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Abstract Special synthetic conditions at 0 °C were used to
prepare nanostructured Li[Ni1/3Co1/3Mn1/3]O2 via chemical
coprecipitation synthesis. The precursor preparation shows
platelet shape with thickness of 10 nm and width of
100 nm. After calcination, the particles change to spherical
or rectangle shape with a size of 100~200 nm. The
nanostructured Li[Ni1/3Co1/3Mn1/3]O2 shows a well-
ordered layered hexagonal lattice with low cation mixing.
Galvanostatic testing showed good electrochemical properties
and high rate capability, which may be due to its unique
morphological and structural characteristics. Synthesis at 0 °C
effectively prevented growth of the precursor particles and
produced nanosize Li[Ni1/3Co1/3Mn1/3]O2, which gave im-
provement in high rate performance and favoring the future
use of this cathode material for high power applications.
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Introduction

Rechargeable lithium-ion batteries (LIB) are becoming
increasingly important as power sources for portable

consumer electronics. LiCoO2 has been widely used as
the cathode material for commercial lithium-ion battery
because of its easy synthesis and stable discharge capacity.
However, the high cost, limited discharge capability, and
toxicity of LiCoO2 inhibit its further application in high
power and price-sensitive fields, such as electric vehicles
[1, 2]. Therefore, many efforts have been made to find
alternative to LiCoO2, which should have such character-
istics as high specific energy, high specific power, safety,
together with low cost.

Li[NiyCo1–2yMny]O2, a solid solution of LiCoO2,
LiNiO2, and LiMnO2, was introduced by Z. H. Lu and J.
R. Dahn as a candidate cathode material for LIB [3–6]. Li
[Ni1/3Co1/3Mn1/3]O2 is a special case of the Li[NiyCo1–2y
Mny]O2 family, in which y is 1/3. Li[Ni1/3Co1/3Mn1/3]O2

has layered hexagonal structure and the valence states of
Ni, Mn, and Co are divalent, tetravalent, and trivalent,
respectively. During the electrochemical charge/discharge
process, the tetravalent Mn is inactive, which plays an
important role in stabilizing the host structure and favoring
the cycling performance [7]. Therefore, Li[Ni1/3Co1/3Mn1/3]
O2 has many advantages such as high reversible capacity,
good cycle performance, and safety and has been consid-
ered as the best candidate of cathode material for the
lithium ion battery [8].

For high power applications such as hybrid electric
vehicles, the properties of high rate capability and cycle
stability are very important. High rate capability largely
depends on the morphology and particle size of the active
material in the electrodes. In LIB, the diffusion rates of
lithium ion and electrons in the active cathode material are
limited, which further limit the rate capability of the battery.
Nanostructured particles greatly reduce the diffusion dis-
tances of the lithium ion and electron and effectively
improve the high rate capability of active material [9].
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However, synthesis of the mixed transition metal
oxide, Li[Ni1/3Co1/3Mn1/3]O2, with nanometer-size par-
ticles has not proved easy. The transition metal component
often saturates and produces such impurities as NiO,
Co3O4, and MnO2 in the material. Moreover, it is difficult
to control the nanoparticle size of Li(Ni1/3Mn1/3Co1/3)O2

[10]. Therefore, selection of an appropriate synthetic
method is very critical in obtaining a nanostructured
material with high purity.

In this paper, the nanostructured Li(Ni1/3Mn1/3Co1/3)
O2 particles were prepared under a special synthetic
condition, namely at 0 °C via a hydroxide coprecipitation
method. With this novel synthetic process, nanostructured
Li(Ni1/3Mn1/3Co1/3)O2 with high purity, layered structure,
and improved rate capability was synthesized. The
structure, morphology, and electrochemical characteristics
of the nanostructured materials obtained were studied in
detail.

Experimental

Synthesis of nanostructured Li[Ni1/3Co1/3Mn1/3]O2

All the coprecipitation reaction took place in an ice
environment. The reactor was kept in the ice–water
mixing environment and the reaction solution was
maintained at 0 °C. The aqueous solution of NiSO4,
CoSO4, and MnSO4(cationic ratio of Ni/Co/Ni=1:1:1)
with a concentration of 2 mol·L−1 was pumped into
continuous stirred tank reactor under nitrogen atmosphere.
At the same time, NaOH solution of 2 mol·L−1 and
NH4OH of 0.36 mol·L−1 were also separately fed into the
reactor. The reaction solution was kept at 0 °C with
continuously stirring for 10 h and its pH value was
carefully controlled. The precipitated powder was alter-
nately filtered and washed with ethanol and water (the
temperature of 0 °C) three times, and then it was dried in a
vacuum oven at room temperature for 24 h.

The precursor obtained was pressed into pellets. The
pellets were calcined at 500 °C for 5 h and were
subsequently ground. The powder obtained was mixed
with LiOH (the molar ratio of Li/(Mn + Co + Ni) was 1.10)
using a ball mill and then the powder was pressed into
pellets. Finally, pellets were remade and calcined at 800 °C
for 12 h in air.

Measurements

Powder X-ray diffraction (XRD) employing Cu Kα
radiation was used to identify the crystalline phases of the
powders prepared. The morphology was observed with a
scanning electron microscope (SEM) and a transmission

electron microscope (TEM). The chemical composition was
determined with atomic absorption spectroscopy (AAS).

Electrochemical measurements were performed using a
2,032 coin cells composed of a Li[Ni1/3Co1/3Mn1/3]O2

cathode and a lithium metal anode separated by a
microporous polyethylene film. The cathode was prepared
by mixing the active material with conductive carbon black
and polyvinylidene fluoride in a weight ratio of 80:10:10.
The mixture was pressed onto aluminum foil and then dried
under vacuum at 90 °C for 10 h. Then, the electrode was
rolled, and a circular electrode was cut out. The laboratory
cell was assembled in an argon-filled glove box, and the
electrolyte consisted of 1 M LiPF6–EC/DMC (1:1v/v). The
electrochemical properties were measured with BTS-2000
Neware Battery Testing System (made in Shenzhen City,
Guangdong Province, China), and the cells were tested at
32 mA·g−1 between 2.8 to 4.4 V.

Results and discussions

Particle morphology

The chemical composition of the prepared sample was
determined by AAS. The ratio of Li/Ni/Mn/Co was
1.03:0.34:0.33:0.32, which is in good agreement with the
expected composition. Figure 1 shows the SEM and TEM
images of the precursor and final Li(Ni1/3Mn1/3Co1/3)O2

product. The precursor particles had the shape of thin
platelets in the nanometer-size range. The thickness of
the platelets was about 10~20 nm, and the lateral length of
the platelets was in the range of 100 nm (Fig. 1a, b). After
calcination, the particles of the Li(Ni1/3Mn1/3Co1/3)O2

material changed to spherical or rectangular shape in the
100~200 nm size range (Fig. 1c, d).

The XRD pattern of the Li(Ni1/3Mn1/3Co1/3)O2 powders
prepared is shown in Fig. 2. The figure identified that the
sample has typical hexagonal α-NaFeO2 structure (space
group—166, R-3m) and no secondary phase was observed.
In the XRD pattern, the integrated peak splits of (006)/
(102) and (018)/(110) are known to be an indicator of
layered structure [11]. As seen in the figure, clear peak
splits of (006)/(102) and (018)/(110) are observed, which
indicated the formation of a highly ordered layer structure
for Li[Ni1/3Co1/3Mn1/3]O2.

In Li[Ni1/3Co1/3Mn1/3]O2, the radius of Ni2+ is close to
that of Li+. A partial interchange of occupancy of Li and
transition metal ions among the sites would give rise to
disordering in the structure called “cation mixing”. Cation
mixing is known to degrade the electrochemical perfor-
mance of layered compound. The integrated intensity ratio
of I003/I104 (R) is sensitive to the degree of cation mixing
[12]. Researchers often used this intensity ratio to indicate
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the cation mixing of the layered structure [13]. Generally,
R<1.2 is an indication of undesirable cation mixing [14]. A
value of R=1.33 was obtained for the prepared Li[Ni1/3
Co1/3Mn1/3]O2, which indicated a low degree of cation
mixing in the structure. Therefore, good electrochemical
performance would be expected for the Li[Ni1/3Co1/3Mn1/3]
O2 prepared.

The lattice parameters were obtained from the XRD data of
Fig. 2. The lattice parameter, a, is related to average metal–
metal intraslab distance; the lattice parameter, c, is related to
the average metal–metal interslab distance; and the trigonal

distortion, c/a, is related to the hexagonal structure disorder.
For layered compounds, a higher value of c/a is desirable for
better hexagonal structure [15]. The hexagonal lattice
parameter of the Li[Ni1/3Co1/3Mn1/3]O2 prepared were
determined to be a=2.8609 Å and c=14.2231 Å. These
data match well with the values observed in other work
[12, 16]. The value of c/a=4.972 shows that a well-
defined hexagonal structure is formed. All the above
results confirm that the Li[Ni1/3Co1/3Mn1/3]O2 powder
prepared have well-defined layered hexagonal structure.

The electrochemical properties of the Li[Ni1/3Co1/3
Mn1/3]O2 material prepared were tested and the results are
shown in Figs. 3, 4, and 5. Figure 3 shows the charge/
discharge curves of the product during cycling at a
constant current density of 32 mA·g−1 (0.2 C) between
2.8 and 4.4 V versus Li at 30 °C. The cathode material
prepared shows monotonic voltage and capacity varia-
tions. The initial charge and discharge capacities were
208.7 and 171.8 mAh·g−1, respectively, and the coulombic
efficiency was 82.3% for the initial cycle.

The changes of discharge capacity and coulombic
efficiency during cycling are shown in Fig. 4. The
discharge capacity deteriorates slightly on cycling and
the coulombic efficiencies of the subsequent cycles are all
above 97%. The material shows stable cycling properties
and a capacity of 162.5 mAh∙g−1 is obtained after
50 cycles.

Although the above results demonstrate the good
electrochemical performance at moderate rates, the impor-

Fig. 1 Images of prepared
precursor and final
Li(Ni1/3Mn1/3Co1/3)O2 product.
SEM (a) and TEM (b) images
of precursor and SEM (c) and
TEM (d) images of
Li(Ni1/3Mn1/3Co1/3)O2

Fig. 2 XRD pattern of Li[Ni1/3Co1/3Mn1/3]O2 cathode material
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tance of high power applications points to an investigation
of the high rate performance of this material. Figure 5
shows the different discharge rates capacities of the Li[Ni1/3
Co1/3Mn1/3]O2 electrode between 2.8 and 4.4 V. The
nanostructured cathode material maintains its discharge capac-
ity at high rates. Especially, the discharge capacity obtained at
the 4 C rate is 84.2% of that at 0.2 C, which indicates the good
high rate performance of the material prepared.

The nanoparticle electrode material showed excellent
cycling properties at both moderate and high rates. Its good
rate capability is probably due to decreased particle size and
improved morphology. For the material prepared by
conventional hydroxide coprecipitation, the particle size is
often several microns, which results in lower specific
surface area and porosity of the electrode. During high
current charge and discharge process, the Li ion in bulk
lattice of such particles cannot rapidly diffuse to their

surfaces because of the long diffusion pathway, resulting in
low rate capability. In this work, the preparative coprecipi-
tation process was performed at 0 °C, which effectively
prevents the growth and aggregation of the primary particle,
giving high purity nanostructured material. In this case, the
interface area between the electrolyte and the active material is
relatively large and the diffusion path of lithium ion from bulk
to surface is relatively short. The nanostructured Li[Ni1/3Co1/3
Mn1/3]O2 powder shows superior high rate capability
compared with conventional microsize material.

Conclusion

Nanostructured Li[Ni1/3Co1/3Mn1/3]O2 particles were syn-
thesized in an ice environment via a coprecipitation
method. Their morphology, structure, and electrochemical
performance were characterized using SEM, TEM, XRD,
and galvanostatic charge/discharge testing. SEM and TEM
images show the synthesized precursor had a platelet
particle shape with the thickness of about 10~20 nm. After
calcination, the particles change to a spherical or rectangle
shape with a size of 100~200 nm. Structural analysis
showed that the Li[Ni1/3Co1/3Mn1/3]O2 prepared had a
well-defined hexagonal layered structure with only a
small amount of cation mixing. Good electrochemical
properties and superior high rate capability were
obtained, which probably result from the unique mor-
phological characteristics of the material, favoring it for
high power applications.
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Fig. 3 Charge and discharge curves of the Li[Ni1/3Co1/3Mn1/3]O2

preparation over 50 cycles at 32 mA·g−1 (0.2 C)

Fig. 4 Changes of discharge capacity and coulombic efficiency of the
Li[Ni1/3Co1/3Mn1/3]O2 preparation over 50 cycles at 32 mA·g−1

(0.2 C)

Fig. 5 Discharge capacity of the Li[Ni1/3Co1/3Mn1/3]O2 preparation at
different discharge rates from 0.2 to 4 C
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