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Abstract: The phase structure of the precursor is crucial for the microstructure evolution and stability
of Ni-rich cathode materials. Using sodium lactate as a green complexing agent, cathode electrode
materials with different phase structures and unique core-shell structures were prepared by the
co-precipitation method in this study. The influence of the phase structure of the nickel-rich precursor
on the cathode electrode materials was studied in depth. It was found that x-NCMS811 had large
interlayer spacing, which was beneficial for the diffusion of lithium ions. In contrast, 3-NCM811
had smaller interlayer spacing, a good layered structure, and lower ion mixing, resulting in better
cycling performance. The core-shell-«3-NCM811 with «-NCMS811 as the core and -NCMS811 as
the shell was prepared by combining the advantages of the two different phases. The core—shell-
«-NCMS811 showed the highest discharge capacity of 158.7 mAh/g at 5 C and delivered excellent
rate performance. In addition, the 3-NCMS811 shell structure with smaller layer spacing could
prevent corrosion of the x-NCM811 core by the electrolyte. Thus, the capacity retention rate of the
core-shell-a3-NCM811 was still as high as 86.16% after 100 cycles.

Keywords: precursor phase structure; core—shell cathode materials; LiNip gCop 1 Mng 10,; electrochemical
performance

1. Introduction

With the development of new energy vehicles, adjustments of the energy structure
will continue and a sound economic system of green and low-carbon circular development
will be established on a global scale. As is known, range anxiety and the potential safety
hazards of new energy vehicles (NEVs) are at the heart of restricting large-scale application
of NEVs [1-3]. LiNixCoyMn,O, (NCMxyz) materials have been considered as a prospective
power energy carrier material due to the coordination between Ni, Co, and Mn elements.
Increasing the nickel content in layered oxide cathode materials is the main strategy to
increase the energy density of lithium batteries. Therefore, NCMS811 cathode material is
considered to be the most promising power energy carrier material. However, the structure
of nickel-rich layered cathode materials is very unstable due to oxygen evolution and
phase structure changes during the charging and discharging processes [4] (Figure 1). The
discharge capacity is increased with nickel-rich materials, but the capacity retention and
safety properties decrease when the nickel content increases. This problem leads to frequent
safety accidents with power batteries, and their safety has always been a hot but difficult
topic in the industry of lithium battery research [5].
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Figure 1. The phase transition behavior of Ni-rich layered cathode materials [4].

At present, ion doping (Mg [6], Nb [7]) and surface coating (SnO, [8], Al,O3 [9]) are
commonly used to improve the electrochemical performance of materials. Ion doping
can effectively inhibit the mixing of Li*/Ni?* and improve the structural stability of the
materials [10]. However, ion doping cannot prevent the corrosion of the electrode by the
electrolyte [11]. Surface coating modification can prevent direct contact by providing a
physical barrier between the cathode material and electrolyte, thus greatly reducing the
occurrence of negative reactions [12]. However, most coating materials have low capacity
and voltage platforms that cannot meet the requirements of high capacity and high energy
density [13]. The precursor structure is the key determinant of the stability and energy
storage properties of the ternary cathode material. The electrochemical properties of the
cathode material can be changed by controlling the precursor composition, morphology,
and microstructure [14,15].

The nickel-rich ternary precursors only form a solid solution phase of nickel hydroxide,
and a single phase of Co or Mn with low content cannot be formed by the co-precipitation
process. Therefore, the stability of the precursor structure is affected by the nickel hydroxide
lattice. Asis known, Ni(OH), has two different structural forms: «-Ni(OH), and 3-Ni(OH),.
The structure of x-Ni(OH);, has a large interlayer space because of the interlayering of
water, nitrate, and carbonate. The «-Ni(OH), phase can effectively reduce the internal
stress of the material by means of its helical structure during the oxidation process [16,17].
The «-Ni(OH); lattice is apt to rotate along the c-axis in strong alkali or at high tempera-
ture. Then, with the loss of some crystal water and interlayer metal ions, the «-Ni(OH),
phase transforms into 3-Ni(OH),, with smaller interlayer spacing [18-20]. Liang et al. [21]
successfully covered 3-Ni(OH), on «-Ni(OH); using the two-step hydrothermal method.
The study showed that the 3-Ni(OH), had nano size and strong stability under alka-
line conditions, whereas the x-Ni(OH), had a large specific surface and good electrical
conductivity. Therefore, there were various synergistic effects between the 3-Ni(OH),
shell and the «-Ni(OH); core, and excellent electrochemical performance of the electrode
was obtained.

At present, research on the nickel hydroxide phase structure is mainly focused on
the nickel-hydrogen battery and supercapacitor, but there is no report of nickel-rich
ternary cathode materials and their precursors as related to phase structure. Herein,
cathode electrode materials with different phase structures and unique core-shell struc-
tures were synthesized using a green co-precipitation method, and the effects of precursor
phase structure and core-shell structure on the cathode electrode materials were studied
in depth.

2. Experimental Procedures
2.1. Preparation of Cathode Material

The NipgCop1Mng1(OH), precursors were synthesized using the co-precipitation
method. First, NiSO4-7H,O (Xilong scientific Co., Ltd., Shantou, China), CoSO4-6H,O
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(Foshan Xilong Chemical Co., Ltd., Foshan, China), and MnSO,4-H,O (Tianjin Zhiyuan
Chemical Reagent Co., Ltd., Tianjin, China) were configured in a molar ratio of 8:1:1 in
250 mL of aqueous solution with a concentration of 2 mol/L. To the above aqueous solution,
250 mL of sodium lactate solution (Tianjin Damao Chemical Reagent Factory, Tianjin, China)
was added to obtain mixed solution A, with a molar ratio of sodium lactate to metal salt of
1:1. Mixed solution A and 4 mol/L sodium hydroxide (Yantai Yuandong Fine Chemicals
Co., Ltd., Yantai, China) were added to the reactor under an N, atmosphere at the same
time, and the temperature, pH value, and stirring speed of the co-precipitation system
were controlled at 55 °C, 10, and 800 r/min, respectively. After intense stirring for 14 h
and allowing it to stand for 12 h, the precursor was obtained after filtration, washing, and
drying, and the precursor was named Q1. Subsequently, 400 mL of mixed solution A and
4 mol/L sodium hydroxide were added into the reactor at the same time under an N,
atmosphere, and the temperature, pH value, and stirring speed of the co-precipitation
system were controlled at 55 °C, 10, and 800 r/min, respectively. After the reaction for
2 h, the temperature and pH value of the co-precipitation system were adjusted to 65 °C
and 11.5, respectively. At the same time, 100 mL of deionized water was added into
the reactor, stirred vigorously for 12 h, and left for 12 h. The precursor was obtained by
filtration, washing, and drying, and then named Q2. Next, 400 mL of mixed solution A
and 4 mol/L sodium hydroxide were added into the reactor at the same time under an
N, atmosphere, and the temperature, pH value, and stirring speed of the co-precipitation
system were controlled at 55 °C, 10, and 800 r/min, respectively. After the reaction for
2 h, the temperature and pH value of the co-precipitation system were adjusted to 65 °C
and 11.5, respectively. At the same time, the remaining 100 mL of mixed solution A was
added into the reactor, stirred vigorously for 12 h, and left for 12 h. The precursor was
obtained by filtration, washing, and drying, and then named Q3. The mixed solution A
and 4 mol/L sodium hydroxide were added into the reactor at the same time under an
N, atmosphere, and the temperature, pH value, and stirring speed of the co-precipitation
system were controlled at 65 °C, 11.5, and 800 r/min, respectively. The precursor was
obtained by stirring vigorously for 14 h and then standing for 12 h. As seen in Figure 2,
the precursor was obtained by filtration, washing and drying, and then named Q4. The
preparation process of the samples is described in Table 1.
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Figure 2. Synthesis of core—shell structure precursors and schematic diagram.
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Table 1. The preparation process of the four samples.

Name Q1 Q2 Q3 Q4
Reaction time 14h 14h 14h 14h
pH=10 pH=10 pH=10 pH=115
Reaction condition 1 Temperature 55 °C Temperature 55 °C Temperature 55 °C Temperature 65 °C
Stir for 2 h Stir for 2 h Stir for 2 h Stir for 2 h
. . Added 100 mL Added 100 mL metal .
Intermediate step Nothing deionized water mixed solution Nothing
pH=10 pH=115 pH=115 pH=115
Reaction condition 2 Temperature 55 °C Temperature 65 °C Temperature 65 °C Temperature 65 °C
Stir for 12 h Stir for 12 h Stir for 12 h Stir for 12 h

All the prepared precursors were respectively mixed with lithium hydroxide (Xilong
scientific Co., Ltd.) at a molar ratio of 1:1.05, and then the mixed samples were sintered
in a tube furnace. First, pre-sintering was carried out at a rate of 2 °C/min to 500 °C for
5 h. After cooling to room temperature, the pre-sintering products were taken out and
ground, and then put back into the tubular furnace to be sintered at a rate of 5 °C/min to
750 °C for 12 h. It should be noted that the whole calcination process was carried out under
an oxygen-enriched atmosphere [22]. Finally, the corresponding cathode materials were
obtained, respectively.

2.2. Characterization of Structure and Morphology

The crystal structure of the material was analyzed by X-ray diffraction (XRD) and
tested using a German Bruker D8 Advance transtarget diffractometer. The scanning range
was 5°~85°, the step size was 0.02°, and the scanning rate was 5° /min (A = 0.15406 nm). The
parameters of the Rietveld refinement structure were analyzed using Jade 6.0. The surface
morphology was observed using a ZEISS SIGMA300 scanning electron microscope (SEM).

2.3. Electrochemical Performance Test

The cathode electrode material, polyvinylidene fluoride (SaiBo Electrochemical Ma-
terial), and acetylene black (SaiBo Electrochemical Material) were weighed according to
the mass ratio of 8:1:1 and mixed well. Then, a certain amount of N-methyl-pyrrolidone
(SaiBo Electrochemical Material) was added, ground into a uniform slurry, evenly coated
on aluminum foil, and then put in a 100 °C vacuum drying oven for 12 h to make the
cathode electrode sheet. The cathode electrode sheet was stamped into ¢12 mm electrode
sheets using a slicing machine and they were weighed. Half battery assembly was carried
out in a vacuum glove box protected by argon, with the lithium metal sheet as the negative
electrode, LiPFg (EC:DEC = 1:1) as the electrolyte, and Celgard 2400 polymer film as the
separator. The CR2032-type button cell was assembled.

The blue electric battery test system (LandCT2001A) was used to test the charge—
discharge performance of the battery. The temperature was 25 °C, the voltage range was
3.0-4.3 V, and the charge-discharge rate was 0.1-5.0 C (1 C = 200 mA/g). The cyclic
voltammetry (CV) and alternating current impedance (EIS) of the battery were measured
by the electrochemical workstation (CHI660E). The scanning rate was 0.1 mV/s, the voltage
amplitude was 5 mV, and the scanning frequency was 10 mHz~100 kHz. The diffusion
coefficient of lithium ions was measured using the intermittent constant current charge-
discharge technique (GITT), which was applied at 0.1 C for 10 min and left standing for
60 min.
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3. Results and

Discussion

3.1. Thermodynamic Model of Co-Precipitation of Precursors

The reaction equations and their equilibrium constants in the co-precipitation system,
which involve ionization, complexation, and precipitation reactions, are shown in Table 2.

Table 2. Equilibrium equations and equilibrium constants at 25 °C [23].

No. Reaction 1gKg

1 H,O=H* + OH~ 1gKy = —14.00
2 HL=L- +H* 1gK, = —3.858
3 Ni?* + L™ = NiL* IgKnL = 2.22

4 Ni(OH),(s) = Ni%* + 20H~ IgKpni = —15.26
5 Ni?* + OH~ = Ni(OH)* lgBnit = 4.97

6 Ni2* + 20H~ = Ni(OH), lgBni2 = 8.55

7 Ni%* + 30H™ = Ni(OH)3 ™~ lgBnis = 11.33
8 Co** +L~ =CoL* lgKcp =1.90

9 Co(OH),(s) = Co?* +20H~ 1gKpco = —14.23
10 Co?* + OH~ = Co(OH)* lgBcor = 4.3
11 Co?* + 20H~ = Co(OH), lgBcor = 8.4
12 Co?* + 30H~ = Co(OH);~ lgBcos = 9.7
13 Co?* +40H~ = Co(OH),2~ lgBcos = 10.2
14 Mn%* + L~ = MnL* lgKyp = 1.43
15 Mn(OH),(s) = Mn?* + 20H ™~ IgKsphn = —12.72
16 Mn2* + OH~ = Mn(OH)* lgBnmn1 = 3.9
17 Mn?* + 30H™ = Mn(OH)3~ lgBmns = 8.3

In the calculations, the activity of the ion is approximately replaced by its concentration,
and the total concentrations of nickel, cobalt, manganese and sodium lactate in the solution
are represented by [Ni]r, [Colr, [Mn]r, and [L]y, respectively. [Ni?*], [Co?*], [Mn?*], [L™],
[OH™], and [HL] are the equilibrium concentrations of Ni2*, Co?*, Mn2*, C3H505;~, OH ™,
and C3HgOs3. S represents the saturation. If the system is in precipitation—dissolution
equlibrium, there are:

[Ni27] [OHi]z = KspNi
[COZi] [OHi]Z = KspCo

[ani] [OHi]z = KSpMn
3
[Ni]p= [Ni*] (1 + Z,l Pni(n) [OH ]+ Kne [L]>

4
[Colp= [Co™] (1 + 3 Bcom)[OH [ +KcL [L]>

n=1

3
[Mnj= [Mn*"] (1 + ) Buin(n)[OH ™ J+Kur [L_]>

n=1

[L]p= [HL] + [L7] (14 Knp [Ni* ] +Ker [Co™ |+ K, [Mn* ])

[MJ[OH ]2

S =
Ksp

([M] is the concentration of metal ions)

)

@

®)

4)

©)

(6)

@)

®)
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Based on the thermodynamic analysis of the solution system, the solubility of the
target under different conditions is calculated, and the relationship between the resid-
ual metal ions in the solution and the pH value (pH-Ig[M]r) is drawn. This is a com-
mon method used to determine the optimal pH range of co-precipitation [24]. However,
the curve of pH-Ig[M]r only describes the equilibrium state at the end of precipitation,
whereas the co-precipitation process is carried out under the supersaturation state. The
supersaturation of the system under different conditions has a significant effect on the
particle size, morphology, and crystal form of the products [25]. Therefore, building a
thermodynamic simulation of the supersaturation state of the co-precipitation system and
discussing the evolution law of the supersaturation of the system under different condi-
tions have more guiding significance for the synthesis of inorganic powders by the liquid
co-precipitation method.

In the simulation, the temperature and ionic strength were assumed to be 25 °C
and 0, respectively. As can be seen in Table 3, the precipitation equilibrium constants of
Ni(OH); and Co(OH), were relatively higher than that of Mn(OH), before the addition of
the complexing agent. Additionally, the precipitation rates of Ni(OH), and Co(OH), were
nearly 1000 times that of Mn(OH),. Thus, the ideal co-precipitation effect of the ternary
precursor could not be obtained. Using sodium lactate as the co-precipitation complexing
agent not only reduced the precipitation rates of Ni?*, Co?*, and Mn?*, but it also effectively
balanced the precipitation rates of Ni%*, Co?*, and Mn?*. This indicated that using sodium
lactate as a complexing agent was feasible in theory. It was assumed that the reaction
system was in the stage of co-precipitation induction, and the combination reactions
of metal ions and C3H505;~ with the dissociation reactions of C3HgO3; had reached an
equilibrium state. The relationship between the saturation S and pH value was calculated by
Equations (1)—(8). Figure 3a shows the maximum difference between pH-IgS, and Figure 3b
shows the maximum saturation difference curve. In Figure 3, saturation S increased with
the increase in pH value, and the nucleation rate of the precursor accelerated. This meant
that the grain size decreased with the increase in pH value. When the pH value was 10.9,
the difference value of S was the smallest. This indicated that the precipitation rates of Ni%*,
Co?*, and Mn?* tended to be the same value. Thus, the co-precipitation pH values of Ni?*,
Co?*, and Mn?* could be fixed at 10.9.

6
(a) —— Ni?' 1.4 (b)
- —o
Mn** 5
=
41 3
=
2
e g
3 s
= 10.4 £
g
24 =)
\ £
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Figure 3. pH-IgS curve of the relationship between saturation S and pH value (a); Maximum
saturation difference curve (b).
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Table 3. The precipitation equilibrium constants of Ni?*, Co**, and Mn?* before and after adding
complexing agent.

Ion Name Niz* Co?* Mn?2+

Precipitate equilibrium constant 1015:26 101423 101272
(without sodium lactate)

Precipitation equilibrium 10849 107-90

108.18
constant (with sodium lactate)

3.2. Analysis of Structure and Surface Morphology of Precursor and Cathode Materials

Figure 4a shows the XRD patterns of the precursors prepared under different condi-
tions. Through the comparison of the characteristic diffraction peaks and corresponding
PDF cards, it could be seen that the diffraction angle 26 of the strongest diffraction peak (003)
of Q1 was about 11°, while the 20 of the strongest diffraction peak (001) of Q4 was about
19°. Since the layer spacing of the x-Ni(OH), phase is greater than that of the 3-Ni(OH),
phase [26], the diffraction angle of the strongest diffraction peak of 3-Ni(OH), shifted to a
lower diffraction angle. Meanwhile, comparison with the PDF cards indicated that Q1 had
a typical «-Ni(OH); structure, which could be labeled as x-NipgCog1Mng 1(OH),, while
Q4 had a typical 3-Ni(OH), structure, which could be labeled as 3-NipsCog1Mng 1 (OH)s.
The synthesis conditions for Q2 were initially identical to those of Q1. However, after a
2 h reaction, the conditions were adjusted to be the same as those used in the synthesis of
Q4. From the XRD patterns, it could be seen that Q2 had a «-Ni(OH); structure, which
indicated that the prophase reaction had a great influence on the precursor structure. The
initial synthesis conditions of Q3 were consistent with those of Q1, and after 2 h of the
initial reaction, the regulatory reaction conditions were consistent with those of Q4, and
the remaining 100 mL of solution A was added. As can be seen from the XRD, Q3 had a
mixture of «-Ni(OH); and (3-Ni(OH); structures. Since the synthesis conditions of Q3 in the
early stage were the same as those of Q2, which had a x-Ni(OH), structure, it was believed
that the nuclei synthesized in Q3 in the early stage also had a x-Ni(OH); structure, and
the synthesis conditions in the late stage were consistent with those of Q4. The shell was
considered to have a 3-Ni(OH), structure. Formula (9) was used to calculate the content of
each phase of the precursor [27]:

Iy o Ky % Wy

L=t ©)
Ig K wpg

where [ is the diffraction intensity of characteristic peak, K is the reference intensity ratio
(RIR) of the phase in the PDF card, and w is the mass fraction of the phase.

The «-phase contents of Q1, Q2, Q3, and Q4 were calculated to be 97.2%, 94.9%, 73.3%,
and 1.3%, respectively. Due to the high content of a-phase, Q1 was considered to be pure
a-phase, whereas Q4 was considered to be pure 3-phase. The x-phase content of Q3 was
about 73.3%, less than the 80% of the added raw material, which was due to the high
temperature and pH value later in the process. Part of the a-phase was converted to {3
structure under high temperature and pH conditions [28]. This was consistent with the
reason for the reduction of «-phase content in Q2. Figure 4b displays the XRD patterns of
the prepared NCM811 cathode materials. It can be seen that the characteristic diffraction
peaks in the diffraction patterns of all samples were obvious, all belonging to the layered
x-NaFeO; structure of the rhombic R-3M space group, and no obvious impurity phase was
detected [11].

Table 4 shows the crystallographic parameters of the NCM811 cathode materials
after finishing. The maximum c/a value of x-NCM811 was 4.9651, and the c/a value
of the samples gradually decreased with the increase in 3-phase content, which indi-
cated that the x-phase had larger layer spacing than the -phase. The lower the value of
1(006 + 102) /1(101), the better the order of the hexagonal dense-arrangement structure [29].
Obviously, «-NCM811 showed the worst hexagonal dense structure, with the lowest value
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of 1(003) /1(104), which indicated the highest cationic mixing [30]. The analysis showed
that the a-phase had a higher layered structure than the 3-phase. Additionally, under
high-temperature sintering, the Ni?* is more likely to migrate to the Li layer, resulting
in Li* /Ni** mixing. Meanwhile, the 3-phase layer spacing was small, the structure was
stable, and the degree of mixing was small. The results of XRD analysis showed that
3-NCMS811 had a lower degree of mixing, better ordered hexagonal dense structure than
«-NCMS811, and smaller layer spacing. Meanwhile, the core—shell-a3-NCM811 had the
highest value of 1(003) /1(104) and higher c/a values among all samples. The results showed
that the core—shell structure had the least cation mixing and higher layered structure, which
indicated that it had potential for excellent electrochemical performance.

Intensity/a.u.
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Figure 4. (a) XRD diagrams of the prepared precursors; (b) XRD patterns of the prepared cathode
materials; (c) Q3 peak-fitting graph; (d) Refined image of core—shell-«[3-NCM811.

Table 4. Crystallographic parameters of different cathode materials.

Samples a(A) C(A) c/a V(A3) 1(003)/1(104) 1(006 + 102)/1101
oa-NCMS811 2.8649  14.2245 49651 101.24 1.6450 0.4536
core—shell-a3-NCM811  2.8659  14.2134  4.9595 100.90 1.8917 0.4516
B-NCMS811 2.8747 142221 49474 101.78 1.8594 0.4018

As can be seen from Figure 5, Ni, Co, and Mn were clearly visible and evenly dis-
tributed in the selected target region. As shown in Figure 5b, the atomic ratio of Ni:Co:Mn
in the cathode electrode material was 0.811:0.098:0.092, which was close to the target
composition of 8:1:1. This indicated that sodium lactate was a better complexing agent
and exerted a co-precipitation effect. Figure 6 displays SEM images of the precursor and
cathode material samples. As can be seen from Figure 6, the morphological characteristics
of all cathode electrode material samples indicated an agglomerated mass of irregular
shape composed of primary particles, and the morphologies of the sample particles had no

obvious changes [31,32].
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cps/eV

Atomic ratio of Ni:Co:Mn=0.811:0.098:0.092

Figure 5. SEM (a), EDS analyses (b) and element map of Ni (c); Co (d); Mn (e) of core-shell-af3-
NCMS811.

Figure 6. SEM images of precursor and cathode material samples. (a) Q1; (b) Q3; (c) Q4;
(d) «-NCM811; (e) Core—shell-a3-NCMS811; (f) -NCM811.
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As can be seen from Figure 6d—f, the primary particles of the cathode material prepared
at a low pH value were larger, the size of the primary particles gradually decreased with
the increase in pH value, and the grain boundary gradually became blurred. Figure 6a
shows that the morphology of the Q1 grain, which was composed of small hexagonal
lamellar primary grains with a coarse surface and abundant pore structure. Additionally,
the porous structure could increase the contact area with lithium hydroxide and promote
contact [33], which was beneficial for uniform embedding and diffusion of Li* during the
high-temperature sintering stage. Thus, the x-NCMS811 cathode electrode material had a
good layered structure. In Figure 6¢, the surface of the Q4 particles was smooth and the
surface area was small. In addition, the layered structure of 3-NCM811 obtained by high-
temperature sintering was poor. This phenomenon could be attributed to the effect of pH
on the co-precipitation reaction system. When the pH value was low, the supersaturation of
nickel, cobalt, and manganese was also low, which favored the growth of crystal nuclei. As
a result, the primary particles tended to be thicker and larger. However, with an increase in
pH, there was a continuous increase in saturation, consequently accelerating the nucleation
rate of the precursor. This led to a continuous decrease in grain size. This conclusion
was verified in Figure 3a. A small abnormality in precursor particle size could be seen in
Figure 6b, which was due to the sudden increase in pH during the synthesis of the core—
shell precursor, and a small amount of abnormal precipitation of precursor microparticles
was observed [25].

3.3. Electrochemical Properties of LiNip gCop.1Mng.10, Samples

In order to show the effects of different phase structures and core—shell structures
on the electrochemical properties of the cathode materials, related electrochemical tests
were carried out. Figure 7a shows the cycle curves of cathode electrode materials with
different structures at 0.5 C and 3.0-4.3 V. As can be seen from Figure 7a, the x-NCM811
cathode material had the highest initial discharge capacity at 201.4 mAh/g, but the capacity
significantly decreased to 127.1 mAh/g after 100 cycles, and the capacity retention rate
was only 63.11%. The initial capacities of the core-shell-«3-NCM811 and 3-NCM811
were 192.9 and 183.9 mAh/g, respectively. After 100 cycles, each capacity also decreased
to 165.2 and 165.3 mAh/g, respectively. The capacity retention rates were 86.16% and
89.57%, respectively, which were much higher than that of the x-NCMS811 cathode material.
Compared with the x-NCM811 cathode material, the -NCM811 cathode material had
better cycling performance. This was due to the poor order and structural stability of
the a-NCMS811 cathode material, which led to rapid capacity decay, whereas the (3-phase
had small layer spacing, which hindered electrolyte penetration and improved corrosion
resistance. At the same time, the particle surface of the cathode material was smooth, which
reduced the contact area between the electrolyte and the cathode material, reduced the
negative reactions, and improved the capacity retention rate. The core-shell-o3-NCM811
was designed to combine the advantages of both the - and 3-phase structures. The core
contained more x-phase, which enhanced the discharge capacity of the cathode material,
while the shell was predominantly composed of 3-phase, which acted as a barrier to prevent
electrolyte penetration and corrosion of the x-phase core. This resulted in improved cycling
performance of the cathode material. Figure 7b—d displays the charge—discharge curves of
all samples with different cycling times. It can be seen that the initial capacity of 3-NCM811
was the lowest, but the first coulomb efficiency was up to 84.16%, which was greater than
that of the x-NCMS811 cathode material (79.95%). This was mainly due to the dense particles
of B-type hydroxide precursors forming smaller primary grains during high-temperature
sintering. The special structure of 3-NCM811 shortened the path of Li* diffusion and
thus improved the efficiency of the first discharge [34]. With an increase in the number of
cycles, the charge voltage platform moved toward a higher potential and the discharge
voltage platform gradually moved toward a lower potential. This trend indicated that the
internal resistance of the cathode material was increased and the polarization phenomenon
gradually intensified [35].
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Figure 7. Cycling performance (a) and charge-discharge curves of x-NCM811 (b), core-shell-af3-
NCMS11 (c) and B-NCM811 (d) at different cycles.

Figure 8a shows the charge—discharge curves of each cathode material at different
magnifications, from 3.0 to 4.3 V. The discharge capacity of all samples decreased very
little at 0.1 and 0.2 C. However, with the increase in current density, the capacity of the
-NCMS811 cathode material rapidly decreased. The discharge-specific capacity of the
-NCMS811 cathode material was the lowest, at about 70.6 mAh/g at 5 C. This was mainly
because the small interlayer spacing of the 3-NCMS811 cathode material impeded Li*
transport at high current densities, which resulted in severe polarization phenomena
(Figure 8d). The discharge capacity of «-NCM811 and the core—shell-«3-NCM811 were
136.5 and 158.7 mAh/g at 5 C, respectively. The superior rate performance of x-NCM811
was mainly attributed to its larger layered structure, which facilitated the transmission of
Li* ions. In addition, it is worth noting that the core-shell-a3-NCM811 had the highest
capacity retention rate of 93.01% when the current density was restored to 0.1 C. As
shown in Figure 8b-d, the core-shell-«[3-NCMS811 had low polarization and a flat charge—
discharge voltage platform. This could be attributed to the large internal layer spacing
of the x-NCMS8I11 core structure, which reduced resistance during lithium ion transport
and enhanced the high-power discharge performance of the cathode material. Despite the
3-NCMS811 shell having smaller layer spacing, which may have hindered the transport of
lithium ions, this obstruction was limited to the diffusion of lithium ions in the surface
layer of the thin shell structure. As is known, the lithium ions are embedded into the
cathode material during the discharge process. The structure of the core—shell-ot3-NCM811
material changed to accommodate more lithium ions during the discharge process. Thus,
the core—shell-o3-NCMS811 showed higher discharge capacity at high current density. In
addition, the 3-shell structure with smaller layer spacing and lower surface area prevented
the infiltration of electrolyte, providing protection to the x-core structure and improving
the stability of the material.
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Figure 8. Rate performance (a) and charge-discharge curves of x-NCMS811 (b), core-shell-«f3-
NCMS11 (c) and B-NCMS811 (d) at different C-rates.

In order to understand in more detail the effect of different microstructures on the
electrochemical properties of the cathode materials during the charge-discharge cycle, Fig-
ure 9 shows the CV curves of the activation stages of each cathode material. It can be seen
that all of the CV scanning curves had three pairs of distinct redox peaks, corresponding to
the three phase transitions of H1-M, M-H2, and H2-H3 [36], respectively. The oxidation
and reduction peaks of the x-NCM811 sample in the first cycle were 3.856 and 3.690 V,
respectively, and the potential difference was 0.166 V, while the potential differences of
the core-shell-o3-NCM811 and 3-NCM811 samples were 0.106 and 0.085 V, respectively.
This indicated that the e-NCM811 sample had a larger capacity loss and lower coulomb
efficiency during the initial SEI film formation, which was consistent with the results of the
charge -discharge tests (Figure 7). With the increase in the number of cycles, the oxidation
peak positions of all samples gradually moved to low voltage and the reduction peak posi-
tions all moved to high voltage. The difference between the two peak positions gradually
decreased, and the polarization gradually weakened. The difference between a-NCM811
and the core—shell-o3-NCMS811 was the smallest, which may have been due to the fact that
the core—shell-a3-NCMS811 contained more nuclear x-NCM811. As shown in Table 5, the
cyclic scanning area of the sample of core-shell-«3-NCM811 was 2.016 x 10~*, which was
the highest among all samples at the third scanning. The results also corresponded with
the charge—discharge test results at 0.1 C. In addition, the core-shell-«3-NCM811 exhibited
a negligible H2-H3 phase transition with a minimal volume change during cycling [37].
This characteristic promoted cathode material stability and significantly enhanced the
cycling performance.

Table 5. CV curve scan area values.

Samples A1 A2 A3
a-NCM811 2.091 x 1074 2.013 x 1074 2.006 x 1074
core shell-a-NCM811 2.051 x 1074 2.027 x 1074 2.016 x 1074

B-NCMS811 1.985 x 10~4 1.961 x 10~% 1.958 x 10~%
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Figure 9. CV curves of different cathode material samples. (a) x-NCM811; (b) Core-shell-«3-NCM811;
(c) B-NCMS11.

Figure 10 shows the impedance maps of all materials after the 5th and 50th cycles at
25 °C. It was clear that all of the curves consisted of two semicircles and a slash. The cross-
sectional length of the curves represents the ohmic impedance (R). The semicircle in the
high-frequency region represents the interface film impedance (R¢) of the cathode material.
The semicircle in the middle frequency region represents the charge transfer impedance
(Ret). Additionally, the low-frequency region is a straight line segment representing the
Warburg impedance (W) of Li* diffusion in the cathode material [38—40]. The impedance
data obtained by calculation and fitting are shown in Table 6. The R; and R values of the
three samples were relatively small and remained stable during the cycling, which meant
that the SEI films formed by the three samples were stable [41]. The Rt and W values
rapidly increased with the increase in the number of cycles. After 50 cycles, the Ret value of
[3-NCMS811 increased from 92.48 to 188.7 () and the Rt value of x-NCMS811 also increased
from 38.03 to 93.25 (). Obviously, the R value of 3-NCM811 was significantly higher
than that of e-NCM811, but the rate of increase was lower. The increase in Rt throughout
the cycling indicated the degradation of surface active sites. Therefore, x-NCMS811 had
high capacity but poor cycling performance during the charge—discharge process, which
corresponded with the electrochemical test results. It is worth noting that the Rt of the core—
shell-o3-NCMS811 was similar to that of 3-NCMS811, while the W, was similar to that of
o~-NCMB811. This was because the core (x-NCM811) and shell (3-NCMS811) structures of the
core-shell-a3-NCMS811 provided the advantages of two different phases, simultaneously
resulting in better cycling and rate performances.
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Table 6. Electrochemical impedance fitting results of different NCM811 cathode materials.

Samples Cycle Number R, R¢ Ret Wo
5th 5.04 9.02 38.03 319.7
a-NCM811 50th 5.02 10.53 93.25 439.4
5th 4,99 8.40 78.73 288.8
core shell-a3-NCM811 50th 496 8.63 174.90 512.4
5th 493 8.04 92.48 470.3
B-NCMB811 50th 5.12 10.00 188.7 562.3
m 350 m
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300 L .
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Figure 10. Electrochemical impedance of different NCM811 cathode materials at different cycles
(a) 5th and (b) 50th.

Figure 11a displays the GITT curve measured for the sample of core-shell-a3-NCM811
after five cycles at 0.1 C. The diffusion coefficient of lithium ions (Dr;;) was calculated

according to Formula 1:
4 (mpVm\?[AEs)?
ot \ MgS AE~

where T, mp, Vi, Mg, S, AEs, and AE; denote the pulse duration, mass of active sub-
stance, molar volume, molar mass, contact area between cathode electrode material and
electrolyte, voltage change due to pulse, and voltage change due to constant current
discharge, respectively.
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Figure 11. GITT curve of core-shell-a3-NCM811 (a); Li* diffusion coefficients of all samples (b).
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Figure 11b displays the change curves of log (D, ) at different voltages for all samples.
It can be seen that the lithium ion diffusion coefficient of 3-NCMS811 was the smallest.
Compared to the other samples, x-NCM811 and the core-shell-o3-NCM811 showed higher
diffusion coefficients of lithium ions, which indicated that the smaller interlayer spacing of
(3-NCMS811 hindered the transport of lithium ions. The highest Dy ;, value of core-shell-o[3-
NCMS811 was due to its larger interlayer spacing and lower cation mixing, which facilitated
lithium ion diffusion [42]. This was consistent with the results of the CV tests.

4. Conclusions

In this study, precursors with different phase structures and unique core—shell struc-
tures were prepared by the co-precipitation method, using sodium lactate as a green
complexing agent, and the corresponding cathode materials were prepared by sintering
lithium at high temperature. The effects of the phase structure and core—shell structure of
the precursor on the surface morphology and electrochemical properties of the cathode
materials were investigated in detail. The findings are as follows:

(1) The o-NCM811 material had large layer spacing, which was conducive to the
diffusion of lithium ions and suitable for high-power charging and discharging. However,
the large layer spacing increased ion mixing and structure instability, which was not
conducive to cycling performance.

(2) The B-NCM811 material had smaller interlayer spacing, a good layered structure,
and low ion mixing, resulting in excellent cycling performance.

(3) The core-shell-ax3-NCM811 material exhibited the best rate performance and high-
est lithium ion diffusion coefficient, with a discharge capacity of 158.7 mAh/g at 5 C,
which was larger than that of e-NCMS811 (134.1 mAh/g) and 3-NCMS811 (69.7 mAh/g).
The core-shell-o-NCMS811 also showed excellent cycling performance, with a retention
rate of 86.16% after 100 cycles. This was because more «-NCMS811 in the core structure
provided higher energy density and rate performance. Meanwhile, the 3-NCMS811 in the
shell structure, with smaller layer spacing, prevented corrosion by the electrolyte, enhanced
the stability of the cathode electrode material, and improved the cycling performance of
the cathode material.

In summary, the core—shell-«3-NCMS811 inherited the excellent properties of the
a-NCMS811 and 3-NCMS8I11 structures and had better electrochemical properties. In con-
clusion, the core-shell-a3-NCMS811 cathode material is an excellent option and warrants
consideration for high-power and long-life batteries, thereby promoting the large-scale
commercial application of NCM811.
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