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Abstract

Intrinsic disadvantages of LiNi, , Mn,Co, O, such as an inappropriate but stable oxidation state of Ni*, as well as a heteroge-
neous arrangement of Ni, Mn, and Co within LiNi, , Mn,Co,O, are overcome by the solubility control according to copre-
cipitation temperature for homogeneous arrangement of Ni, Mn, and Co, as well as the selective oxidation control from Ni**
to Ni** without changing the states of Co’* and Mn"". The novel Li, Ni,,,Mn,Co,0, (0.1 < x + y < 0.5) prepared through the
selective oxidation has a single-phase layered crystal structure with a space group R3m. The battery performance of the Li,_
Ni, . ,Mn Co O, with homogeneous arrangement of Ni’*, Mn"", and Co’* shows a maximum available capacity of

262 mAh/g and a capacity retention rate of 99.7% in 40 charging and discharging cycles.
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Introduction

Humans pursue goals endlessly, and efforts to
achieve them are expressed as energy conversion in any
form. The representative ability of mankind is that mankind
knows how to use tools, and mankind is making efforts to
use tools as the most effective way to achieve its goals. Natu-
rally, energy conversion is also necessary for the operation
of the tool. Energy is neither created nor dissipated, just con-
vertible. Efficient tool operation is realized through the high-
est efficiency energy conversion, and the energy associated
with the highest conversion efficiency is electrical energy.
Therefore, since the most efficient tool is electronic devices,
electronic devices are indispensable to mankind for efficient
and convenient life. It is generally overlooked or misunders-
tood that an electronic device without a battery, whether di-
rect or indirect, may not exist. A battery is a device that con-
verts various types of energy into electrical energy using
chemical reactions, radiation, temperature differences, light

activity, power, etc.

Because it is easy to design and manufacture lithi-
um secondary batteries to best suit properties such as ener-
gy density, capacity, power, safety, life cycle, price, etc. de-
pending on the unique demands of various electronic de-
vices, they can be applied as a power source for a wide varie-
ty of electronic devices that require a wide range of energy

density and power density.

Chemical formulas of commercially representative
cathode materials, such as a layered crystal structure lithi-
um transition metal oxide, a spinel-type crystal structure
lithium transition metal oxide, and an olivine-type crystal
structure lithium transition metal phosphate, can be abbrevi-
ated as LiMO, (M = Ni, Mn, Co, etc.), LiM',0, (M' = Mn,
Ni, Co, etc.), LIM"PO, (M" = Fe, Mn, Ni, Co, etc.), respec-
tively. Here, all of the M, M, and M" are 3d transition met-
als. This is because 3d transition metals have higher elec-
trode potential than 4d and 5d transition metals, are relative-
ly lightweight and small in size, which are advantageous in
terms of battery capacity per unit weight and per unit vol-

ume [1].

Layered crystal structure LiNi, . ,Mn,Co,0, (0.1 <

X +y < 0.5) may exhibit a theoretical and also available ca-
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pacity of up to 280 mAh/g as well as sustainable battery per-
formances [1,2]. To obtain such LiNi, , Mn,Co,O,, two sig-

nificant challenges need to be addressed.

The first challenge is to ensure homogeneity in the
arrangement of Ni, Mn, and Co within LiNi, , Mn,Co,O,. A
liquid reaction producing method can be easily and homoge-
neously mixed Ni, Mn, and Co in atomic units. As a solid re-
action producing method, Ni, Mn, and Co cannot be homo-
geneously mixed in atomic units, and as a vapor phase reac-
tion producing method, Ni, Mn, and Co can be homoge-
neously mixed in atomic units, but it is impossible to pro-
duce a powder-type cathode active material, and a film-type
cathode active material can be produced. During charging
and discharging of a lithium secondary battery made of
LiNi, . Mn,Co,0, as a cathode active material, Ni, Mn, and
Co are oxidized and reduced in different sequences. When
the arrangement of Ni, Mn, and Co within LiNi, _
,Mn,Co,0, is heterogeneous, it can decrease the available ca-
pacity and shorten the overall battery lifespan. To overcome
this issue, many efforts have been attempted, such as devel-
opments of particles achieving a concentration-gradient Ni,
Mn, and Co as well as a hybridized shape of Ni-rich core
and Mn-rich shell [3,4]. Regrettably, a cathode active mate-
rial with a concentration-gradient Ni, Mn, and Co has not

registered a noticeable market share.

The second challenge is the selective oxidation
number control of nickel. Only when the average oxidation
number of Ni, Mn, and Co of LiNi, , Mn,Co,0, is +3 or
slightly higher than +3, LiNi, , Mn,Co,O, may have a lay-
ered crystal structure and maintain charge neutrality.
Cobalt ion prefers the electron configuration of Co™, while
nickel and manganese ion prefers the electron configura-
tion of Ni’* and Mn*' to Ni’" and Mn®' [1,5]. In the case of
LiNi, ., Mn,Co, O, with high nickel ratio, single-phase lay-
ered crystal structure LiNi, Mn,Co, O, containing Ni** can-
not be generated. Thus, three-dimensional crystal structure
Li, Ni,,,Mn,Co,0, in which Li" and Ni*’ are mixed in a
non-stoichiometric ratio in each other, not in their own po-
sition, and/or impurities such as Li,, Ni, ., ,Mn,Co,O, are in-
evitably mixed [1,6,7]. Therefore, only selective oxidation
from Ni*" to Ni** are required without altering the oxidation
number of cobalt and manganese ions. Although it is

known that one of the fundamental disadvantages of LiNi,
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,Mn,Co O, is an inappropriate but stable oxidation state of
Ni™', many indirect efforts have been made to solve this dis-
advantage, but unfortunately, there is no direct effort to
solve this disadvantage [8-12]. It's important to note that
the layered crystal structure LiNi, , Mn,Co,0, is composed
of a stacked combination of Ni, , ,Mn,Co,0, layers and LiO,

layers.

In this study, the solubility control depending tem-
perature of coprecipitation conditions for homogeneous ar-
rangement of Ni, Mn, and Co and the process conditions
for only selective oxidation from Ni** to Ni’* without alter-
ing the oxidation number of cobalt and manganese ions

were established at the same time.

Experimental

A fabrication of a layered crystal structure Li, Ni,_
Mn,Co,0, (0.1 < x +y < 0.5) with homogeneous arrange-
ment of Ni"", Mn", and Co’* may be summarized into three

ways.

Homogeneous Arrangement of Ni, Mn, and Co in
the Ni, , Mn,Co, Coprecipitation Granules Through
a Rapid Hydroxide Coprecipitation Method in 58'C
Aqueous Solution of Nickel Sulfate, Manganese Sul-
fate, and Cobalt Sulfate
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The solubility of various Li salts and transition me-
tal salts was evaluated according to temperature. For the
production of Li, Ni, . Mn,Co,O, (0.1 <x +y < 0.5) with
homogeneous arrangement of Ni, Mn, and Co using a
liquid reaction method, the evaluated solubilities were rela-
tively compared to determine Ni salt, Mn salt, and Co salt
having the same solubility at a specific temperature. These

results are shown in Figure 1 and 2.

As shown in Figure 2, nickel sulfate, manganese
sulfate, cobalt sulfate, and iron sulfate have the same solubil-
ity in 58'C water. However, lithium sulfate and aluminium
sulfate have a slightly lower solubility than nickel sulfate,
manganese sulfate, cobalt sulfate, and iron sulfate in 58°C
water. The small difference in solubility between lithium sul-
fate and nickel/manganese/cobalt sulfates in 58°C water indi-
cates that aqueous ionization solution solgel synthesis
method cannot be applied to the preparation method of sin-
gle-phase layered crystal structure Li, Ni, , Mn,Co,0O,. The
same solubility of nickel sulfate, manganese sulfate, and
cobalt sulfate in 58'C water represents that a precursor for
producing Li, Ni, , Mn Co O, with homogeneous arrange-
ment of Ni, Mn, and Co can be produced through a rapid
hydroxide coprecipitation method in 58'C aqueous solution

of nickel sulfate, manganese sulfate, and cobalt sulfate.

80 80 100

Temperature (°C)

Figure 1: Solubility of various Li salts and transition metal salts in 100g of water according to temperature
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Figure 2: Solubility of lithium sulfate, nickel sulfate, manganese sulfate, cobalt sulfate, iron sulfate and aluminium sulfate in 100g of 58'C

A mixed aqueous solution of potassium hydroxide
(KOH), ammonium hydroxide (NH,OH), and sodium hy-
droxide (NaOH) was selected as alkaline aqueous solutions
for rapid hydroxide coprecipitation. Mixing molar ratio of
potassium hydroxide (KOH), ammonium hydroxide
(NH,OH), and sodium hydroxide (NaOH) depends on the
molar ratio of Ni, Mn, and Co in Li, \Ni, , ,Mn,Co,0,, as
well as a fabrication amount. Here, it should be considered
that the following three risk factors must be overcome.
Since sodium ions have a smaller ionic radius than potassi-
um ions, they may remain even after several filtrations and
washings in the process of recovering secondary coprecipita-
tion granules (result of collection, occlusion, and adsorp-
tion of primary coprecipitation particles). Because the re-
mained sodium ions in secondary coprecipitation granules
evidently remain in Li, Ni, , ,Mn ,Co,0, as cathode active
material, they adversely affect lithium ion battery perfor-
mances. Therefore, it is recommended to minimize the con-
tent of sodium hydroxide. Potassium hydroxide aqueous so-
lution has the disadvantage of being highly toxic. In addi-
tion, ammonium hydroxide helps to uniformize particle
size, collect primary particles, and spheroidize granules, but

when its amount is excessive, it has a negative effect.
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water

Selective Oxidation of Ni** up to Ni’* without Chang-
ing the States of Co’* and Mn"" in Secondary Copre-

cipitation Granules

According to the characteristics of nickel ion and
cobalt ion in the layered crystal structure LiNi, , , Mn,Co,0,,
both nickel ion and cobalt ion are located in the octahedral
sites surrounded by six oxygen ions, have a low spin elec-
tron configuration, as well as an electronpairing energy (P)
and an energy difference between t,, and e, orbital energy
levels noted as 10Dq or A, is in a 6Dq < P < 10Dq relation-
ship for nickel ion, and in a P < 6Dq relationship for cobalt
ion. The crystal field stabilization energy is -18Dq + P for
Co™", 24Dq + 2P for Co™, and -20Dq + 2P for Co™. There-
fore, a cobalt ion prefers the most stable electron configura-
tion of Co™. By the way, a nickel ion has the crystal field sta-
bilization energy of 12Dq for Ni*, 18Dq + P for Ni’’, and
-24Dq + 2P for Ni", so it prefers the most stable electron
configuration of Ni** [1]. A manganese ion prefers the most

stable electron configuration of Mn"".

In order that the average oxidation number of Ni,
Mn, and Co of LiNi, ., Mn,Co,0, (0.1 <x +y < 0.5) is +3 or
slightly higher than +3, the oxidation number of Ni in the
LiNi, , ,Mn,Co,0, should be +3.
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Oxidants capable of increasing the oxidation state
of transition metal ions such as Ni, Mn, and Co include po-
tassium permanganate (KMnO,), sodium perborate
(NaBO,), sodium perchlorate (NaClO,), sodium chlorate
(NaClO,), sodium chlorite (NaClO,), and sodium hypochlo-
rite (NaClO). However, none of these oxidants selectively
oxidized Ni*" to Ni** without changing the states of Co’* and
Mn". These oxidants oxidized Co™ to Co"" and/or Ni’* even
further to Ni*". Therefore, in order to control their oxida-
tion power, various oxidizing agent-reducing agent hybrid
composites were prepared by adding agent lower than their
oxidation power with a different amount and then evaluat-

ed. As a result, a mixed aqueous solution of NaClO and hy-

5

drogen peroxide (H,0,) could selectively oxidize Ni** to
Ni’* without changing the states of Co™ and Mn"* of the se-
condary coprecipitation granules. The optimal mixing ratio
and each concentration of the NaClO and H,0, aqueous so-
lutions vary depending on the composition mole ratio of
Ni, Mn, and Co, as well as the amount of the secondary co-
precipitation granules. However, if the concentration of the
mixed aqueous solution of NaClO and H,0, is higher than
0.05M, dissolution of the secondary coprecipitation gran-

ules may occur.

Fabrication of Li, Ni, . ,Mn Co O, with Homoge-

3 4 3
neous Arrangement of Ni”', Mn™', and Co™

solution @ 58°C

(1-x-y)NiSO,, xMnS0O,, yCoSO, +

KOH, NH,OH, NaOH
solution @ 58°C pH=11

)

Rapid Hocculating Precipitation @ 58°C

v

Aging @ pH=10 / ¥
Just Ni2* to Ni¥* Oxidation

NaClO, H,0,
solution

Filtering / Washing / Drying

\

Li,CO,
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Figure 3: Fabrication process of Li, \Ni, ., Mn ,Co,O, (0.1 < x +y < 0.5) with homogeneous arrangement of Ni*", Mn", and Co™

Figure 3 shows the fabrication process diagram of
Li, \Ni, ., Mn,Co,0, (0.1 <x +y < 0.5) with homogeneous ar-
rangement of Ni’", Mn", and Co™". During the mixing of the
secondary coprecipitation granules (Ni, , , Mn,Co, coprecipi-
tate) and Li,CO,, sucrose is added as an additive to prevent
the agglomeration of the Li, Ni,, Mn,Co, O, powders. The
mixed molar ratio of Li,CO,, secondary coprecipitation

granules, and sucrose is 0.525:1:0.1.

The prepared Li, Ni,, Mn,Co,0, (0.1 <x +y<
0.5) is characterized by means of Xray diffraction (XRD)

spectroscopy, inductively coupled plasma-mass spectros-
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copy (ICP-MS), X-ray absorption near edge structure (XA-
NES) spectroscopy, extended X-ray absorption fine struc-
ture (EXAFS) spectroscopy, and Li magic angle spin nuclear
magnetic resonance (Li MAS NMR) spectroscopy.

Electrochemical lithium intercalation and deinter-
calation experiments of the prepared Li, Ni, , Mn,Co,0,
(0.1 < x +y <0.5) were realized by charge and discharge of
coin type lithium secondary batteries using a mixture of the
products (94% in weight) with SuperP/VGCF (3% in
weight) and polyvinylidene fluoride (PVdF, 3% in weight)

as cathode, lithium foil as anode and a 1 M LiPF, solution in
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ethylene carbonate (EC) and ethyl methyl carbonate (EMC)

(1:2, volumetric ratio) as electrolyte.

(a)

o o firwy

= =} o

(=i |‘—r
= & o

| = fan]

(b) : \ ;
—— o S—- ¢ U .

(C) it ‘A_-K_r

) T (SN

Results and Discussion

1(003) / K104) = 1.072

I(003) / (104) = 1.351

L
& B

— W oo o
o

s

B

=

—

L009) 1107y

1(003) / KK 104) = 1.672

1(003) / K(104) = 1.446

N e i,

1 i | I L L 1 L L J

5 65 75 B 9%
200)

Figure 4: XRD patterns of (a) commercialized LiNi,;Mn,,Co,,0O,, (b)(e) Li,,Ni,;Mn,,Co,,O, manufactured according to the change in the
mixing ratio and concentration of NaClO and H,0, aqueous solution

Figure 4 illustrates the X-ray diffraction (XRD) pat-
tern of commercialized LiNi,Mn,,Co,,0, and
Li,,Ni,sMn,,Co,,O, manufactured according to the change
in the mixing ratio and concentration of NaClO and H,0,
aqueous solution under the conditions for keeping the

states of Ni'*, Mn"', and Co™.

The intensity ratio of the (003)/(104) diffraction
peaks, symbolized as I1(003)/I1(104), for commercialized
LiNi,;Mn,,Co, 0, is lower than the cation mixing recogni-
tion criterion of 1.2, but I(003)/I(104) for all four
Li,4Ni,Mn,,Co, 0, is higher than 1.2. The results of

JScholar Publishers

1(003)/1(104) and [1(006)+1(102)]/I(101) Bragg peak intensi-
ty analysis, as well as peak splits in the (006)/(102) and
(108)/(110) doublets, and show that all four
Li,,Ni,sMn,,Co,,0, do not contain a representative impuri-
ty with a space group P3,12 structure as well as the cation
mixing phenomenon do not occur in the all four
Li,,Ni,;Mn,,Co,,0, [13-15]. Thus, the XRD analysis reveals
that all four Li;,Ni,;Mn,,Co,,0, have a single-phase layered
crystal structure with a space group R-3m despite changes
in the mixing ratio and concentration. These results indi-
preparation of

rectly show the successful

Li,,Ni, ;Mn, ,Co, 0, with Ni**, Mn"", and Co™.

J Mater sci Appl 2023 | Vol 7: 104
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Figure 5: Ni X-ray absorption near edge structure (XANES) spectroscopic results of NiO, commercialized LiNi, , ,Mn,Co,0, manufactured
by the general coprecipitation-heat treatment method (CP-NMC), and Li, Ni, , Mn,Co,0, prepared by this study (SH-NMC)

Figure 5 illustrates the Ni X-ray absorption near
edge structure (XANES) spectroscopic results of NiO, com-
mercialized LiNi, , Mn,Co,O, manufactured by the general
coprecipitation-heat treatment method (CP-NMC), and Li,_
Ni,, . Mn,Co 0, prepared by this study (SH-NMC). In addi-
tion, CP-NMC622 is an abbreviation for commercialized
LiNi,(Mn,,Co,,0, produced by the general coprecipita-
tion-heat treatment method. For consult, SH-NMC, SH-
NMEF and SH-NMA stand for Li, Ni,, Mn,Co,O,, Li, Ni,
Mn,Fe O, and Li, Ni,, Mn Al O, prepared by this study,
respectively. According to Coulomb's law, as the positive
and negative charges increase, the attraction between the
positive and negative charges strengthens. Therefore, as the
Ni oxidation number increases, the electron binding energy
required to separate electrons from Ni ion increases. Ac-
cording to the results of the Ni XANES spectroscopy analy-
sis in Figure 5, the Ni oxidation numbers of NiO, CP-NMC,
and SH-NMC are +2, value between +2 and +3 (indicating

JScholar Publishers

the presence of both Ni** and Ni'*), and +3, respectively.

Mn XANES spectroscopy results and Co XANES
spectroscopy results of CPNMC and SH-NMC are sum-
marized in Figs. 6 and 7, respectively. According to the re-
sults of Mn and Co XANES spectroscopy, the Mn and Co
oxidation numbers of CPNMC are +4 and +3, respectively,
as well as the Mn and Co oxidation numbers of SHNMC

are also +4 and +3.

Moreover, the Ni, Mn, and Co XANES spectros-
copy results of SH-NMC show that Ni**, Mn"’, and Co™" are
all located in octahedral sites through their pre-edge
absence and white line shapes, as well as there is no hy-

bridization of d electron orbits and p electron orbits.

Consequently, it is confirmed that layered crystal
structure Li, ,Ni,, . Mn,Co,0, (0.1 < x +y < 0.5) with Ni",
Mn*, and Co™" may be prepared.

J Mater sci Appl 2023 | Vol 7: 104
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Figure 7: Co XANES spectroscopic results of commercialized LiNi, , Mn,Co,O, (CP-NMC) manufactured by the general coprecipita-
tion-heat treatment method and Li, Ni, , Mn,Co,O, (SH-NMC) prepared by this study

Figure 8 is the results of Fourier transform into r-s-
pace of k’-weighted Ni K-edge extended X-ray absorption
fine structure (EXAFS) spectroscopy information of NiO,
CP-NMC, and SH-NMC. Figure 8 also represents the indi-
rect support for Ni oxidation number of Li, Ni, .
Mn,Co,0, through the results of Ni-O bond length.
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As the difference in oxidation number between ca-
tions and anions intensifies, the attraction between cations
and anions becomes stronger, and the bond length between
cations and anions becomes shorter. Thus, the fact that the
Ni-O bond lengths of NiO, CP-NMC, and SH-NMC are gra-

dually shortened in order means that the Ni oxidation num-
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bers of NiO, CP-NMC, and SH-NMC are gradually increas-

Fourier-transformed magnitude

ing in order.
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Figure 8: Results of Fourier transform into r-space of k’-weighted Ni K-edge extended X-ray absorption fine structure (EXAFS) spectroscopy

information of NiO, commercialized LiNi, , Mn,Co, O, (CP-NMC) manufactured by the general coprecipitation-heat treatment method, and
Li, Ni,,,Mn,Co,0, (SH-NMC) prepared by this study

Ni, Mn, and Co have nuclear spin quantum num-
bers of 7/2, 5/2, and 3/2, respectively. Their nuclear proton
spins have magnetic spin-spin interactions not only with
neighboring proton spins but also with electron spins. Here,
the difference between substances occurs. Ni’* has six
paired 3d electrons and one unpaired 3d electron, while
Mn"" has three unpaired 3d electrons. As Ni’* and Mn"*
have unpaired electrons, both Ni** and Mn** exhibit param-
agnetism. Therefore, magnetic spin-spin interaction can be
performed. On the other hand, Co™ and Ni** have diamag-
netism because they have only six paired 3d electrons. The
difference is shown in Figure 9 as single signal peak and
multiple signal peaks, which are the Li magic angle spin nu-
clear magnetic resonance (Li MAS NMR) microstructure in-

formation.

As Li; \Ni,, Mn Co,O, was prepared through a
rapid hydroxide coprecipitation at the same solubility of
nickel sulfate, manganese sulfate, and cobalt sulfate in 58°C
aqueous solution as well as a selective oxidation process of
Ni** to Ni’* without changing the states of Co’* and Mn", it

is expected that Li, Ni,, Mn,Co,0O, was made of homoge-
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neous arrangement of Ni**, Mn*", and Co™". By the way,
LiNi, , ,Mn,Co,O, produced through general hydroxide co-
precipitation at room temperature has a concentration gra-
dient characteristic of each component due to the precipita-
tion of each component in a different order depending on
the difference in solubility of each component. Strictly,
LiNi, . Mn,Co,0, with a concentration gradient is a mix-
ture, not a solid solution capable of controlling material
properties. For this reason, paramagnetic components and
dimagnetic components are distinguished. In this case, the
diamagnetic Co™, the diamagnetic Ni**, the paramagnetic
Ni’" and the paramagnetic Mn*" are individually and locally
concentrated, so the Li MAS NMR spectrum of LiNi,
,Mn,Co 0, produced through general hydroxide coprecipi-
tation at room temperature might show a combination of
broad single signal peak and sharp multiple signal peaks. Be-
cause the Li MAS NMR spectrum of Li, Ni, . ,Mn,Co O,
prepared by this study does not show such the combination,
it is considered that Li, \Ni,, Mn, Co O, prepared by this
study was made of homogeneous arrangement of Ni™',
Mn*", and Co™".

J Mater sci Appl 2023 | Vol 7: 104
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Figure 9: Li magic angle spin nuclear magnetic resonance (Li MAS NMR) spectra of LiCoO, and Li, Ni, , Mn,Co,0,

Figure 10 illustrates charge and discharge curves
of a coin cell lithium secondary battery manufactured using
SH-NMC811 as a cathode active material at 0.2C rate and
25'C. The theoretical discharge capacity of a lithium se-
condary battery manufactured with LiNi,;Mn,,Co,,0O, is
275.47 mAh/g, and the actual discharge capacity of a lithi-
um secondary battery manufactured with SHNMCS811 is
261.84 mAh/g. This is 95.1% of the theoretical discharge ca-
pacity per weight. Considering the partially irreversible ener-
gy conversion that always occurs in the first charging and
discharging cycle, the coulombic efficiency ((discharge ca-
pacity)/(charge capacity)) and energy efficiency ([(coulom-
bic efficiency)x(average discharge potential)]/(average
charge potential)) of the lithium secondary battery manufac-
tured using SH-NMC811, evaluated from second charging
and discharging cycle to 40 charging and discharging cycles,
are 99.7% and 99.2%, respectively, which represent very
high energy conversion efficiency and also very high battery

capacity retention rates. The partially irreversible conver-
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sion caused by the formation of solid electrolyte interphase
(SEI) films is a necessary evil that inevitably contributes to
the stabilization, safety and capacity decrease of a lithium se-

condary battery [1].

Figure 11 shows charge and discharge curves of a
coin cell lithium secondary battery manufactured using SH-
NMC622 as a cathode active material at 0.2C rate and 25'C.
The theoretical discharge capacity of a lithium secondary
battery manufactured with LiNi, ;Mn,,Co,,0, is
276.48 mAh/g, and the actual discharge capacity of a lithi-
um secondary battery manufactured with SH-NMCS8I11 is
242.73 mAh/g. This is 87.8% of the theoretical discharge ca-
pacity per weight. The lithium secondary battery produced
with SH-NMC622 also experiences typical irreversible con-
version in the first charging and discharging cycle. From the
second charging and discharging cycle onwards, it demons-
trates good stability, with high energy conversion efficiency

and a nice battery capacity maintenance rate.

J Mater sci Appl 2023 | Vol 7: 104
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Figure 10: charge and discharge curves of a coin cell lithium secondary battery manufactured using SH-NMC811 as a cathode active material
at 0.2C rate and 25'C
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Figure 11: charge and discharge curves of a coin cell lithium secondary battery manufactured using SH-NMC622 as a cathode active material
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Figure 12: charge and discharge curves of a coin cell lithium secondary battery manufactured using SH-NMC523 as a cathode active material
at 0.2C rate and 25'C

Figure 12 illustrates charge and discharge curves
of a coin cell lithium secondary battery manufactured using
SH-NMC523 as a cathode active material at 0.2C rate and
25'C. The theoretical discharge capacity of a lithium se-
condary battery manufactured with LiNi;;Mn,,Co,,0, is
276.42 mAh/g, and the actual discharge capacity of a lithi-
um secondary battery manufactured with SH-NMC523 is

238.69 mAh/g. This is 86.3% of the theoretical discharge ca-
pacity per weight. The lithium secondary battery produced
with SH-NMC523 also experiences typical irreversible con-
version in the first charging and discharging cycle. From se-
cond charging and discharging cycle to 40 charging and
discharging cycles, it demonstrates a remarkable stability, a
superior energy conversion efficiency, and an amazing bat-

tery capacity maintenance rate of 99.8%.
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Figure 13: charge and discharge curves of a coin cell lithium secondary battery manufactured using SH-NMC523 as a cathode active material
at 0.2C rate and 60°C
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Figure 13 shows charge and discharge curves of a
coin cell lithium secondary battery manufactured using SH-
NMC523 as a cathode active material at 0.2C rate and 60°C.
The theoretical discharge capacity of a lithium secondary
battery manufactured with LiNi,;Mn,,Co,,0, is 276.42
mAh/g, and the actual 60°C discharge capacity of a lithium
secondary battery manufactured with SH-NMC523 is
244.22 mAh/g. This is 88.4% of the theoretical discharge ca-
pacity per weight. Unlike charging and discharging at 25'C,
the lithium secondary battery manufactured with SHNM-
C523 exhibits very slight decrease battery capacity from the

second charging and discharging cycle onwards at 60°C.

Conclusion

An application of a lithium secondary battery man-
ufactured with LiNi, , Mn,Co,0, is limited by intrinsic dis-
advantages of LiNi, , Mn,Co,O,. To overcome the intrinsic
disadvantages of LiNi,, Mn,Co, O, such as inappropriate
but stable oxidation state of Ni’" as well as uneven arrange-
ment of Ni, Mn, and Co within LiNi, ., Mn,Co,0,, the solu-

JScholar Publishers
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bility control according to coprecipitation temperature for
homogeneous arrangement of Ni, Mn, and Co, as well as
the selective oxidation control from Ni*" to Ni’* without
changing the states of Co’* and Mn*" are established. In this
way, single-phase layered crystal structure Li, Ni,
,Mn,Co,0, (0.1 <x +y < 0.5) with homogeneous arrange-
ment of Ni*", Mn"", and Co™" has been prepared and charac-
terized by means of XRD, XANES, EXAFS, and Li MAS
NMR.

The battery performance of the Li, Ni, .
Mn,Co,0, (0.1 <x +y<0.5) obtained by the developed pre-
paration method shows a maximum available capacity of
262mAh/g and a capacity retention rate of 99.7% in 40
charging and discharging cycles. Additionally, the battery ca-
pacity of the lithium secondary battery made with Li, Ni,

,Mn,Co,0, increases as the ratio of Ni increases.
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