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Abstract

A lithium-rich manganese-based cathode material Li; ;Mng 54Nig 13C0 130 is restricted by the first charge and discharge
efficiency and the cycle retention rate. In this paper, the effects of different drying temperatures on the comprehensive properties
of Lij ;Mny 54Nig 13C00 130, materials in sol-gel method were studied systematically. Through XRD, SEM, TEM, and electro-
chemical performance tests, it was found that the prepared materials have the best structure and properties when the drying
temperature is 140 °C. The first discharge specific capacity is as high as 262.5 mAh/g in a voltage of 2.0-4.8 V. After circulating
100 cycles at a magnification of 0.5 C and 2 C, the capacity retention ratios were 80.46% and 84.14%, respectively.
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Introduction

With the advancement of science and technology and the rapid
development of human society and the accelerating process of
industrialization, people’s demand for energy is growing.
Conventional secondary batteries are difficult to meet the cur-
rent demand for higher performance of batteries for electronic
products and new energy vehicles [1-5]. At present, the cath-
ode materials for lithium-ion batteries are mainly composed of
a layered positive electrode material, including lithium
cobaltate (LiCoQ,), lithium nickelate (LiNiO,); lithium man-
ganate with spinel structure (LiMn0,); two-ternary composite
layered positive electrode material (LiNiyCo,Mn,O,); and ol-
ivine structure lithium iron phosphate (LiFePO,) and the like
[6-10].

In recent years, lithium-rich layered oxide xLi,MnO;-(1—
x)LiIMO,(0<x< 1, M=Ni, Co, Mn) has received extensive
attention as a promising cathode material because it can
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generate a capacity (>250 mAh/g) beyond the redox calcula-
tion of transition metal elements in a layered material when
charged above 4.5 V [11-13]. However, the study found that
the first irreversible capacity loss of this kind of material is
large, the first cycle efficiency is low, and its cycle stability
and rate performance are not ideal, which limits its application
and development. In response to the above problems, many
literatures have been reported [14, 15]. These disadvantages
for the lithium-rich manganese-based positive electrode mate-
rial can be modified in the preparation process. The main
methods are the feeding method, the pH value control, the
reaction temperature, and the sintering temperature.

The ratio of the two components (Li,MnO; and LiMO,) in
the lithium-rich manganese-based cathode material plays a key
role in the performance of the material, and the different process
conditions in the synthesis process are important to the crystal
structure and electrochemical performance of the material [2,
16]. Therefore, it is important to explore and study the prepara-
tion process and conditions of the materials and the proportion
of the components on the physicochemical properties and elec-
trochemical properties of the materials. The lithium-rich man-
ganese-based cathode material Li; ;Mng s4Nig 13C00.130; has
the advantages of large specific capacity, low preparation cost,
and environmental friendliness, and is considered to be the most
suitable cathode material for the next generation of lithium-ion
batteries [17]. The preparation of lithium-rich manganese-based
cathode material by sol-gel method has many advantages such
as high purity, low synthesis temperature, short synthesis time,
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Fig. 1 Schematic diagram of the formation process of materials

small particle size, narrow particle size distribution, good uni-
formity, and large specific surface area. It is a common method
for preparing cathode materials for lithium-ion batteries [18,
19]. Drying temperature is an important factor affecting the
sol-gel reaction process. When the drying temperature is low,
the synthesized precursor particles are fine and the morphology
is irregular; when the drying temperature is too high, the syn-
thesized precursor particles are also small, but the distribution is
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Fig. 2 XRD patterns of various Li; ,Mng 54Nig 13C0 130, at different
drying temperatures
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uneven and the agglomeration is serious. Only precursors syn-
thesized at a suitable temperature have a relatively good mor-
phology and a uniform distribution.

For a series of problems, we prepared a lithium-rich man-
ganese—based cathode material Lil_2MH0.54Ni0A13C00_1302 by
sol-gel method. And systematically study the effect of drying
temperature on its performance. First, we prepared materials
with drying temperatures of 120 °C, 140 °C, and 160 °C,
respectively. Then, the crystal structure, morphology, and
electrochemical properties of each material were tested.
Finally, the data obtained were characterized and analyzed.
We conclude that the resulting material has the best perfor-
mance when the drying temperature is 140 °C. The first
charge—discharge specific capacity reached 338.0 mAh/g
and 262.5 mAh/g at 0.1 C, respectively. Furthermore, it
showed a high discharge capacity of 200.1 mAh/g and
158.9 mAh/g at 0.5 C and 2 C and capacity retention of
80.46% and 84.14% after 100 cycles, respectively.

Experimental
Material preparation
The lithium-rich layered oxide material Li; ,Mng 54Nig 13

Coy.130, was synthesized using a modified sol-gel method.
MH(CH3COO)24H20, NI(CH3COO)24H20, CO(CH3COO)2
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Table 1 Lattice parameters of the different drying time samples
Samples a (A) c (A) cla [(()03)/](104)
120 °C 2.8457 14.1310 4.9657 1.53
140 °C 2.8460 14.1750 4.9806 1.64
160 °C 2.8451 14.1059 4.9579 1.42

4H,0 were dissolved in a certain amount of deionized wa-
ter at a stoichiometric ratio of 54:13:13 to be referred to as
solution A. Then, CH3;COOLi-2H,O and C¢HgO,-H,O
were dissolved in deionized water at a molar ratio of 6:5
to form solution B. Next, solution A was slowly added
dropwise to the solution B and continuously stirred, and
then the aqueous ammonia was added dropwise to adjust
the pH to 9 to obtain a mixed solution. The obtained mixed
solution was placed in a water bath at 80 °C and stirred to
obtain a gelatinous substance, which was then placed in a
dry box and dried at 120 °C, 140 °C, and 160 °C for 24 h to
obtain three products. Finally, the dried material was
ground and placed in a tube furnace and calcined at
450 °C for 8 h, and then the grinding was continued,
followed by re-baking in a tube furnace at a high temper-
ature of 850 °C for 5 h to obtain the final sample (Fig. 1).

Material characterization

X-ray diffraction (XRD) measurements of materials were
using Bruker D8 Advance diffractometer with Cu Ko ra-
diation. The range of diffraction data collection is 10° <

Fig. 3 SEM images of

Li; sMng 54N i9.13C00.130; at
al20 °C, b 140 °C, and ¢ 160 °C.
TEM images of

Li; 5Mng 54Nig.13C00,130; at d
140 °C

26 < 80°. The morphological characteristics of the samples
were observed by scanning electron microscope (SEM)
JSM-6700F, whose acceleration voltage was 20 KV. The
TEM images of the samples were JEM-2100F collected at
200 KV. High-resolution transmission electron microsco-
py (HRTEM) was performed on a Philips Tecnai 20U-
TWIN microscope at 300 KV.

Preparation of cathode and electrochemical analysis

The electrochemical characterization was performed
using CR2032 coin cells with lithium metal as the
counter electrode. The positive electrode was prepared
by mixing the as-synthesized cathode material
Li; ,Mny 54Nig 13C00.130,, acetylene black (conductive agent)
and polyvinylidene fluoride (PVDF), were dissolved in 1-
methyl-2-pyrrolidone (NMP) with a weight ratio of 8:1:1.
The slurry was uniformly applied to an aluminum foil and
then dried under vacuum at 55 °C for 12 h. The obtained
positive electrode was cut into a disk having a diameter of
14 mm. The half-cell consists of positive electrode material
and lithium metal negative electrode separated by a Celgard
2400 polyethylene/polypropylene film, assembled in a sealed
argon-filled glove box. The electrolyte was prepared by dis-
solving 1 M LiPF6 in EC/DMC/DEC (1:1:1 volume). The
charge—discharge test was carried out using the Land-
CT2001A Battery Test System (Wuhan, China) with a voltage
range of 2.0 V—4.8 V. Electrochemical impedance spectrosco-
py (EIS) and cyclic voltammetry (CV) studies were performed
at electrochemical workstations. The electrochemical
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Fig. 4 EDS mapping of Ni, Co,

and Mn based on the

Li; 5Mny 54Ni 13C00,130,
material at drying temperature of

140 °C
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Results and discussion
Crystalline structure analysis

Figure 2 is the XRD pattern of the Li; ;Mng 54Nig 13C00.130,
material at drying temperatures of 120 °C, 140 °C, and
160 °C. The characteristic peak crystal surface index of the
lithium-rich material is indicated on the XRD pattern of the
obtained lithium-rich material. The peaks in the map are
strong and sharp, and no impurity peaks indicate better crys-
tallinity and pure phase content. The obvious splitting of the

S
< 36 255.4mAb/g
50
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S
> 3.2
262.5mAh/g
2.8 238.4mAh/g
g 4 [ 120C
—140C
2' 0 160°C 1 1 1 1 1
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Fig. 5 The first charge and discharge curve of the sample

@ Springer

Capacity(mAh-g™)

300 I 350 (006)/(102) and (108)/(110) peaks in the XRD spectrum indi-
cates that the material has a good layered structure [3, 20, 21].
In Fig. 2, the two peaks at a drying temperature of 140 °C are
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Fig. 6 Cyclic voltammetry (CV)
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clearly split, indicating that the material has an excellent lay-
ered structure.

Table 1 shows the variation in lattice constants, @ and ¢, and
c/a ratio of Lij ;Mny 54Nig 13C0g 130,. The layered structure
and cation disorder can be measured by the intensity ratio of
(003) to (104) peak (Z0o3y/L(104y) and lattice parameter ratio of
¢ to a (c/a). The value of [ o3y/(104)< 1.2 indicates that the
cation mixing is not ideal [22—24]. It can be seen from Table 1
that the ratio of the three materials Zo3y//(104) prepared is all
greater than 1.2, and the ratio of the drying temperature to
140 °C is up to 1.64. Therefore, the degree of cation mixing
is the lowest at 140 °C, and its performance is optimal.
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Fig. 7 The rate capability of samples synthesized with different drying
temperature
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Morphological observation

The particle size and morphology surface of the electrode
material are related to their electrochemical performances.
Figure 3 shows the SEM and TEM images of the
Li; ;Mny 54Nig 13C0¢ 130, samples. It can be clearly seen
from the SEM image that the powders have similar morphol-
ogy, smooth surface, uniform size, and uniform distribution.
In addition, the smaller particle size means that the larger
specific surface area of the material and the contact area of
the electrolyte are larger, so that more and more metal ions can
participate in the electrochemical reaction, effectively reduc-
ing the polarization of the electrode, and facilitating the rapid
transmission of lithium ions [7, 25, 26]. It can be seen from the
figure that the sample has a particle size between 100 and
300 nm at a drying temperature of 140 °C, which is more
conducive to ion transport and thus has the best performance.

Figure 4 is an EDS spectrum of the lithium-rich positive
electrode material particles based on the inset of Fig. 3 In the
figure, nickel, cobalt, and manganese are evenly distributed
and coincide with each other. As shown in Fig. 4, the chemical
is directly related to the strength of the element [24, 27]. The
EDS element mapping image clearly display that the Ni, Co,
and Mn elements are equably distributed in the
Li; 2Mng 54Nig.13C00,130, sample.

Electrochemical performances

Compared with traditional cathode materials, the biggest dif-
ference between lithium-rich manganese-based cathode
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Fig. 8 Cycle performance of the a,, b 250
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materials is the change in the first charge—discharge curve. As
shown in Fig. 5, the first charge and discharge curves at dif-
ferent drying temperatures are at 0.1 C. The charging curve in
the figure is mainly divided into two regions; the S-shaped
curve below 4.5 V and the L-shaped platform above 4.5 V.
The former is formed by the redox of Ni**/Ni** and Co®*/
Co™ from LiMn, 5Ni; 5C0;,50,. The latter is considered to
be Li* from the layered Li,MnOj; structure, and with the re-
lease of O, the final release is in the form of Li,O [2, 28, 29].
It can be seen from Fig. 5 that the charge—discharge specific
capacity is the largest when the drying temperature is 140 °C.
The high specific capacity of 262.5 mAh/g corresponds to the
previous crystal structure and morphology.

Figure 6 is a graph showing a capacity differential curve
corresponding to the above figure. An important feature is the
difference between the first cycle and the subsequent cycle.
The first oxidation process has an oxidation peak near 4.6 V,
which is related to the irreversible capacity loss at the first
charge [19]. The two oxidation peaks appearing on the first
cycle are 3.9 Vand 4.6 V, which may be due to the oxidation
of Ni** and Co>" in the structure and the removal of Li* ions,
accompanied by the release of oxygen. In the later stage, two
distinct reduction peaks of about 3.7 V and 3.3 V can be
clearly seen, which can be attributed to the reduction of Nt
and Mn** [30, 31], respectively. The oxidation peak of 4.6 V
in the first cycle is obvious and sharp, mainly because Li" is
continuously released with the release of oxygen, and finally
precipitates from the Li,MnO3; component of the material in
the form of Li,O. The oxidation peak disappears in the next

L
40
Cycle Namber

L L L
40 60 80
Cycle Namber

L L L
60 80 100 20 100

cycle, indicating that the reaction is irreversible [32]. The ratio
of the oxidation peak current /46 vyl v, is related to the
stability of the structure, and the lower /46 vyI39 v, value
indicates that the structure is more stable. Obviously, the sam-
ple structure with a drying temperature is equal to 140 °C is
the most stable [33].

Figure 7 shows the rate performance of
Li; ;Mng s4Nip 13C0¢.130; at a drying temperature of 120 °C,
140 °C, and 160 °C. The electrochemical test voltage was set
between 2.0 and 4.8 V, and the charge and discharge tests were
carried out at different current densities of 0.1 C, 0.2 C, 0.5 C,
1C,2C,and 5 C, and returned to 0.1 C (1 C=200 mAh/g).
The discharge capacity of these materials varies greatly at
different rates, especially at large rates of 2 C and 5 C. The
discharge specific capacity of the material at 140 °C is obvi-
ously the best at each drying temperature. The sample has a
good rate performance associated with the particle size of the
material. When the particle size is small, the path of lithium-
ion migration inside the material is short and the diffusion area
is large, which facilitates the rapid insertion and removal of
lithium ions [7, 20, 34].

The cycle performance of as-prepared materials is present-
ed in Fig. 8. The figure shows the discharge specific capacity
of the battery under the cycle of 0.5 C and 2 C, respectively.
With the extension of the 3.5 V high voltage, the discharge
specific capacity of the sample gradually increases in the first
3 cycles, indicating that the Li,MnO; phase takes several cy-
cles to fully activate [11]. Among them, the best initial dis-
charge specific capacity at 0.5 C and 2 C reaches 200.1 mAh/g

b
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Fig. 10 AC impedance of samples synthesized with different drying
temperature

and 158.9 mAh/g, respectively. The discharge specific capac-
ity of each sample was attenuated as the number of cycles
increased, but the performance was most excellent when the
drying temperature was 140 °C with respect to the rest of the
conditions. Figure 9 shows charge and discharge capacity
plots for the 5th, 25th, 50th, 75th, and 100th cycles at 1 C
and 5 C rates.

In order to fully study the effect of drying temperature on
the resistance of Li* de /intercalation, all samples were tested
for AC impedance in the uncharged cycle, as shown in
Fig. 10. As can be seen from Fig. 10, the impedance map of
all material samples consists of two parts: the semicircle of the
high frequency region and the diagonal of the low frequency
region. The migration impedance (R;) of lithium ions inside
the electrolyte is represented by the semicircular intercept of
the high-frequency region and the real axis of the impedance;
the semicircular diameter of the high-frequency region corre-
sponds to the charge transfer impedance (R.); the oblique line
of the low-frequency region that is used by Warburg imped-
ance indicates that the impedance is related to the diffusion
process of lithium ions inside the material, expressed in W
[11, 35]. It can be seen from Table 2 that the sample has the
lowest charge transfer impedance after drying at 140 °C, in-
dicating that lithium ions can be rapidly de-intercalated at the
material interface, which is consistent with the rate perfor-
mance test results [36-38].

Table 2 The values of R
and R for as-prepared
electrodes

Samples 120 °C 140 °C 160 °C

R,(:Q) 186 222 1.70
Ro(£) 14092 10670  177.68

Conclusions

In conclusion, the lithium-rich manganese-based
Li; ,Mny 54Nig 13C00.130, cathode material was prepared by
sol-gel method. A comparative analysis of three materials was
carried out by controlling the drying temperature. XRD results
show that the drying temperature has a significant effect on the
layer structure and cation mixing degree of the material. The
material structure with a drying temperature equal to 140 °C
was found to be the most stable by CV test. Electrochemical test
results show that the electrochemical performance of
Li; ,Mnyg 54Ni 13C0¢.130, material is better when the drying tem-
perature is 140 °C. It delivered the largest initial discharge capac-
ity 0f262.5 mAh/g and coulombic efficiency of 77.66% at 0.1 C.
Furthermore, it showed a high discharge capacity 0of200.1 mAh/g
and 158.9 mAh/g at 0.5 C and 2 C and capacity retention of
80.46% and 84.14% after 100 cycles, respectively. We hope that
the work done in this paper will play an important role in the
further development of lithium-rich manganese-based materials.
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