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Abstract

Increasing the nickel content in the layered LiNi,Co,Mn,O, (x + y + z = 1), the most promising cathode materials for lithi-
um ion batteries (LIBs), has been a dominant strategy to increase their energy density. In this study, we report the control
on the primary particle morphology of precursors with different nickel contents, e.g. Ni, Co,,Mn,,;(OH),,
Ni, Co,,Mn,,(OH), and Ni,,Co,,Mn,,(OH), by adjusting the preparation process. The scanning electron microscopy
(SEM) images demonstrate that by decreasing the pH value and increasing the ammonia concentration, the order of precur-
sors with different nickel contents increases, resulting in gradually directional and orderly stack or interlaced arrangement
in the primary particles. With the increase of nickel content, the precursor changes from nano-sheet stacking like plug-in
stereoscopic spheres to nano-needle interweaving like wool balls, all of which tend to grow in the direction of [001]. The fi-
nal layered cathode materials that well inherit the precursor morphologies benefit the growth of the [003] crystal axis, pre-
dominantly having a good layered structures and low cation mixing degrees and exhibiting superior rate capability and
good cycle stability due to faster Li" transport. Especially, the ordered high nickel cathode material has a higher Li-ion diffu-

sion rate. With the increase of nickel content, the morphology distribution of the precursor has a more significant effect on
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the electrochemical properties of the cathode materials.
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Introduction

With the ever-growing serious environmental pollution and the energy needs, it is more urgent to develop and find new alterna-
tive energy sources. Lithium-ion batteries (LIBs) is widely applied in the fields of 3C (computer, communication, and consumer
electronics) products and electric vehicles (EVs) due to their high energy density and long service life [1-4]. In recent years, as the
demand for LIBs grows exponentially to feed the nascent electric-vehicle and grid-storage markets, the need for higher energy den-
sity and longer cycle life becomes more apparent [5-7]. Among commercial cathode materials, the layered LiNi,Co Mn,0O,
(LINCM, x + y + z = 1) is considered to be the most promising positive electrode material, due to its low cost, high capacity and
distinguished safety performance. Increasing the nickel content in the layered NCM cathodes has been an effective strategy to

boost the energy density of LIBs [8-11].

However, there are still many challenges in the development of NCM cathode materials. Due to the similar radius of Li* (0.076
nm) and Ni** (0.069 nm), the Li"/ Ni** ion exchange known as cation mixing would seriously affect the Li'-ion diffusion, causing
drastic structural degradation and poor electrochemical performances [12,13]. On the other hand, the surface side reaction and
the dissolution of transition metals will also reduce the electrochemical properties of the materials [14-16]. At the same time, with
the increase of nickel content, materials will also face a series of problems, such as easy formation of non-stoichiometric ratio, high
total alkali content, poor thermal stability and safety performance [17-19]. In order to resolve the above-mentioned problems,
many researchers focus on the surface coating and ion doping [20-25], but rarely emphasize the analysis of the inner structure. Es-
pecially, there is no systematic study on the internal structure regularity and influencing factors of NCM with different nickel con-

tent.

The typical commercial NCM cathode materials are composed of primary nanoparticles that form spherical secondary particles
with size of ca. 10 pm. The interfaces among inner particles inevitably lead to the collapse of the cathode materials during the repet-
itive lithiation/delithiation process [26-28]. Therefore, the internal arrangement of primary particles has a great influence on the
physical and chemical properties of the materials [29,30]. The structural characteristics of the cathode materials inherit the structu-
ral features of the precursors [31]. Thus, it is of great significance to fundamentally understand the inner structures of the precur-

sors on the electrochemical performance of the cathode materials.

In this paper, we would systematically investigate the morphology controlling of three kinds of agglomerated precursors with dif-
ferent nickel contents. According to the testing results, all different nickel content precursors gradually are well-directional along
the [001] plane. The difference is that with the increase of pH conditions of high nickel precursor, the primary particles are gradu-
ally transformed from self-assembly of nanosheets to nanoneedles. The positive electrode material inherits the structural orienta-
tion characteristics of the precursor, and the highly ordered samples have high solid density and crystallinity. When the degree of
ordered grain orientation increases, the electrochemical performances can be dramatically improved. The electrochemical impe-
dance results show that the cathode materials with plug-in stacking and interleaveing structures have a low Li" diffusion barrier,
and can inhibit the surface and interface side reactions, thus improving the electrochemical performance of the materials. With the
increase of the nickel content, the impact of the precursor structure on the electrochemical performance of the positive electrode

material is more significant.

Experimental Section
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Synthesis of Precursor and Cathode Materials

The spherical precursors, i.e., Ni, ;Co,,Mn,,(OH),, Ni, ,Co,,Mn,,(OH), and Ni,Co, ,Mn,,(OH), (labeled as PN5, PN6, PN8, re-
spectively) were prepared by coprecipitation method. The NiSO,-6H,0, CoSO,-7H,0 and MnSO,-H,0 with molar ratios of 5:2:3,
6:2:2 and 8:1:1, respectively, were simultaneously dissolved in deionized water to form 2.0 mol L mixed metal salt solutions. A
stoichiometric amount of NaOH solution (used as a precipitating agent) and NH,-H,O solution (as a chelating agent) were se-
parately pumped into the above solutions at the same time under the atmosphere of argon, and the reaction was carried out in a
water bath at 55 ‘C The PN5 precursors (labeled as PN5-1, PN5-2 and PN5-3) were synthesized by regulating the pH values as
11.0, 10.8, 10.6, and by adding 0.4, 0.8, and 1.2 mol "' ammonia solutions, respectively. The pH values of PN6 precursors (labeled
as PN6-1, PN6-2 and PN6-3) were kept at 11.4, 11.2, 11.0 with the concentrations of ammonia solutions of 1.0, 1.5, and 2.0 mol
L', while the pH values of PN8 precursors (labeled as PN8-1, PN8-2 and PN8-3) were kept at 12.2, 12.0, 11.8, with the concentra-
tion of ammonia solutions of 2.5, 3.0, and 3.5 mol L, respectively. All the obtained precursors were filtered and washed with
deionized water and then dried in a vacuum oven at 120 ‘C for 6 h. The dried precursors were then milled with 5% excess of
Li,CO, or LiOH for 4 h, followed by heating at 95 "C, 870 °C, 750 'C in air or oxygen for 10 h, the cathode materials were labeled
CN5-1, CN5-2, CN5-3, CN6-1, CN6-2, CN6-3, CN8-1, CN8-2 and CN8-3, respectively.

Materials Characterization

The particle size distribution was measured on a laser diffraction instrument (Dandong stersizer 2000). The BET (Brunauer-Em-
mett-Teller method) specific surface areas were evaluated by N, adsorption and desorption isothermals (Kubo-1200). The tap den-
sity was measured by FT-100E powder density instrument. The crystalline structures were examined by X-ray diffraction (XRD,
Shimadzu 7000S/L), where the angel 20 was scanned over 10°-80° and the step size was 2’ min". The morphologies of the samples
were characterized using a scanning electron microscope (SEM, Hitachi S-4800). The transmission electron microscopy (TEM)

and the high-resolution TEM (HRTEM) characterizations were carried out on a FEI Tecnai F20 instrument.

Electrochemical Tests

To test the electrochemical property of the electrode materials, the active material, acetylene black and polyvinylidene difluoride
were distributed in N-methyl pyrrolidinone (with a mass ration of 92:5:3) and stirred vigorously to obtain the electrode slurry. The
slurry was then casted on aluminum foil, followed by drying at 120 ’C for 24 h in vacuum oven. The prepared cathode electrodes
were punched to form the disks (¢ = 14 mm), and the electrode pressed density was about 2.6 g cm™. Cathode materials, lithium
metal foil, Celgard 2400 porous polypropylene film and electrolyte of LiPF, (1 mol L") dissolved in a mixture of EC/DMC/EMC
(1:1:1 by volume) were included in the CR2025 coin-type cells, which were packaged in a pure Argon-filled glovebox. The cells
were assembled in an argon-filled glove box with H,O and O, concentrations below 0.01 ppm. All the electrochemical perfor-
mances were performed on a Xinwei CT2001C (shenzheng, China) battery program-control test system between 3.0 and 4.3 V at
different charge/discharge rate at 25 ’C. CV was conducted between 3.0 and 4.3 V at the scanning speed of 0.1 mV s™.The electro-
chemical impedance spectroscopy (EIS) of the recirculating material was measured at an amplitude of 5 mv in the frequency range
of 10°-10” Hz (CHI660E, Shanghai, China). The EIS measurements were performed after 100 cycles (1 C/1 C).

Results and Discussion
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Figure 1: SEM images of (a,d) PN5-1, (b,e) PN5-2, (¢,f) PN5-3, (g,j) PN6-1, (h,k) PN6-2, (i1) PN6-3, (m,p) PN8-1, (n,q) PN8-2, and (o,r)
PNS8-3.

SEM was used to observe the morphologies of three different hydroxide agglomerating precursors and their final cathode mate-

rials. As indicated in Figure 1, all precursors exhibit obvious secondary particles of 10-12 um, which are aggregated by primary
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nano-particles. However, obvious differences could be discerned in the morphology and assembly method of primary particles. In
Figure 1a-f, the PN5-1 precursors comprise of nanosheets with a disordered state of attachment, while the PN5-2 precursors show
the coexistence of adhesion and intercalation. Obviously, the primary particles of PN5-3 are stacked into intercalated layers to
form plug-in stereoscopic sphere. The pH values and the concentration of NH,-H,O turn out to be the critical factors in determin-
ing the size and the directional growth of primary particles [32-35]. The change regulation of morphology of PN6 precursors is
similar to that of PN5, as shown in Figure 1g-1, but the thickness of the assemblies formed by primary nanosheets is thinner than
that of PN5. Compared with PN-5 and PN-6, the pH value of PN-8 reaction system is higher, so the morphology of primary parti-
cle is significantly different (denoted as nanoneedles), but the trend of grain growth arrangement is the same. As seen from the Fig-
ure 1m-r, the PN8-1 shows that it has uneven growth, and the PN8-2 is semi-ordered and the PN8-3 is ordered like interweaving

wool balls.

Figure 2 clearly shows the schematic diagram of hydroxide precursors with different nickel content prepared under different reac-
tion conditions. In general, with the increase of nickel content, the precursor changes from nano-sheets assembling like plug-in
stereoscopic spheres to nano-needles interweaving like wool balls. By regulating the pH values and ammonia concentrations, the

ordered degree gradually increases, making the primary particles gradually directional and orderly arranged.

Figure 3 reveals the morphology of the three cathodes, i.e. CN5, CN6 and CN8, showing that the morphology and characteristic-
s inherit their precursors. Tablel shows that the thickness of the CN5 materials increases gradually from 650 nm to 790 nm and
1200 nm, depending on the stacking degree of the nanosheet precursors. Compared with CN5 and CNG6, the primary particle size
of CN8 is smaller (ca. 460 nm). The reason may be that the primary particles are narrow, and loosely stacked on the surfaces they
attached, which would inhibit the crystal growth by affecting the Li" transport rate in sintering. Therefore, the morphology and as-

sembly mode of the precursor with different nickel content have great influence on the final cathode morphology.

(NiysCo,,Mn,;)OH, |

(Nip4Coy,Mn,,)OH,

(Nip5Coy,Mn,,)OH,

Figure 2: Schematic illustration of three different internal structure of precursors with different nickel content.
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Figure 3: SEM images of (a) CN5-1, (b) CN5-2, (c) CN5-3, (d) CN6-1, (e) CN6-2, (f) CN6-3, (g) CN8-1, (h) CN8-2, and (i) CN8-3.

Table 1: Primary particle size of all prepared cathode materials

Samples 1 2 3
CN5 650 nm 790 nm 1200 nm
CN6 500 nm 620 nm 770 nm
CN8 460 nm 530 nm 620 nm

The TEM and HRTEM with the fast Fourier transform (FFT) graphs were applied to analyze the microstructure of the directional
ordered cathodes and precursors. As show in the Figure 4df, the precursors PN5-3, PN6-3 and PN8-3 all show 0.463 nm of typical
lattice fringes, corresponding to the (001) plane of the hydroxide compound [26], which indicate that different nickel content crys-
tals prefer orientation of (001) crystal axis at appropriate pH value and ammonia concentration. Meanwhile, the (001) plane is also
confirmed in the FFT image. The TEM images of CN5, CN6 and CN8 in Figure 4df display obvious crystal particles. The HRTEM
images acquired from the selected areas are showed in Figure 4jl. As observed, all samples have distinct lattice fringes, indicating
that a layered structure is formed. The lattice fringes of cathode materials display an interplanar spacing of 0.47 nm, which is con-
sistent with the (003) plane of the layered structure [36]. Meanwhile, the (003) plane is also confirmed in the FFT image. It is re-
ported that this area is part of the {010} active planes [37], which can accelerate the Li-ion transportation and improve the electro-
chemical properties of cathode materials [38]. Such a growth preference in the final cathode materials can be well inherited from

the unique morphology of the precursors with different nickel content.
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ages of the (d) PN5-3, (e) PN6-3, (f) PN8-3, (j) CN5-3, (k) CN6-3, (1) CN8-3; and the inset image is the FFT.

The physical properties of the material were further analyzed. It can be seen from Table 2, the well-orientated PN5-3, PN6-3 and
PN8-3 have the highest tab density and the lowest specific surface area, indicating that their internal structures are relatively com-
pact, which contribute to the high reactivity for the following solid-state reaction. The trends of tab density and specific surface
area of the three nickel-containing cathode materials are highly consistent with precursors. The low tab density will affect the ener-
gy density of the materials, while the high specific surface area will cause the side reaction and affect the performance of the mate-

rials [39-41].
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Table 2: D50, tap density and surface residual alkali of all samples

Materials D50 (um) TD (g/cmg) BET (mI/g)
PN5-1 11.42 2.17 6.8354
PN5-2 11.65 2.25 5.6281
PN5-3 11.51 2.32 4.8572
CN5-1 12.26 2.26 0.3868
CN5-2 12.55 2.38 0.2973
CN5-3 12.45 2.40 0.2227
PN6-1 10.28 2.06 5.5428
PN6-2 10.36 2.18 5.1364
PN6-3 10.24 2.27 4.9266
CNe6-1 11.22 2.29 0.3208
CN6-2 11.37 2.32 0.3011
CN6-3 11.41 2.37 0.2845
PN8-1 10.12 2.01 6.3879
PN8-2 10.34 2.05 5.9451
PN8-3 10.71 2.07 5.5621
CN8-1 11.10 2.14 0.7189
CN8-2 11.49 2.20 0.6322
CN8-3 11.92 2.27 0.5005
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Figure 5: All prepared precursors and corresponding cathode materials (a) Tap density, (b) Specific surface area.

Figure 6 displays the XRD patterns of the precursors and cathode materials. Figure 6a shows that all diffraction peaks of the precur-
sors with the different nickel content can be attributed to the a-Ni(OH), structure (P3m1 space group) without any impurities
[42-44]. Compared with the disordered precursors, the PN5-3, PN6-3, PN8-3 have well crystallinity. By increasing nickel content
of precursors, the [001] peak of the PN8-3 precursor becomes sharp gradually, which is consistent with the TEM results. Figure
6(b,d,f)show the peaks of a typical hexagonal a-NaFeO, layered structure. In addition, the clear separations of (006)/(012) and
(018)/(110) imply the presence of the well-formed layered structure [45-48]. The Rietveld refinement results were summarized in
Table 3. The I(003)/I(104) intensity ratio usually reflects the degree of the cation mixing [28]. The I(003)/1(104) values of CN5-3,
CN6-3 and CN8-3 are 1.39, 1.32, 1.29, respectively, which are much higher than other disordered cathode materials. In addition
the Li’/ Ni’" mixing degree of CN5-3 is 1.91%, which is smaller than that of CN5-1 (2.61%). This further indicates that the ordered
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structure have lower Li"/Ni’" mixed arrangement. The higher nickel cathode material CN8 has a lower 1(003)/1(104) than that of

CN-5 and CN-6, meaning that crystal particles of the precursor are more conducive to the properties of cathode materials, also as

confirmed by the direct evidence provided by HRTEM images. In addition, the increase of orientation leads to higher c/a ratio,

which further indicates that the cathode material prepared by ordered intercalated precursor has the best layered structure. Lithi-

um ion diffuses only along a two-dimensional path (as shown in Fig. 6h, so a cathode with an ordered internal structure can pro-

vide a fast channel for lithium ion diffusion [49], and could be expected to show an excellent cyclability and rate capability.
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Figure 6: XRD patterns of (a) precursors of PN5, PN6, PN8; XRD patterns of cathode materials of (b) CN5; (d) CNG6; (f) CN8; XRD refine-
ment of cathode materials of (c) CN5; (e) CN6; (g) CN8; (h) lithium-ion diffusion channel.

Table 3: Rietveld refinement results of cathode material samples with different crystal structures

Materials Lattice parameters c/a _— Li/Ni R R
a[A] c[A] mixing(%)
CN5-1 2.8678 14.0751 4.9080 1.32 2.61% 4.09% 2.57%
CN5-2 2.8698 14.1627 4.9351 1.35 2.26% 5.08% 3.72%
CN5-3 2.8699 14.1636 4.9352 1.39 1.91% 3.60% 3.23%
CN6-1 2.8605 14.0537 49131 1.26 2.98% 5.10% 3.98%
CN6-2 2.8617 14.0745 4.9182 1.28 2.52% 4.47% 3.73%
CN6-3 2.8599 14.0726 4.9207 1.32 2.11% 4.29% 2.75%
CN8-1 2.8548 14.0157 4.9095 1.22 4.70% 4.12% 2.49%
CN8-2 2.8549 14.0454 4.9198 1.26 3.93% 5.21% 3.08%
CN8-3 2.8549 14.0469 4.9203 1.29 3.12% 3.95% 2.99%
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The electrochemical property of cathode materials with different nickel content samples are characterized and exhibited in Figure
7. Figure 7ac depict the profile of charge and discharge at 0.1 C between 3.0 and 4.3 V. All samples show typical characteristic
curves of layered cathode materials [50-52], It is worth noting that a new platform has appeared in NCM811 materials near 4.2V,
which is due to the structural phase transition [43, 47]. Figures 8a-c show the CV profiles of CN8-1, CN8-2 and CN8-3 samples re-
spectively. There present three similar pairs of redox peaks referring to phase transformation of H1-M, M-H2, H2-H3 for the first
to third cycles [53]. Voltage difference of redox peak at 3.67 V during the first discharge-charge cycle shows the biggest distin-

guish with 0.171 V, 0.165 V, 0.151V for CN8-1, CN8-2 and CN8-3 respectively, thus leading to a higher reversible specific capacity
for CN8-3.

The specific capacities of CN5-3 is better than that of CN5-1 and CN5-2, and the specific discharge capacity of CN5-3 is around
170.09 mAh g, whereas those of CN5-2 and CN5-1 are about 165.64 and 158.43 mAh g”, respectively. The specific capacities of
CN6-3 and CN8-3 are similar higher than other disordered samples. Higher Li*/Ni** disorder is responsible for the lower initial
discharge capacity of CN5-1, CN6-1 and CN8-1 samples, which leads to more occupation of Li" position by Ni** ions and hinders
the migration of Li'. Figure 7df show the comparative rate performances at different current densities of 0.1, 0.2, 0.5, 1, 2, and 3 C
between 3.0 and 4.3 V, respectively. The rate performances of CN5-3, CN6-3 and CN8-3 samples are markedly enhanced com-
pared with those of other samples. The poor rate performances of CN5-1, CN6-1 and CN8-1 are attributed to the existence of
more crystal interface between the initial particles, which results in internal stress due to the de-intercalation of Li" during charge
and discharge, especially at high current density, microcracks inside the particles and increasing occurrence of side effects. Howev-
er, the well orientated internal structures afford efficient ion transport for fast Li* transport kinetics, further confirming the unique

advantages of the cathode materials corresponding to the highly ordered intercalated precursor structure [54-57]. Moreover, the
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cycling performances and coulombic efficiency were demonstrated in Figure 7gi at 1 C. The CN5-3 presents an excellent long-
term cycling stability, retaining about 88.9% of the initial capacity after 100 cycles. On the other hand, with the increase of nickel
content, the cycle performance of high nickel materials is greatly improved due to the increase of order degree. It is mainly because
directional arrangement crystal cathodes can alleviate the side reaction and stabilize the crystal structure, and the faster Li" trans-

port helps to alleviate the increasing polarization during cycling.
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Figure 9: Electrochemical performances (a) Nyquist plots of the three samples, (b) Correlation curve between Z’ and ™.
To support this conclusion, the EIS measurement was employed to analyze the kinetic processes of the Li ion migration in elec-
trodes. The Nyquist diagrams of samples after 100 cycles are presented in Fig. 9a, ¢, and e. There are two semicircles and a straight
line in the EIS, the first semicircle in the high frequency region refers to the resistance of solid electrolyte interphase film (Rsf), and
the second semicircle at an intermediate frequency corresponds to charge-transfer resistance (Rct). The slope represents the Li-ion
diffusion in bulk materials [58]. the Rct values of CN1, CN2 and CN3 decrease from 14.41 Q, 6.95 Q to 6.54 ), the Rct of CN6-3
(34.82 Q) is lower than CN6-1 (47.28 2), and the Rct of CN8-3 (8.841 Q) is significantly lower than CN8-1 (56.09 1) and CN8-2
(15.93 Q). The results show that the second semicircle of ordered samples is smaller than that of disordered samples after cycling,
suggesting that the well orientated internal structures can decrease the charge-transfer. The higher the nickel content, the greater
the influence of precursor morphology on the impedance of cathode materials. To further measure the D;;, and the Li-ion diffu-

sion rate, the Li ion diffusion coefficient (D) is then calculated by the following equation [47]

RT
V2AN F25C

Dpiy =
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where R, T, n, F, A, C and o represent the gas constant, absolute temperature, number of electrons per molecule involved in the
electrochemical reaction, Faraday constant, active electrochemical reaction area, concentration of lithium ions in materials and
Warburg factor, respectively, which can be obtained from the slope of the lines in Fig. 9b, d, and f. The CN6-1, CN6-2, CN8-1 and
CN8-2 have a higher activation energy barrier for lithium diffusion and the lithium diffusivity was much lower, which are
5.19x1077, 8.34x10, 7.68x10 " cm’ s for the ordered structure of CN5-3, CN6-3 and CN8-3 materials, respectively. The results
show that the highly ordered intercalation structure makes Li" have a lower diffusion resistance, thus improving the electrochemi-
cal performance of the material. With the increase of nickel content, the influence of precursor shape and structure on the impe-

dance of cathode material is greater [26].

Conclusion

In summary, this paper systematically studies the internal structure characteristics of precursors with different nickel contents,
and further explores its influence on the electrochemical performance of cathode materials. We found that by adjusting the pH val-
ues and the ammonia concentrations, the primary particles are gradually well-directional and orderly stacked or interlaced along
the direction of the [001] crystal axis, and with the increase of nickel content, the precursor changes from nanosheets to nanonee-
dles. These morphological distributions are inherited, which promotes the growth of the cathode material along the [003] direc-
tion. The directionally ordered cathode materials have good layered structure and low Li’/Ni** mixing, which afford efficient ion
transport for fast Li" transport kinetics and lead to superior rate capability and good cycle stability. With the increase of nickel con-
tent, the morphology distribution of the precursor has a more significant effect on the electrochemical properties of the cathode

materials. Our research offers a novel strategy and facile approach for producing the high-performance cathode materials.
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