharge ~ Coulombic

Samples . . Capacity Retention rate  Reference
P capacity/mAh g* efficiency pacity
93.9 % after 50 cycles .
YO@LNCM622 213.3(0.5C) 94.0 % ° Y This work
85.4 % after 100 cycles
YO@LNCMS811 188.9 (0.1 C) 85.5 % 91.4% after 100 cycles [29]
YO@
. ) 280.3(0.1C 82.3 % 89.1 % after 200 cycles 27
Li1.2Mno:54N1i0.13C00.1302 ( ) ’ ° 4 [27]
YO@LNCM523 1825(1C) No report 87.8 % after 50 cycles [28]
YO@LNCA 195.0 (0.5C) No report 93.0 % after 50 cycles [30]

Fig. 10(a, b) displays the first, second and third cyclic voltammograms of the pristine and
Y203-coated NCM622 samples, respectively, which were recorded within a voltage range of 2.8-4.6 V
at a scan rate of 0.1 mV s*. The diagram shows that the redox peaks of the samples were similar in
shape, indicating that the Y»Os modification had little effect on the electrochemical reaction core
process. At the same time, according to the decrease in irreversible impedance, the oxidation peaks and
reductions peaks were tuned to a low voltage with gradually increasing charge-discharge cycles. The
potential difference value AE shows the difference between the oxidation peak and reduction peak in
the same cycle. In addition, the value of AE represents the degree of -electrochemical
reversibility[37].Also, it is important to note that the YO@LNCM cathode materials had sharper
oxidation peaks, indicating better conductivity on coating materials [38].As shown in Fig. 10, the first
to the third cycles of AE values in the Y203-coated sample were much lower than that of the pristine
sample (0.415 V/0.223 V, 0.155 V/0.143 V, and 0.136 V/0.135 V), which means that the distance from
the oxidation peak to the reduction peak in the same cycle was shortened, implying that YOz coating
improves the reversibility of electrochemical reactions.
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Figure 10. Cyclic voltammetry measurements for NCM622 (a) and Y.Os-coated NCM622 samples (b)
with a scan rate of 0.1 mV s
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Fig. 11 shows the electrochemical impedance spectroscopies (EIS) of the modified NCM622
sample and the pristine one. All the batteries were charged to 4.6 V, at 0.1 C, respectively. Note that
each Nyquist plot has one semicircle at a high-to-medium frequency and one oblique line at a low
frequency. The fitting equivalent circuit models are also displayed in Fig. 11. In the diagram, the slight
interruption came from the solution and battery components’ internal resistance (Rs), which was
similar for both samples. Meanwhile, the semicircle is represented by Rct, which closely corresponded
to the impedance of the charge transfer. The quasilinear part of the curve is primarily related to the
diffusion of Li*, which is usually called the Warburg impedance (Wo)[39].
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Figure 11. Electrochemical impedance spectroscopy of pristine and Y20s-coated NCM cathodes.

As a supplement, the fitted values of Rs and Rctare shown in Table 2. The CPE shows the non-
ideal capacitance of the surface layer[40]. As observed in Table 2, from the 10th cycle to the 50"
cycle, the values of R rose rapidly, and the pristine sample’s values increased faster than that of
YO@LNCM (from 64.18 Q to 103.2 Q, from 43.44 Q to 66.28 Q, respectively). Meanwhile, both
samples’ internal resistances (Rs) remained almost the same after the cycles. Less impedance means
better stability of NCM and the NCM/electrolyte interface and better reversibility during
electrochemistry reactions[41]. Therefore, the results further verify that the Y.Os coating could
suppress the interfacial side reactions and stabilise the cathode’s structure to improve the conduction of
lithium ions.

Table 2. Fitting results of Rs and Rt of pristine and Y203-modified LiNiosC0o0.2Mng 202 samples.

Samples Rs (Q) Ret (Q)
10th 50th 10th 50th
LiNio.6C00.2Mno 20z 3.038 3.468 64.18 103.2

YO@LNCM 2.142 2.849 43.44 66.28
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4. CONCLUSIONS

In summary, we successfully designed and synthesised Y20s-modified LiNigsC002Mng20>
cathode materials for the first time, demonstrating a significantly improved electrochemical
performance at a high cut-off voltage. The application of a moderate Y,Os3 coating layer onto a
LiNio.6C00.2Mno 20 cathode was demonstrated by XRD, SEM, EDS, HRTEM and XPS studies. The
Y,03-coated NCM622 showed an excellent capacity retention of 85.4% (170.6 mAh g1) compared to
an original capacity retention of 66.5% (136.7 mAh g?) after 100 cycles at 0.5 C and exhibited an
outstanding rate performance compared to the pristine sample at a high current density. Our results
indicate that YOz coating could suppress the side reactions between electrodes and electrolytes and
stabilise the structure of the positives effectively. Our results suggest that a proper amount of Y203
coating could constitute a promising NCM622 cathode material modifier with enhanced properties in
Li-ion batteries.
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