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Abstract LiNi0.85−xCoxMn0.15O2 cathode material was
prepared by a rheological phase reaction method with
LiNO3, M(NO3)2 6H2O (M = Ni, Co, Mn), and citric acid
as starting materials. The mixture of reactants and a proper
amount of water reacted to form a rheological precursor.
The rheological precursor was pretreated in autoclaves and
then calcined at 750 °C under flowing oxygen. All the
samples have a typical layered structure with space group
R3-m and good electrochemical performances. The cobalt
content has a significant effect on the electrochemical
performance for the materials. LiNi0.65Co0.20Mn0.15O2

exhibits the best electrochemical properties in the five
compounds. It gives an initial discharge capacity of
173.6mAhg−1 (50mA g−1, 3.0−4.3V), and the capacity
rention after 50 cycles is 90.6%. This method is simple and
effective for preparing cathode materials for lithium-ion
batteries.
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Introduction

Lithium cobalt oxide (LiCoO2) had been used as a cathode
material of commercial lithium-ion batteries because of its
excellent electrochemical properties, such as high output
voltage, long life cycle, and easy preparation [1, 2].

However, the high cost and toxicity of cobalt lead to
researching for other better materials. Furthermore, its
capacity was restricted to a half of theoretical capacity
when it is charged above 4.2V (vs Li/Li+) because of
structural degradation [3]. Lithium nickel oxide (LiNiO2),
in spite of its high capacity and low cost and toxicity, was
hard to prepare and showed instability of structure and
thermodynamic properties during the charge–discharge
process [4–6]. LiNi1−xCoxO2, which combined the advan-
tages of LiCoO2 and LiNiO2, exhibited high initial
discharge capacity and good cycling [7–9]. Nevertheless,
the problem of safety caused by overcharge was still
unsolved [10, 11].

Lithium nickel cobalt manganese oxides have attracted
extensive attention, such as LiNi1/3Co1/3Mn1/3O2 [12–14]
and LiNi1− x− yCoxMnyO2 [15–18]. These materials exhibit
excellent properties, for example, higher capability, low
cost, and safety. Therefore, lithium nickel cobalt manganese
oxides are considered as one of the promising candidates to
replace LiCoO2 for lithium-ion batteries. In this paper, we
adopt a rheological phase reaction method to synthesize
LiNi0.85−xCoxMn0.15O2 (x = 0.05, 0.10, 0.15, 0.20, 0.25)
compounds with LiNO3, M(NO3)2 6H2O (M = Ni, Co, Mn)
and citric acid as starting materials. It is a simple and
effective route for preparing electrode materials [19–22].

Experimental

LiNi0.85−xCoxMn0.15O2 (x = 0.05, 0.10, 0.15, 0.20, 0.25)
was prepared from LiNO3, M(NO3)2 6H2O (M = Ni, Co,
Mn), and citric acid. LiNO3 was added 5% excessively
compensating for loss, which occurred in the solid-state
reaction at high temperature [23]. The acid-to-metal ion
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ratio was 1:1. The starting materials were mixed uniformly.
Then, a proper amount of deionized water was added to get
a liquid–solid rheological system, and the mixture was
displaced to an autoclave and heated at 80 °C for 2 h.
Through the rheological phase treatment, reactants are
homogeneously mixed at an atomic scale, which is
beneficial to the diffusion process and reaction process.
After dried and ground, the mixed powders were preheated
at 600 °C for 2h and then calcined at 750 °C for 10h in
flowing oxygen.

Thermal decomposition behavior of the mixed precursor
was examined by thermogravimetric and differential ther-
mal analysis (TG/DTA, Netzsch STA 449C) in static air at a
heating rate of 5 °C min−1. The crystalline structure of the
prepared powder was investigated by means of powder X-
ray diffraction (XRD, Shimadzu, XRD-6000) using Cu Kα
radiation (λ = 1.54056Ǻ). Lattice parameters and unit-cell
volumes were calculated by a least-squares method with the
FullProf_Suite program. The powder morphology was
observed by a scanning electron microscope (SEM, Hitachi,
X-650).

The electrochemical cycling performance of the material
was studied by assembling model test cells. Test cathode
electrodes were prepared by mixing 80:15:5 (mass ratio) of
active material, acetylene black, and polytetrafluoroethy-
lene binder, respectively, in isopropyl alcohol. After rolling
the mixture to be a membrane, a circular disc of 0.8cm in
diameter from the membrane was cut out and pressed onto
a stainless steel mesh to become a current collector and then
dried at 120 °C in a vacuum furnace for 12h. The model
test cells were assembled using lithium foil as an anode and
1M LiClO4 in 1:1 (volume ratio) ethylene carbonate and
dimethyl carbonate as an electrolyte and Celgard 2300
membrane as the separator in an argon-filled glove box.
The charge–discharge cycles were carried out at room
temperature with a constant current density of 50mA g−1

and a cutoff voltage of 3.0 to 4.3V. The thermal stability of

the LiNi0.65Co0.20Mn0.15O2 electrode was examined by
means of DSC with a Netzsch STA 449C thermal analysis
system at a heating rate of 5 °C min−1.

Results and discussion

The TG/DTA curves for the mixed precursor are shown in
Fig. 1. The weight loss (about 6%) between room
temperature to 150 °C is attributed to the removal of
remnant water. The weight loss (about 24%) between 150
and 330 °C is attributed to the decomposition of nitrates
and citric acid, which corresponds to endothermic peaks in
the DTA curve. The weight loss (about 25%) between 330
and 370 °C is due to the decomposition and combustion of
citric acid, which results in the largest exothermic peak at
361 °C in the DTA curve. The weight loss (about 6%)
between 370 and 550 °C is mainly attributed to the
decomposition of Li2CO3 and the formation of the layered
compound. Above 550 °C, there is no major weight loss,
and the layered crystallization becomes more complete.

The XRD patterns of the LiNi0.85−xCoxMn0.15O2 are
shown in Fig. 2. All the diffraction peaks are sharp and well
defined and can be indexed based on the layered α-NaFeO2

(space group R3-m) structure. With Co content increasing,
diffraction peaks move to a higher angle and the splitting of
(006, 102) and (108, 110) become more obvious, which
indicates that Co doping can shrink the space between
layers and increase the distortion degree of the oxygen
sublattice along the c direction [24].

Table 1 gives the lattice parameters, unit-cell volume, c/a
ratio, and I003/I104 ratio of LiNi0.85−xCoxMn0.15O2. The
lattice parameters a and c and unit-cell volume decrease
continuously with increasing x value. The ionic radius of
Co3+ (0.053nm) is smaller than that of Ni3+ (0.056nm),
which is responsible for the reduction in lattice parametersFig. 1 TG/DTA curves for the precursor

Fig. 2 XRD patterns of LiNi0.85−xCoxMn0.15O2 cathode materials
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[25]. Unit-cell volume was an important parameter to
measure the integrality of layered structure [26]. The
sample with more layered characteristics will have a lower
unit-cell volume. The c/a ratios increase slowly with Co
content increasing, and the c/a values of the five samples
are all above 4.899, which is the c/a ratio of the ideal close
cubic packing. The ratio of I003/I104 is sensitive to the
cation distribution in lattice [27,28]. The theoretical ratio
depends on composition, thermal factors, valences, and
other factors. The sample with Co content at 0.20 has the
higher value for the I003/I104 ratio.

SEM photographs of LiNi0.65Co0.20Mn0.15O2 at different
magnifications are given in Fig. 3. The primary particles
size is around 0.3μm in diameter, and these small particles
aggregate with each other to form a spherical secondary
particle. The intercalation process of the Li+ ion between
the layers of the cathode is a diffusion process. Therefore,
the smaller particles, which would lead to a short path for
Li+ ions, were favorable to intercalation, and the sample
was expected to deliver a good electrochemical perfor-
mance.

The charge–discharge curves of the first cycle for
LiNi0.85 − xCoxMn0.15O2 in the range 3.0–4.3V are shown
in Fig. 4. The potential drop at the beginning of discharge
decreases when increasing the Co content. The potential

drop is dominated by the resistance of electronic conduc-
tion at the beginning of discharge, indicating that increasing
the Co content can improve the electronic conductivity of
the synthesized materials [29]. With the x value increasing,
initial charge–discharge curves become more smooth,
which indicates that less phase transition occurs during
the intercalation of Li+. Every sample has comparatively
high reversible capacity. When the content of Co increases,
the initial charge capacity decreases, and the discharge
capacity initially increases and then decreases. The sample
with Co content at 0.15 has the highest initial discharge
capacity of 184.5mAh g−1.

The cycling performance for LiNi0.85 − xCoxMn0.15O2 up
to 50 cycles is shown in Fig. 5. It is found that the cathode
materials synthesized by our method have excellent cyclic
performance. The capacity retentions are still high after 50
cycles. When increasing the Co content, the cyclic
performance becomes better, which is in correspondence
with the XRD results. Moderate Co can adjust to the

Table 1 Lattice parameters, unit-cell volume, c/a ratio, and I003/I104
intensity ratio of LiNi0.85−xCoxMn0.15O2

x value a (nm) c (nm) Unit-cell
volume (nm3)

c/a ratio I003/I104

0.05 0.2878 1.4196 0.1018 4.93 0.96
0.10 0.2872 1.4180 0.1013 4.94 1.09
0.15 0.2868 1.4169 0.1009 4.94 1.08
0.20 0.2862 1.4160 0.1004 4.95 1.16
0.25 0.2858 1.4149 0.1001 4.95 0.98

Fig. 3 SEM photographs
for LiNi0.65Co0.20Mn0.15O2

compound

Fig. 4 Charge–discharge curves of the first cycle for LiNi0.85−x
CoxMn0.15O2 in the voltage range 3.0–4.3 V
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distribution of cations in the layered structure and conse-
quently restrain the possible degradation of structure in the
process of charge and discharge [15], while too much Co
doping would decrease the capacity. As to the LiNi0.85 − x

CoxMn0.15O2 series, the amount of Co doping at 0.20 has
the best electrochemical performance. The initial discharge
capacity of LiNi0.65Co0.20Mn0.15O2 is 173.6mAh g-1, and
the capacity rention after 50 cycles is still 90.6%. Our
method can decrease the calcining temperature compared to
the solid-state reaction [30] and coprecipitation method
[31], and the materials prepared by our method have better
electrochemical properties.

Figure 6 shows the charge–discharge curves of the first
and 20th cycle for LiNi0.65Co0.20Mn0.15O2 in different
voltage ranges. The initial discharge efficiency in different
voltage ranges are all comparatively high, which indicates

that the 3a sites of the material are in good order for Li+

intercalation/deintercalation [32]. When the voltage range be-
comes wider, the cyclic performance decreases. Venkatraman
et al. [33] reported that oxygen loss from layered metal
oxide cathodes became significant above 4.25V vs Li. This
may lead to the cycling losses, unless steps are taken to
reduce oxygen activity. It can adopt the surface coating
with metal oxides, such as ZrO2, Al2O3, and TiO2 [34–36],
which may bond to surface oxygen and reduce oxygen
activity.

A DSC study of the LiNi0.65Co0.20Mn0.15O2 electrode
was carried out after charging the cell to 4.3V at 50mA g−1.
As shown in Fig. 7, the electrode material has an
exothermic peak at 274 °C, and the ΔH is 21.73 J g−1.
The exothermic peak shifts to a higher temperature
implying improved safety, compared to 230 °C for the
LiCoO2 material [37].

Conclusions

LiNi0.85−xCoxMn0.15O2 cathode materials were synthesized
by a rheological phase reaction method. Reactants are
homogeneously mixed at atomic scale by our method,
which decreases the sintering time and temperature remark-
ably. The products all have high reversible capacity and
good cyclic performance. The initial charge and discharge
capacity of LiNi0.65Co0.20Mn0.15O2 was 197.8 and
173.6 mAh g−1, respectively. The capacity rention after 50
cycles is still 90.6%. The excellent electrochemical proper-
ties indicated that the best content of Co is 0.20 as to the
LiNi0.85−xCoxMn0.15O2 series. Therefore, our method is a
simple and effective method to prepare cathode materials
for lithium-ion batteries.

Fig. 5 Discharge capacity as functions of cycle number for LiNi0.85−x
CoxMn0.15O2 in the voltage range 3.0–4.3 V

Fig. 6 Charge–discharge curves of the first and 20th cycle for
LiNi0.65Co0.20Mn0.15O2 in the different voltage ranges

Fig. 7 DSC curve of LiNi0.65Co0.20Mn0.15O2 electrode charged to
4.3 V
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