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Abstract
To meet the development needs of high-performance and low-cost lithium-ion batteries, lithium-rich Co-free manganese-
based cathode materials have become the primary choice for future power batteries based on the advantages of low cost and 
improved battery performance. Herein,  Li1.2Mn0.6Ni0.2O2 is prepared by the high-temperature solid-state method. The impacts 
of calcination temperature, holding time, and heating rate on the microstructure and properties of cathode materials are 
systematically studied via orthogonal experiments. Results revealed that  Li1.2Mn0.6Ni0.2O2 prepared by the high-temperature 
solid-state method at a calcination temperature of 900 °C, holding time of 12 h, and heating rate of 15 °C/min is ideal, with 
a smaller particle size and uniform particle distribution and a lower agglomeration degree, and the initial discharge specific 
capacity reaches 148.4 mAh·g−1 at 0.1 C. The discharge specific capacity of 102.8 mAh·g−1 is still maintained after 100 
charge–discharge cycles. Among the various factors, holding time has the greatest influence on the lithium-rich Co-free 
manganese-based cathode material. The crystallinity, electrochemical properties, and microstructure of the material prepared 
at 12 h were considerably better than those prepared under other conditions. Test findings show that with a small particle 
size and uniform distribution, the synthesized cathode material has better rate and cycle performances.
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Introduction

With the increasing popularity of electronic devices 
and electric vehicles, higher requirements are placed on 
lithium-ion batteries (LIBs) concerning long battery life 
and high capacity [1, 2]. Several studies have focused 
on identifying a cathode material with high overall per-
formance, such as excellent thermal stability, low cost, 
high specific capacity, and high operating voltage [3–11]. 
 xLi2MnO3·(1-x)LiMO2 (M = Ni, Co, and Mn) is one 

such Li-rich Mn-based cathode material with abundant 
raw materials and excellent performance (with specific 
capacity, energy density, and operating voltage reaching 
250 mAh·g−1, 900 Wh·kg−1, and > 4.6 V, respectively) as 
well as low cost and environmental friendliness [12–18]. 
Cobalt plays an indispensable role in the cathode mate-
rials of current LIBs. However, limited and expensive 
cobalt resources have hindered its applications in the 
electronic mobile terminal domain. Therefore, research-
ers have developed cobalt-free cathode materials that 
retain the advantages of lithium-rich manganese-based 
cathode materials. Less usage of cobalt reduces manu-
facturing cost, which has become a new research hotspot 
[19–27]. At present, the reported lithium-rich cobalt-
free manganese-based cathode materials mainly include 
nickel–manganese binary lithium-rich materials and 
materials doped on this basis. Hua et al. [28] synthesized 
 Li1.2Mn0.6Ni0.2O2 with a first discharge specific capac-
ity of up to 293 mAh·g−1 at 0.1 C and discharge specific 
capacity of 171 mAh·g−1 at 10 C. Li et al. [29] synthe-
sized a cobalt-free material,  Li1.2Mn0.6Ni0.2O2, and doped 
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it with Nb; the addition of Nb did not change the mor-
phology and grain size of the material. The as-obtained 
material,  Li1.2Ni0.2Mn0.56Nb0.04O2, had an outstanding 
electrochemical performance and the first discharge spe-
cific capacity of 254 mAh·g−1 at 0.1 C; after 100 cycles, 
the capacity retention rate was 92.3%. Wu et al. [30] syn-
thesized  Li[Li0.2Fe0.1Ni0.15Mn0.55]O2 by coating different 
amounts of  AlPO4 using the coprecipitation method. At 
5 wt% of  AlPO4, the initial discharge specific capacity of 
the material was 220.4 mAh·g−1 at 0.1 C. Related studies 
have found that lithium-rich cobalt-free manganese-based 
cathode materials have better discharge specific capacity, 
cycle stability, and rate performance.

Although cobalt-free cathode materials are environ-
mentally friendly and economical, they have low first-
cycle Coulombic efficiency and poor rate and cycle per-
formances and can only be produced on a small scale 
[31–36]. To address the poor cycle stability and improve 
the overall performance of such materials, optimal pro-
cess parameters must be used in the high-temperature 
solid-state method. Further, to satisfy industrial produc-
tion requirements and improve the practical application 
of these materials, low-cost raw materials and streamlined 
process equipment must be used [37].

Herein,  Li1.2Mn0.6Ni0.2O2 is synthesized using the 
high-temperature solid-state method. Orthogonal experi-
ments were performed to prepare cathode materials with 
different electrochemical behaviors at different calcina-
tion temperatures, holding times, and heating rates. By 
comparing the samples synthesized under different prepa-
ration conditions,  Li1.2Mn0.6Ni0.2O2 with the best perfor-
mance was identified.

Experimental

Preparation of Li1.2Mn0.6Ni0.2O2 cathode material

For this experiment, the raw materials were bought from 
Tianjin Komio Chemical Reagent Co., Ltd. and Shanghai 
Aladdin Biochemical Technology Co., Ltd. Their purity was 
analytically pure. According to the stoichiometric ratio of 
 Li1.2Mn0.6Ni0.2O2,  Li2CO3,  MnO2, and NiO were placed in 
a ball milling tank (to make up for the loss of  Li2CO3 during 
high-temperature calcination,  Li2CO3 needs to be excessive 
by 1 ~ 5%) and then mixed with ball milling at a speed of 200 
r/min for 3 h to make it fully mixed, then calcined at high 
temperature. After that, the sample was naturally cooled to 
room temperature with the furnace and ground to obtain 
fine powder particles. The synthesis procedure is shown in 
Fig. 1.

Determination of process parameters 
of the high‑temperature solid‑state method 
and orthogonal experiment

To explore the influence of temperature change on the sam-
ple within a certain range in an orthogonal experiment, the 
thermogravimetric analysis of  Li1.2Mn0.6Ni0.2O2 after ball 
milling was carried out, as shown in Fig. 2. Within the tem-
perature range of 0–234 °C, the evaporation of aqueous solu-
tion in the material and the loss of crystalline water in the 
raw material constituted the major influencing factors, with 
a weight loss rate of 2.4%. As the temperature is greater than 
700 °C, the change in mass is not obvious, with a weight 

Fig. 1  Synthesis process of  Li1.2Mn0.6Ni0.2O2 cathode material
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loss rate of 2.3%, indicating that the material has stabilized. 
According to the thermogravimetric analysis of the material, 
the temperature range of 700 ~ 900 °C was initially deter-
mined as the best calcination temperature.

After determining the range of calcination temperature, 
this paper carried out a set of orthogonal experiments by 
controlling the three factors of calcination temperature, 
holding time, and heating rate, and obtained nine groups 
of different samples. The specific influencing factors in the 
experiment are shown in Table 1 below.

Material characterization

The samples were characterized by X-ray diffraction 
(XRD; Rigaku, Japan). The diffraction target is Cu Kα 
(λ = 1.5406 Å) and the data were acquired at an operating 
voltage of 40 kV, tube current of 300 mA, and 2θ = 10°–80°. 
The phase of the sample was preliminarily analyzed by the 
obtained data. The overall morphology of the samples was 
observed by field emission scanning electron microscopy 
(FE-SEM; ZEISS SUPRA55, Germany). Thermogravimet-
ric analysis method is used to change the temperature of the 
sample at the same rate of 10 °C/min and judge the physical 
and chemical reaction processes of the material according 
to the change of the sample mass with temperature (TG; 
HTG-1, China).

Electrochemical measurements

The mixture was homogeneously mixed in N-methyl pyrro-
lidone solvent according to the ratio of 80% active substance, 
10% acetylene black, and 10% polyvinylidene fluoride, and 
then coated on aluminum foil to make a working electrode. 
The rolled aluminum foil was cut into a round sheet with 
a diameter of about 10 mm under the button cell slicing 
machine and placed into a vacuum oven, setting the oven 
temperature to 120 °C, so as to dry. The active material load-
ing mass was around 1.4–2.1 mg. The counter electrode is 
lithium metal, the electrolyte is 1 mol·L−1  LiPF6 solution 
with a volume ratio of EC:EMC:DMC = 1, and the separator 
is Celgard 2300. Then, the assembled CR2032 button cell 
was electrochemically tested.

The charge–discharge and rate performance data were 
tested by Land CT2001. It is a battery detection system that 
operates at room temperature with operating voltages from 
2.0 to 4.8 V, and EIS (electrochemical impedance spectros-
copy) is tested by the Solartron 1260 + 1287 electrochemi-
cal impedance analyzers. The frequency range was set from 
 10−1 to  105 Hz, and the AC amplitude of all sample tests 
varied from 5 mV.

Results and discussion

Microstructure analysis of Li1.2Mn0.6Ni0.2O2 
orthogonal experimental samples

The crystal structures of the sintered samples were deter-
mined via XRD. Figure 3 shows the XRD patterns of nine 
 Li1.2Mn0.6Ni0.2O2 samples synthesized under different con-
ditions of the orthogonal experiment. The main diffraction 

Fig. 2  TG curves of  Li1.2Mn0.6Ni0.2O2

Table 1  The factors and levels of orthogonal experimental

Level Calcination temperature (℃) Holding 
time (h)

Heating 
rate (℃/
min)

1 700 8 5
2 800 12 10
3 900 16 15 Fig. 3  XRD patterns of  Li1.2Mn0.6Ni0.2O2 synthesized by orthogonal 

experiment under different conditions
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peaks of all samples are consistent with those of the typical 
layered hexagonal α-NaFeO2, which belongs to the R-3 m 
space group. The calcination temperature and the intensity 
of the diffraction peak corresponding to the (003) plane 
are positively correlated. The impurity phase of NiO also 
appears in the spectra of S1, S2, and S3, which is related 
to the dissolution limit of  Ni2+ in the material. In addition, 
characteristic peaks of monoclinic  Li2MnO3 are observed 
at 20°–25°. The diffraction peak intensities differ across all 
samples, which cause differences in their electrochemical 
performances. The (006)/(102) and (108)/(110) diffraction 
peaks of the S4–S9 group cathode materials are split, indi-
cating high crystallinity. Thus, optimal conditions must be 
selected to ensure crystal growth and enhance performance 
of  Li1.2Mn0.6Ni0.2O2.

Figure 4 illustrates the SEM images of the nine samples 
synthesized under different conditions. As the sintering 
temperature increases, the particle distribution and surface 
of the sample tend to be uniform and flat, respectively. At 
900 °C, the particle distribution of the samples is uniform. 
As the holding time increases, particle agglomeration gradu-
ally reduces. Thus, the size and morphology of the sample 
particles are affected by different preparation process param-
eters. Thus, an optimal combination of these conditions 
should exist involving the appropriate selection of holding 
time and calcination temperature. To verify this assumption, 
the electrochemical performance of the assembled CR2032 
half-cell was tested.

Battery performance analysis of Li1.2Mn0.6Ni0.2O2 
orthogonal experimental sample

Electrochemical tests were performed on the nine sam-
ples prepared through orthogonal experiments. The first 
discharge specific capacities of S1–S9 samples are 61.5, 
113.2, 145.4, 86.4, 141.1, 118.9, 122.5, 101.4, and 151.3 
mAh·g−1, respectively, as presented in Fig. 5. The discharge 
specific capacities of S1, S2, and S3 gradually decreased as 

Fig. 4  SEM image of 
 Li1.2Mn0.6Ni0.2O2 synthesized 
by orthogonal test under differ-
ent conditions

Fig. 5  Electrochemical properties of nine samples synthesized by 
orthogonal test
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the cycle time increased. This demonstrates that 700 °C is 
not the ideal calcination temperature for the formation of 
cathode materials. The capacity decay of the remaining sam-
ples gradually decreased when the calcination temperature 
increased, and S9 exhibited a significantly better discharge 
specific capacity than the other samples.

The range between different levels of each influencing 
factor is calculated from the results of the orthogonal experi-
ment (Fig. 6). The influence of different process parameters 
on the discharge specific capacity of  Li1.2Mn0.6Ni0.2O2 is in 
the following order: holding time > heating rate > calcination 
temperature. Thus, holding time is the most important factor 
affecting the performance of the material. As the heating rate 
reaches its maximum value, the influence of holding time 
and calcination temperature on the microstructure and elec-
trochemical performance of the cathode material is probed 
by considering the two parameters as a single variable.

Effect of calcination holding time 
on the microstructure of Li1.2Mn0.6Ni0.2O2

The results show that holding time has the most sig-
nificant effect on the microstructure and properties of 
 Li1.2Mn0.6Ni0.2O2. Thus, the effects of different holding 
times, i.e., 8, 10, 12, 16, 20, and 24 h, on the electrochemical 
properties of  Li1.2Mn0.6Ni0.2O2 were studied. The samples 
prepared at different holding times were tested via XRD; the 
results are shown in Fig. 7. All six samples show the same 
major diffraction peaks, except for the C2/m space group 
in the range of 20°–25°, which corresponds to the spinel 
structure of  Li2MnO3 (the intensity of the two groups of 
diffraction peaks in the case of holding times of 8 and 24 h 
is low and not obvious, indicating that considerably longer 
or shorter holding times are not conducive to the synthesis 

of the cathode material). The remaining peaks correspond 
to the α-NaFeO2 layered structure of R-3 m. In addition, 
the (006)/(012) and (018)/(110) diffraction peaks split, indi-
cating that the layered structure is well characterized in all 
samples. Except for the aforementioned diffraction peaks, no 
other impurity peaks appeared in the patterns for all sam-
ples. The sample prepared for 12 h exhibited higher diffrac-
tion peak intensities, indicating that the material obtained 
under this condition exhibited the best crystallinity. The 
crystal size of the samples was calculated using Scheller’s 
formula. The grain size of the sample prepared for 12 h was 
49 nm (Table 2); the appropriate grain size was beneficial 
for enhanced electrochemical performance and mitigating 
the effects of irreversible capacity.

Figure 8 shows the SEM image of  Li1.2Mn0.6Ni0.2O2 fab-
ricated at the holding time of 8, 10, 12, 16, 20, and 24 h. The 
SEM image demonstrated that with the increase in holding 
time, the grain size of the samples initially reduces and sub-
sequently increases. After a short holding time of 8 h, the 
crystal of the material does not grow completely, resulting 
in large particle sizes, uneven distribution, and poor crys-
tallinity. The samples calcined after holding for 20 h and 
24 h have a large damage to the crystal structure of the sam-
ples due to the long holding time. Particle agglomeration 
occurs during the later calcination process. Many particles 
are heated and bonded together to form an irregular arrange-
ment, which is not conducive to the transmission of  Li+ in 
the crystal, and the electrochemical performance worsens. 
The sample calcined for 12 h has a small particle size and 
uniform distribution, and the lithium-ion migration rate is 
faster, which is beneficial for improving the conductivity of 
lithium ions. Therefore, 12 h is selected as the best holding 
time. The particle size distribution diagram indicates that 
these particles are distributed between 3 and 5 μm. In other Fig. 6  Analysis diagram of the results of orthogonal experiment

Fig. 7  XRD patterns of  Li1.2Mn0.6Ni0.2O2 samples prepared under dif-
ferent holding times
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words, many pores are observed in the polygon structure of 
the  Li1.2Mn0.6Ni0.2O2 sample, which can enable rapid elec-
trolyte penetration, accelerate ion diffusion, and improve 
charge–discharge performance.

Effect of calcination time on the electrochemical 
performance of Li1.2Mn0.6Ni0.2O2

Figure 9a shows that each sample is charged and discharged 
10 times at 0.1–1 C and then returns to the rate performance 
curve of 0.1 C. At different charge–discharge rates, the dis-
charge specific capacity of the sample prepared for 12 h was 
considerably higher than that of other samples. At 0.1 C, 
samples prepared for 12 h had a discharge specific capacity 
up to 150.8 mAh·g−1. At 1 C, the sample exhibits a discharge 
specific capacity of 85.1 mAh·g−1. When returning to 0.1 C 
again, the sample calcined for 12 h reached 149.1 mAh·g−1, 

and the cathode material synthesized with a holding time of 
12 h had better rate performance.

Figure 9b shows that the initial cyclic discharge specific 
capacity of the sample prepared for 12 h is 149.8 mAh·g−1. 
After 100 cycles, the discharge specific capacity of the sam-
ple prepared for 12 h was 105.8 mAh·g−1 and the capacity 
retention rate is 70.6%.

Figure 10a shows the Nyquist plots of the samples pre-
pared for 8, 10, 12, 16, 20, and 24 h with an AC amplitude 
of 5 mV and a frequency range of 100 kHz–0.01 Hz. There 
is a marked difference in the low-frequency range. For the 
low-frequency test, an equivalent circuit was built accord-
ing to the impedance spectrum, as shown in Fig. 10a, in 
which Rs is the resistance of the solution, Rct is the resist-
ance to charge transfer, and W is the Warburg impedance. 
It is observed that the Rs values corresponding to holding 
times of 8, 10, 12, 16, 20, and 24 h are 10.6, 4.8, 3.9, 

Table 2  Crystal size of samples 
with different holding times

Samples 8 h 10 h 12 h 16 h 20 h 24 h

Crystal size (nm) 40 61 49 66 75 27

Fig. 8  SEM images and particle size distribution of  Li1.2Mn0.6Ni0.2O2 samples prepared under different holding times: a 8 h; b 10 h; c 12 h; d 
16 h; e 20 h; f 24 h
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4.5, 7.2, and 11.1 Ω, respectively. The Rct values corre-
sponding to holding times of 8, 10, 12, 16, 20, and 24 are 
591.7, 195.2, 89.6, 174.1, 181.1, and 848.5 Ω, respectively 
(Fig. 10b). Thus, the sample prepared at a holding time 
of 12 h has a low diffusion and charge–discharge resist-
ance. The smaller impedance indicates that an SEI film 
more stable on the material surface can be formed during 
charging–discharging cycles, which effectively improves 
the diffusion rate of  Li+ and enhances the rate performance 
and stability of  Li1.2Mn0.6Ni0.2O2.

In order to further explore the effect of holding time on 
the electrochemical properties of the samples, the diffusion 
coefficient of  Li+ was analyzed by the slope of the low-fre-
quency region in Fig. 10. The diffusion coefficient (D) of  Li+ 
can be obtained by the following equation:

R represents the gas constant, which is 8.314 J·mol−1·K−1; 
T represents the absolute temperature of 298 K; A represents 
the electrode surface area, which is 0.785  cm2; n denotes the 
number of electrons; F represents the Faraday constant, and 
its value is 96,485 C·mol−1. C represents the concentration 
of lithium ions in the electrode, and σ denotes the coeffi-
cient of Warburg (obtained from the slope between Zre and 
ω−1/2). According to this equation, the diffusion coefficient 
of lithium ions can be qualitatively estimated by the slope 
of the straight line in the low-frequency region. The sam-
ple prepared under the condition of a holding time of 12 h 
has the largest linear slope, which indicates that the sample 

D
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R
2
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Fig. 9  Electrochemical characteristic curves of  Li1.2Mn0.6Ni0.2O2 synthesized at different holding times: a comparison of the rate performance; b 
cycling performance

Fig. 10  a The Nyquist plots of  Li1.2Mn0.6Ni0.2O2 under different holding times. b Electrochemical properties of materials from EIS
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under this condition has the largest  Li+ diffusion coefficient 
and thus has the optimal electrochemical performance.

Figure 11 shows the CV curves of the sample prepared 
for 12 h at a scan rate of 0.1 mV  s−1, wherein three oxi-
dation peaks are observed. The oxidation peak at ~ 3.1 V 
corresponds to the reduction of  Mn4+, which can balance 
lost oxygen during initial charging. The appearance of 
the Mn reduction peak in subsequent cycles indicates that 
Mn participates in the electrochemical reaction. The peak 
at ~ 4.0 V represents the oxidation of  Ni2+ to  Ni4+, which is 
also accompanied by the removal of Li ions from the lithium 
layer. The reduction peak at ~ 4.5 V corresponds to  O2−.

After the optimal holding time was determined to be 12 h, 
the calcination temperature was subjected to a single factor 
experiment, and the physical characterization and electro-
chemical tests were performed at 800, 850, 900, 950, and 
1000 °C.

Effect of calcination temperature 
on the microstructure of Li1.2Mn0.6Ni0.2O2

Figure 12 shows that the crystal diffraction peaks of the 
samples are similar at different calcination temperatures, 
which conform to the structural characteristics of the typi-
cal layered hexagonal α-NaFeO2 of the R-3 m space group. 
The five groups of samples exhibit characteristic peaks of 
 Li2MnO3 belonging to the C-2 m space group between 20° 
and 25°. These superlattice peaks are due to the arrangement 
of Li and Mn in the transition metal layer. Moreover, the 
intensities of the diffraction peaks of (003) and (104) planes 
first increase and then decrease as the calcination tempera-
ture increases, and the diffraction peaks of (006)/(012) also 
gradually disappear, indicating that the material calcined at 
1000 °C has poor crystallinity. Therefore, low temperatures 

are not conducive to the complete reaction of the material 
and amorphous materials are easily generated. Moreover, 
low temperatures hinder the migration of ions and structural 
reorganization, and the formed material structure has defects 
and poor crystal form. However, high temperatures are not 
conducive to the purity improvement of lithium-rich man-
ganese-based cathode materials. Thus, the crystal structure 
of the sample calcined at 900 °C is relatively optimal. The 
crystal size of the sample was determined using Scherer’s 
formula; the grain size of the material synthesized at 900 °C 
was 55 nm (Table 3), which was moderate and consistent 
with the results shown in Table 2.

Through the refinement of the five groups of samples 
(Fig. 13), it was found that the c/a values of all samples 
were greater than 4.9 (Table 4), indicating that the layered 
structure of the samples was good. The reason why c/a 
increases first and then decrease may be that the increase 
in activation energy accelerates the migration of ions and 
promotes the growth of lattice when the calcination tempera-
ture increases from 800 to 900 °C. When the temperature is 
further increased from 900 to 1000 °C, part of the lithium in 
the lattice is volatilized, so that the lithium site is occupied 
by other cations, resulting in a decrease in the order of the 
layered structure.

Next, the effect of calcination temperature on sample mor-
phology was studied in detail. The samples obtained after 
high-temperature calcination were characterized via SEM. 
Figure 14 shows that the sample particle size first decreases 
and then increases as the calcination temperature increases. 
The particle size distribution of the sample calcined at 800 
and 850 °C is not uniform, the surface is rough, small parti-
cles are agglomerated, and no obvious regular morphology 
is observed. As the calcination temperature increases from 
950 to 1000 °C, the dispersion of the material becomes poor, 

Fig. 11  CV curves of 12 h sample Fig. 12  XRD patterns of  Li1.2Mn0.6Ni0.2O2 samples under different 
calcination temperatures
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Fig. 13  Rietveld refinements for  Li1.2Mn0.6Ni0.2O2 at different calcination temperatures

Fig. 14  SEM pictures of  Li1.2Mn0.6Ni0.2O2 samples prepared under different calcination temperatures: a 800 ℃; b 850 ℃; c 900 ℃; d 950 ℃; e 
1000 ℃; f particle size distribution of 900 ℃
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leading to the formation of considerably large particles and 
severe agglomeration, thereby extending the migration dis-
tance for  Li+ in the material. The resulting smaller contact area 
between the cathode material and electrolyte is unfavorable 
for the embedding and detachment of  Li+. Thus, the active 
material in the center of the large particles cannot be fully uti-
lized, thereby decreasing the electrochemical performance of 
the sample. The particle size is small and particle distribution 
is uniform for a calcination temperature of 900 °C, which is 
considered the optimal temperature. In general, smaller parti-
cles lead to an increased surface area of the sample, resulting 
in an increase in the number of particle contact points, thereby 
increasing the Li-ion dispersion rate and conductivity. Fig-
ure 14f shows the grain size distribution of  Li1.2Mn0.6Ni0.2O2 

synthesized at 900 °C, where the average grain size is 2.46 μm. 
When the synthesized sample has a relatively minor structure, 
it can better suit the bulky expanding and contracting of the 
material during charging–discharging cycles, contributing to 
the enhancement of its performance concerning Li storage.

Effect of calcination temperature 
on the electrochemical performance 
of Li1.2Mn0.6Ni0.2O2

Figure 15a shows the rate performance curves of the five 
samples.  Li1.2Mn0.6Ni0.2O2 calcined at 900 °C has a consid-
erably higher discharge capacity than the other four samples. 
The calcination temperatures ranged from 800 to 1000 °C 

Fig. 15  Electrochemical characteristic of  Li1.2Mn0.6Ni0.2O2 at different calcination temperatures: a comparison of the rate performance; b 
cycling performance

Fig. 16  a The Nyquist plots of  Li1.2Mn0.6Ni0.2O2 under different calcination temperatures. b Electrochemical properties of materials from EIS.
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and the initial discharge capacities of the synthesized sam-
ples are 101.2, 112.3, 149.6, 142.1, and 131.7 mAh·g−1, 
respectively. At 1 C, the discharge capacities reach 47.8, 
57.4, 78.0, 66.2, and 43.3 mAh·g−1, respectively. In the 
aforementioned calcination temperature range, the discharge 
specific capacity of the cathode material first increases and 
then decreases, and the sample prepared with a considerably 
high calcination temperature exhibits a considerably low dis-
charge specific capacity. Combined with the SEM results, it 
is observed that this is because the primary particles melt 
and re-grow into a denser product at considerably high cal-
cination temperatures. The resulting poor electrochemical 
performance of the battery is attributed to the increase of 
the diffusion distance for  Li+ in the unit cell.

Figure 15b demonstrates the discharge capacity curves of 
the five samples after 100 cycles at 0.1 C. A parallel com-
parison of calcination temperature makes it not difficult to 
see that 900 °C was the cyclic stability and capacity reten-
tion rate of the sample, which are the most preferred items 
in each data set. The first discharge specific capacity of the 
sample was 148.4 mAh·g−1, and the capacity retention rate 
was 69.2% after 100 cycles.

Figure 16a illustrates the electrochemical impedance 
spectra of the samples synthesized at five calcination tem-
peratures. The Rs values of cathode materials synthesized 
at 800, 850, 900, 950, and 1000 °C are 14.4, 11.6, 7.6, 

12.2, and 13.2 Ω, respectively. The Rct values of cathode 
materials synthesized at 800, 850, 900, 950, and 1000 °C 
electrodes are 591.7, 195.2, 89.6, 174.1, 181.1, and 848.5 
Ω, respectively (Fig. 16b). S9 has the smallest impedance 
value, indicating that lithium-ion deintercalation rate is 
faster and the Li-ion diffusion path is shorter during the 
charge and discharge processes. The formation rate of spi-
nel structure decelerates and charge transfer is promoted, 
which exhibits the material with excellent rate and cycle 
performance. By observing the EIS diagram at different 
calcination temperatures, it can be found that the straight 
lines at 900 °C and 950 °C are relatively large. According 
to the calculation formula for the  Li+ diffusion coefficient 
mentioned above, it can be inferred that the samples pre-
pared at 900 °C and 950 °C have a large lithium-ion dif-
fusion coefficient, and the impedance value of the sample 
is the smallest at 900 °C. Therefore, when the calcination 
temperature is 900 °C, the electrochemical performance 
of the sample is excellent.

Figure 17 shows CV curves of the 900 °C sample at a 
scan rate of 0.1 mV·s−1. In the charge voltage scan, three 
oxidation peaks can be observed in the sample. The peak 
of oxidation located at ~ 3.1 V reflects the reduction of 
 Mn4+. The peak of oxidation at ~ 4.0 V represents the oxi-
dation of  Ni2+ to  Ni4+, which is also accompanied by the 
detachment of  Li+ from the lithium layer. The reduction 
peak near 4.5 V corresponds to  O2−, which is in accord-
ance with that obtained in Fig. 10b. Based on these assess-
ments and the studied work, it is clear that the rise in oxi-
dation/reduction capacity is primarily attributable to the 
redox of Ni and O, with a contribution from the redox of 
Mn present in the smaller voltage region as well.

In order to make a comparison, the electrochemical 
properties of the materials prepared in this study under the 
conditions of holding time of 12 h, calcination tempera-
ture of 900 °C, and heating rate of 15 °C/min are summa-
rized in Table 5, along with similar cobalt-free materials 
reported in the literature. It clearly shows that the materi-
als obtained by optimizing the experimental conditions in 
this work have a higher discharge capacity.

Fig. 17  CV curves of 900 °C sample

Table 3  Crystal size of samples with different calcination tempera-
tures

Samples 800 °C 850 °C 900 °C 950 °C 1000 °C

Crystal size (nm) 69 60 55 39 26

Table 4  The crystal parameters of the samples at different calcination 
temperatures

Crystal data 800 ℃ 850 ℃ 900 ℃ 950 ℃ 1000 ℃

a (Å) 2.8403 2.8462 2.8549 2.8461 2.8457
c (Å) 14.2445 14.2779 14.3427 14.2944 14.2907
V (Å3) 99.5191 100.1673 101.2380 100.2760 100.2218
c/a 5.0151 5.0165 5.0239 5.0225 5.0219
Rwp (%) 5.16 3.43 2.94 8.15 4.18
Rp (%) 4.83 4.62 3.36 7.10 3.76
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Conclusion

Herein, a series of lithium-rich Co-free manganese-based 
 Li1.2Mn0.6Ni0.2O2 was prepared by the high-temperature 
solid-state method. The orthogonal experiment was 
designed with holding time, heating rate, and calcination 
temperature as the influencing factors. The results show 
that the influence of the three factors on the crystal struc-
ture, morphology, and electrochemical characteristics of 
 Li1.2Mn0.6Ni0.2O2 is as follows: holding time > heating 
rate > calcination temperature. The final optimized experi-
mental conditions are a holding time of 12 h, a calcina-
tion temperature of 900 °C, and a heating rate of 15 °C/
min. Under these experimental conditions, samples have 
better layered structure, have smaller particle sizes, are 
well-distributed, and show no apparent agglomeration. At 
0.1 C, the first discharge specific capacity is not lower than 
148.4 mAh·g−1, and 102.8 mAh·g−1 can be maintained 
after 100 cycles of charge and discharge.
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