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Synthesis and electrochemical properties of layered
LiNi0.5−xMn0.5−xCo2xO2 for lithium-ion battery
from nickel manganese cobalt oxide precursor

Shumei Dou & Wenlou Wang
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Abstract A series of LiNi0.5−xMn0.5−xCo2xO2 0 <ð 2x �
0:33Þ compounds were prepared by solid-state reaction from
nickel manganese cobalt oxides, and their characteristics were
investigated by X-ray diffraction, X-ray photoelectron spec-
troscopy, and charge–discharge test. LiNi0.5−xMn0.5−xCo2xO2

samples have single phase of layered structure with a space
group of R3m for 2x=0.02, 0.05, 0.10, 0.20, and 0.33. Both
the lattice constants of a- and c-axis and Li/Ni mixing degree
decreased with the increase in Co contents in samples. The
valence states of Ni, Mn, and Co in the samples are
predominantly +2, +4, and 3, respectively, with a small
amount of Ni3+, Mn3+, and Co2+. LiNi0.475Mn0.475Co0.05O2

gives excellent cycling performance in the voltage range of
2.5–4.4 V at the current rate of 20 and 100 mA g−1 over 50
cycles. High-rate capacity test of LiNi0.34Mn0.33Co0.33O2

shows that even at a current rate of 1,000 mA g−1, stable
capacity about 63 mAh g−1 is retained.
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Introduction

The LixC6/Li1−xCoO2 rechargeable batteries have been
used as cathode materials because they meet most of the
requirements such as high energy and high power density.

However, Li1−xCoO2 has some disadvantages, such as the
cost, toxicity, and safety. So much effort needs to be made
to develop alternative lithium-insertion electrodes [1–4].
Partial substitution such as LiNi0.5−xMn0.5−xCo2xO2 has
been proven an effective method in modifying the crystal
structure and improving the electrochemical performance
[5–14]. These compounds have the layered α-NaFeO2

structure and the oxidation state of Ni, Mn, and Co ions
are +2, +4, and +3, respectively, from the first principle
calculations and X-ray absorption measurements [15].
Thus, Ni2+ is the electrochemically active ion, while the
Mn4+ ion with octahedral coordination helps to ensure the
stability of the structure, and Co3+ suppresses the cation
mixing between 3a and 3b sites. However, the increase in
Co content results in the decrease in the capacity of the
materials, while the high content of Ni leads to the cation
mixing. Therefore, the contents of Ni, Co, and Mn need to
be optimized for the best performance of the materials.

The synthesis methods widely used include solid-state
reaction [16, 17], coprecipitation method [7, 8, 12, 14],
sol-gel method [10], ultrasonic spray thermal decomposi-
tion [18], spray-dry method [9], and so on. However, the
particle size and morphology cannot be controlled by
traditional solid-state reaction method, and the degree of
Li/Ni cation mixing cannot be minimized in nature.
Although the coprecipitation method can reduce the
degree of Li/Ni cation mixing, it should be very careful
to control the synthesis conditions with coprecipitation
method in order to avoid the oxidation of Mn2+. In
addition, although other emerging method such as ultra-
sonic spray thermal decomposition and spray-dry method
can lead to either improve capacity retention characteristic
or high achievable specific capacity, it is a multistep
synthesis process that the methods cannot be used in the
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commercial production. This stimulates us to explore a
new simple method to prepare the solid solution in order
to obtain high battery–active cathode material.

In the present study, a series of LiNi0.5−xMn0.5−xCo2xO2

0 < 2x � 0:33ð Þ compounds were prepared with nickel
manganese cobalt oxide precursors by a solid-state reaction.
The structure and electrochemical properties were also
investigated.

Experimental

LiNi0.5−xMn0.5−xCo2xO2 was prepared by a Ni–Mn–Co
oxide precursor route. The detailed processes were similar
to the method in our previous paper [19]. A certain amount
of Ni(CH3COO)2•4H2O, Co(CH3COO)2•2H2O and Mn
(CH3COO)2•4H2O in various molar ratio were initially
dissolved in deionized water to form homogeneous solu-
tion; then, water was removed by means of a rotary
evaporator at 75 °C, and salt precipitate was made. The
salt precipitate was ground and calcined at 800 °C for 12 h
in air. The as-prepared precursor was mixed with
LiOH∙H2O (AR, 95%) in stoichiometric proportions and
pressed into pellet. The pellets were heated at 500 °C for
3 h in air, followed by annealing at 900 °C for 12 h to
obtain LiNi0.5−xMn0.5−xCo2xO2 powders.

Characterization XRD patterns were obtained using a
Philips X’Pert PW 3373 diffractometer (monochromatized
Cu Kα radiation). The contents of cations in precursors
were measured by inductively coupled plasma atomic
analysis (ICP, Atom scan Advantage). X-ray photoelectron
spectroscopy (XPS) was performed on ESCALAB MK II
with monochromatic Al Kα X-ray radiation at 1486.6 eV
with C1s (284.6 eV) as the reference line.

Electrochemical test Charge and discharge profiles were
collected by galvanostatically cycling between 2.5 and
4.4 V (Shenzhen Neware, BTS, China). For the preparation
of cathode sheets, slurry was formed by mixing the active
material, acetylene black, and binder (polyvinylideneuor-

ide, dissolved in N-methyl-2-pyrrolidone) in a weight ratio
of 75:20:5. The slurry was spread uniformly on aluminium
foil. The electrodes were dried under vacuum at 120 °C for
10 h and then pressed under 60 MPa and weighted. 1 M
LiPF6 in a 1:1 ethylene carbonate/diethyl carbonate was
used as electrolyte, and lithium foil was used as anode. A
thin sheet of microporous polypropylene insulated the
positive electrode from negative electrodes. Battery assem-
bly was carried out in an argon-filled glove box.

Results and discussions

The chemical compositions of the prepared precursors were
determined by ICP, and the results are summarized in

Table 1 Chemical composition (wt.%) of the prepared precursor and
product determined by ICP

2x Ni Co Mn Ni/Co/Mn

0.33 25.91 25.89 22.77 0.34:0.34:0.32

0.20 31.10 15.54 26.64 0.41:0.21:0.38

0.10 35.02 7.90 30.15 0.47:0.10:0.43

0.05 36.27 3.90 31.02 0.495:0.053:0.452

0.02 35.92 1.57 31.75 0.50:0.02:0.48
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Fig. 1 XRD patterns of the Ni–Mn–Co oxide powders with different 2x
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Fig. 2 XRD patterns of the LiNi0.5−xMn0.5−xCo2x powders of
different 2i
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Table 1. The measured cation ratios of Ni/Co/Mn are
almost the same as the designed values. The X-ray
diffraction patterns of the precursors are shown in Fig. 1.
It can be observed that, in addition to the precursor of 2x=
0.33, the rest of the precursors are confirmed to have a
spinel NiMn2O4 (JCPDS card number 84-0542) structure.
That is, Ni–Mn–Co oxide precursors can be obtained
successfully with this method, ensuring sufficient mixing
of Ni–Mn–Co in the precursor at the atomic level.
However, the precursor with 2x=0.33 contains some faint
diffraction peaks of CoO phase, which implies that the
metal oxide are heterogeneously reacted, and this may
produce an effect on the structure and property of the final
product to a certain extent.

The crystal structures of the LiNi0.5−xMn0.5−xCo2xO2

materials with different 2x were investigated by XRD, as
shown in Fig. 2. Diffraction patterns of all samples can be
identified as a layered α-NaFeO2 structure with a space
group of R3m. Distinct splitting of the (108)/(110) and
(006)/(102) peaks are observed in these patterns, indicating
that the layered LiNi0.5−xMn0.5−xCo2xO2 cathode materials
have been successfully synthesized for all the x in this
experiment [20, 21]. In addition, the value of I(003)/I(104) is
used as a standard to measure the degree of the cation
mixing in the layered compounds. The smaller the I(003)/
I(104) value is, the higher the disordering. Generally, the
undesirable cation mixing takes place when I(003)/I(104)<1.2
[22, 23]. The I(003)/I(104) values of all the samples in this
work are larger than 1.2, as shown in Table 2, meaning that
no undesirable cation mixing took place. As shown in
Table 2, the lattice parameter, both a, related to average
metal–metal intraslab distance, and c, correlated to the
average metal–metal interslab distance, decreased with
the molar ratio of Co increasing from 0.02 to 0.33. The
increase in the content of Co3+ ion in the Mn site
correspondingly decreases the Ni2+ ion content, resulting
in shrinkage in the lattice volume [24]. Furthermore, the
trigonal distortion, c/a, increased, and the c/a ratio of all the
materials was observed to be above 4.94 for all samples,
suggesting improved layered characteristics [24, 25]. The
results of Rietveld refinement using Materials Studio 4.0
program for 2x=0.33 are shown in Fig. 3. In the crystal
structure analysis, it was assumed that the transition metals,
Ni, Co, and Mn, equally occupied the 3b sites, Li occupied

3a sites, and oxygen was in the 6c sites [26]. During the
refinement process, the occupancy of the 3b sites by Co and
Mn was maintained at one third for each ion, and the total
amount of Li and Ni within the materials was fixed.
However, the distribution of Li and Ni between the 3a sites
and 3b sites were allowed to vary. In this work, the degrees
of Li/Ni cation mixing decreased with the increasing
content of Co as shown in Table 2, evidencing that Co
may stabilize the layered structure [27].

In order to elucidate the valence state of the transition
metal species in the synthesized LiNi0.5−xMn0.5−xCo2xO2

samples, XPS spectra were carried out as shown in Fig. 3.
In the Ni XPS spectra, as shown in Fig. 3a, the major peak
of Ni 2p3/2 peak at 854.6 eV, is near the binding energy of
Ni2+ in NiO (854.1 eV) and far away from the binding
energy of Ni3+ in LiNiO2 (855.4 eV) [28, 29]. In addition, a
characteristic satellite peak around 861.0 eV is also
observed. Such a satellite is explained as due to the
multiple splitting in the energy level of the Ni-containing
oxides [29, 30]. Consequently, the conclusion can be drawn
that the predominant oxidation states of Ni in the
compounds are +2 with small content of Ni3+. The XPS
spectrum of Mn 2p3/2 shows the characteristic peak at
642.0 eV in Fig. 3b, which is closer to the value measured
for Mn4+ in λ-MnO2 (642.4 eV) than the value measured

2x a (Å) c (Å) c/a Volume (Å3) I(003)/I(104) Rp (%) Li/Ni site exchange (%)

0.02 2.907 14.385 4.948 105.276 1.50 8.32 6.9

0.05 2.902 14.381 4.955 104.870 1.53 7.12 5.3

0.10 2.897 14.376 4.962 104.488 1.61 8.03 4.4

0.20 2.884 14.338 4.971 103.338 1.68 7.90 3.2

0.33 2.862 14.241 4.976 101.243 1.74 8.24 2.5

Table 2 Lattice constants, inten-
sity ratios from Reitveld
refinement for
LiNi0.5−xMn0.5−xCo2xO2
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Fig. 3 XRD patterns of LiNi0.34Mn0.33Co0.33O2 phase by Reitveld
refinement
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for Mn3+ in Li2Mn2O4 (641.4 eV) [31]. Therefore, the
valences of the Mn in compounds were considered to be
tetravalent and only trace of Mn3+. The Co 2p3/2 spectra in
Fig. 3c centered at 780.0 eV, which matches well with the
value reported for Co3+ in LiCoO2 [32, 33]. It is worth
mentioning that the binding energy for lower cobalt content
has a trend to shift to high energy, verifying that there is a
minor contribution of Co2+. A similar phenomena was
observed in LiNi1/3Co1/3Mn1/3O2 [34]. Then, why can the
behaviour of valency–degeneracy exist in compounds?
Delmas et al. considered that it may be due to the electron
transfer between M (Mn4+ or Co3+) and Ni2+ or Ni4+ ions to
Mn3+ or Co2+ and Ni3+ [35]. As Li2MnO3 does not appear
in the XRD patterns, it is not the reason that Li substituted
Ni2+ (3b) positions in the transition-metal layer compensate
the charge balance [36] (Fig. 4).

The initial charge and discharge curves of LiNi0.5−x
Mn0.5−xCo2xO2 cathodes with a constant current density of
20 mA g−1 between 2.5 and 4.4 V versus Li are shown in
Fig. 5. All cells shows the same of the shape, smooth and
monotonous charge/discharge curves, demonstrating that
the manganese plays the role of an oxide network well
performed for lithium intercalation [10]. The initial dis-
charge capacities of the samples decreased with the content
of cobalt increasing, which is not in agreement with the
result of Li(Ni0.5Mn0.5)1−xCoxO2 0 � x � 0:33ð Þ reported
by Sun et al. [18]. It is believed that the increase in cobalt
content decreases the nickel content and thus reduces the
discharge capacity.

Although the initial discharge capacity does not increase
with the increase in the Co content, the cyclability of
LiNi0.5−xMn0.5−xCo2xO2 is ameliorated as shown in Fig. 6.
When charged–discharged over 2.5–4.4 V for 50 cycles, the
sample with 2x=0.02 shows fast capacity fading, only
67.5% of its initial capacity remaining. While Co content 2x
is increased to 0.05, the sample shows a capacity of

168 mAh g−1 and 86.1% of initial capacity retention after
50 cycles, exhibiting the best electrochemical performance
among the samples. However, when the Co content 2x
continues to increase to 0.33, the cyclability was not
improved. The reason was probably due to the fact that
the impurity phase of CoO in precursor resulted in the
decrease of capacity retention because of the insufficiently
mixing of Mn–Ni–Co in the precursor at the atomic level.

Figure 7 shows the discharge curves of the LiNi0.5−x
Mn0.5−xCo2x electrodes with different 2x at a current rate of
100 mA g−1. The reversible specific capacity increased with
decreasing the content of cobalt. However, the electrodes
with high content of cobalt have plateau area at a voltage
range of 3.7–3.9 V, suggesting that they also showed stable
constant power characteristic, even when they had low
reversible specific capacity.
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Figure 8 shows the cycle performance of all samples at a
constant current density of 100 mA g−1 at room tempera-
ture. In the voltage of 2.5–4.4 V, the sample with 2x=0.02
delivered a capacity of 155 mAh g−1, and the product with
2x=0.05 delivered a comparing capacity of about
173 mAh g−1 after 50 cycles. This suggested that the
partial substitution can improve the electrochemical perfor-
mance remarkably, in the optimal amount range, which is
mostly ascribed to the cation mixing as discussed above.
Further increasing the content of cobalt resulted in a
relatively lower capacity, which was due to the increase in
cobalt content, decreases the nickel content. It is also found
that the increase in cobalt content can enhance capacity
retention. The capacity retention at the 50th cycles were
82.36%, 82.95%, and 95.39% for 2x=0.02, 0.10, and 0.33,

respectively. The improvement in cyclability by cobalt
substituted was probably due to the ameliorated Li ion
transportation associated with decreased degree of cation
mixing [11].

Figure 9 shows the results of high-rate capacity tests
accompanied with stability tests of LiNi0.34Mn0.33Co0.33.
The battery was charged at the same specific current of
20 mA g−1. As shown in Fig. 9, for each 11 cycles at the
same rate, the rate capacities scarcely changed. Even after
11 cycles at the rate of 1,000 mA g−1, about 63 mAh g−1

remained. Compared with the literature [37], the capacity of
LiNi0.34Mn0.33Co0.33O2 is too low, but it is reasonable
because of the impurity in the precursor. When the
discharge rate returns to 20 mA gm1, the capacity is still
about 157 mAh g−1, which is almost its original value, after
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Fig. 7 Initial discharge curves of LiNi0.5−xMn0.5−xCo2xO2 (voltage
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completion of the high rates test, indicating that the as-
prepared LiNi0.34Mn0.33Co0.33 material has good electro-
chemical reversibility and structure stability. The high-rate
discharge performance suggests that the synthesized
LiNi0.34Mn0.33Co0.33 composite would be well suitable for
cathode materials of high power lithium batteries.

Conclusions

Layered LiNi0.5− xMn0.5− xCo2x 0 < 2x � 0:33ð Þ com-
pounds have been prepared by solid-state reaction with Ni–
Mn–Co oxide precursor. All samples are pure phase with
layered structure of R3m. The increase in cobalt content
results in shrinkage in the lattice volume and slightly
decreases the cation mixing. The partial substitution can
improve the cycle performance. The LiNi0.475Mn0.475-
Co0.05O2 materials demonstrate excellent cycling perfor-
mance in the voltage range of 2.5–4.4 V with good
capacity retention at 20 and 100 mA g−1 over 50 cycles.
High-rate capacity test of LiNi0.34Mn0.33Co0.33O2 shows
that the as-prepared LiNi0.34Mn0.33Co0.33 material has
good electrochemical reversibility and structure stability.
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