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Abstract LiNi1/3Co1/3Mn1/3O2 cathode materials for the
application of lithium ion batteries were synthesized by
carbonate co-precipitation routine using different ammonium
salt as a complexant. The structures and morphologies of the
precursor [Ni1/3Co1/3Mn1/3]CO3 and LiNi1/3Co1/3Mn1/3O2

were investigated through X-ray diffraction, scanning elec-
tron microscope, and transmission electron microscopy. The
electrochemical properties of LiNi1/3Co1/3Mn1/3O2 were
examined using charge/discharge cycling and cyclic voltam-
mogram tests. The results revealed that the microscopic
structures, particle size distribution, and the morphology
properties of the precursor and electrochemical performance
of LiNi1/3Co1/3Mn1/3O2 were primarily dependent on the
complexant. Among all as-prepared LiNi1/3Co1/3Mn1/3O2

cathode materials, the sample prepared from Na2CO3–
NH4HCO3 routine using NH4HCO3 as the complexant
showed the smallest irreversible capacity of 19.5 mAh g−1

and highest discharge capacity of 178.4 mAh g−1 at the first
cycle as well as stable cycling performance (98.7% of the
initial capacity was retained after 50 cycles) at 0.1 C
(20 mA g−1) in the voltage range of 2.5–4.4 V vs. Li+/Li.
Moreover, it delivered high discharge capacity of over
135 mAh g−1 at 5 C (1,000 mA g−1).

Keywords Lithium ion batteries . LiNi1/3Co1/3Mn1/3O2
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Introduction

In recent years, Li[NixCo1−2xMnx]O2(0<×<1/2) has been
reported as a promising cathode material for lithium ion
batteries [1–3]. In particular, LiNi1/3Co1/3Mn1/3O2 (x=1/3)
shows the best cell performance. The main advantages of
LiNi1/3Co1/3Mn1/3O2, compared with Li–M (M=Co, Mn, or
Ni) oxides, are its higher reversible capacity, improved
thermal stability, and lowered toxicity [4–6]. Therefore, there
is a great deal of interests in using LiNi1/3Co1/3Mn1/3O2 as
the positive electrode material for high energy density and
high power density Li-ion secondary batteries. Generally,
LiNi1/3Co1/3Mn1/3O2 has mainly been prepared by solid-
state reaction and hydroxide co-precipitation method.
The solid-state reaction method often results in an impure
and inhomogeneous product with inferior electrochemi-
cal performance [7–9]. This leads to the widespread
adoption of the hydroxide co-precipitation method in
which a homogeneous precursor of [Ni1/3Co1/3Mn1/3]
(OH)2 is prepared [10–14]. But the mixed transition
metal hydroxide is unstable in hydroxide co-precipitation
process; Mn(OH)2 (Mn2+) can easily be oxidized to
MnOOH (Mn3+) or MnO2 (Mn4+) upon precipitation
conditions, which can decrease the homogeneity of the final
product. Therefore, preparing the precursor reproducibly is
very difficult [15].

Compared with solid-state and hydroxide co-precipitation
methods, the carbonate co-precipitation method results in a
homogeneous and phase-pure precursor of [Ni1/3Co1/3Mn1/3]
CO3 in which the manganese remains as Mn2+, and then it
can be used for the synthesis of a more homogeneous and
pure LiNi1/3Co1/3Mn1/3O2 with high electrochemical perfor-
mance [4, 16–18]. During the carbonate co-precipitation
process, the morphology and size of the [Ni1/3Co1/3Mn1/3]
CO3 precursor were affected by operating conditions such as
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reaction temperature (T), crystallization time (t), stirring
speed (r), and pH of the solution [19–23]. In addition, it has
been believed that the complexant is a critical factor to
influence the properties of [Ni1/3Co1/3Mn1/3]CO3 precursors
and LiNi1/3Co1/3Mn1/3O2 final product.

In this work, the effects of the complexants (including
NH4OH, (NH4)2SO4, and NH4HCO3 as sources of NH3

ligand) on the particle size distribution and morphology of
the [Ni1/3Co1/3Mn1/3]CO3 precursor were discussed. The
structure, morphology, and electrochemical performance of
the as-prepared LiNi1/3Co1/3Mn1/3O2 were also studied in
detail.

Experimental

Spherical [Ni1/3Co1/3Mn1/3]CO3 carbonate precursor was
first synthesized by carbonate co-precipitation method. A
1.8-M mixture solution of NiSO4, CoSO4, and MnSO4 (Ni/
Mn/Co=1:1:1 M ratio) was pumped into a continuous-
flow-stirred tank reactor with a 3-L capacity. At the same
time, a 1.8-M aqueous solution of Na2CO3 and a desired
amount of complexant (NH4OH, (NH4)2SO4, and
NH4HCO3 solutions) with the same concentration of
NH4

+ ions were separately fed into the reactor. The mixture
solution was stirred at a speed of 1,000 rpm for 12 h at 60 °
C and pH=7.5 to produce the precipitation. Then, the
precipitation was filtered, washed, and dried in a vacuum
oven at 40 °C for several hours. Thus, the prepared powder
was further dried at 110 °C to remove the adsorbed water
and to obtain precursor carbonate powder [Ni1/3Co1/3Mn1/3]
CO3. The [Ni1/3Co1/3Mn1/3]CO3 was fired at 500 °C for 5 h
to decompose the carbonate into an oxide compound.
Finally, the obtained de-carbonated oxide compound
powder was mixed thoroughly with 5% excess amounts of
LiOH·H2O (molar ratio of 1.05) to compensate the
calcining loss. The mixture was preheated at 500 °C for
5 h to melt the lithium salt and calcined at 900 °C for 12 h
in air to obtain LiNi1/3Co1/3Mn1/3O2. The [Ni1/3Co1/3Mn1/3]
CO3 prepared from Na2CO3–NH4OH, Na2CO3–
(NH4)2SO4, and Na2CO3–NH4HCO3 systems were, respec-
tively, denoted as precursor AH, AS, and AB, and the
corresponding LiNi1/3Co1/3Mn1/3O2 were labeled as sample
AH, AS, and AB, respectively.

The chemical compositions of the resulting powders
were analyzed by atomic absorption spectroscopy (AAS;
Vario 6 Analytik Jena AG, Jena, Germany). The phase
identification of the samples was performed with a
diffractometer (D/Max-3C, Rigaku, Japan) using Cu Kα
radiation (l=1.54178 Å) and a graphite monochromator at
36 kV, 20mA. The scanning rate was 8°/min, and the scanning
range of diffraction angle (2θ) was 10°≤2θ≤80°. In order to

analyze the correlation lengths (the apparent crystallite sizes)
of the [Ni1/3Co1/3Mn1/3]CO3 and LiNi1/3Co1/3Mn1/3O2

crystals in the 2D confinement, the Scherrer’s equation
was used:

Dhkl ¼ Kl
bhkl cos q

ð1Þ

Where Dhkl is the mean crystallite size along the (hkl)
direction, K is the shape factor (the Scherrer constant, a
value of 0.94 was used in this study [24]), βhkl is the line
breadth, and θ is the half-scattering angle. Usually, βhkl is
taken as the half width at half maximum of the (hkl)
diffraction. The morphology of the sample was observed
using scanning electron microscopy (SEM; JSM-5600LV,
JEOL, Japan) and transmission electron microscopy (TEM;
Tecnai G2, FEI, America). The particle size and particle
size distribution were measured by Mastersizer-2000
(Malvern Instruments Ltd, England).

The electrochemical tests of LiNi1/3Co1/3Mn1/3O2

were carried out using coin cells assembled in an
argon-filled glove box. In all cells, the cathode com-
prised a mixture of active material (80 wt.%), acetylene
black (10 wt.%), graphite (5 wt.%), and polyvinylidene
fluoride (5 wt.%) as binder agent, lithium was served as
counter and reference electrodes, a Celgard 2400 was
used as separator, and the electrolyte was a 1 M LiPF6
solution in ethylene carbonate–dimethyl carbonate (1:1
v/v). Charge–discharge measurement was carried out in
Neware battery test system BTS-XWJ-6.44S-00052
(Newell, Shenzhen, China) at different current densities
at room temperature. Cyclic voltammogram was mea-
sured at a scan rate of 0.1 mV s−1 between 2.5 and 4.8 V
using a CHI600A Electrochemical Analyzer (Chinstr,
Shanghai, China).

Results and discussion

Usually, during the precipitation process the crystals go
through two stages: the formation of crystal nuclei and their
subsequent growth which includes each single-crystal
nucleus development and the agglomeration of some nuclei.
The above two processes determine the size and morphology
of crystals. In order to get the homogeneous micron-spherical
crystals [Ni1/3Co1/3Mn1/3]CO3, NH3 ligand was introduced
to carbonate co-precipitation reaction system to keep the
balance of crystal nucleation rate and crystal growth rate
[18–21]. In this work, NH4OH, (NH4)2SO4, and NH4HCO3

were separately used as complexants to provide the NH3

ligand; the mechanism of formation of the crystal nucleus

482 J Solid State Electrochem (2012) 16:481–490



[Ni1/3Co1/3Mn1/3]CO3 can be explained according to the
following two-step process [18]:

1 3= Ni2þ aq:ð Þ þ 1 3= Co2þ aq:ð Þ þ 1 3= Mn2þ aq:ð Þ
þ nNH3 � H2O aq:ð Þ

! Ni1=3Co1=3Mn1=3 NH3ð Þn
� �2þ

aq:ð Þ þ nH2O ð2Þ

Ni1=3Co1=3Mn1=3 NH3ð Þn
� �2þ

aq:ð Þ þ CO3
2� þ nH2O

! Ni1=3Co1=3Mn1=3
� �

CO3 s:ð Þ þ nNH3 � H2O aq:ð Þ ð3Þ

This mechanism suggests the formation of an interme-
diary, ammoniacal-mixed transition metal ligand, during the
first step. The ligand becomes unstable in the presence of
an increasing concentration of carbonate, and replacement
of the ammoniacal groups takes place during the second
step. The uniformity was attributed to the action of the
complexant, which basically prevents the phase separation
and leads to the formation of homogeneous and uniform
carbonate particles. In the previous reports [25, 26], the
morphology and homogeneity of the carbonate powders
prepared in the absence of complexant were significantly
inferior. While in this work, homogeneous and spherical
[Ni1/3Co1/3Mn1/3]CO3 was successfully synthesized by
carbonate precipitation method using Na2CO3 precipitant
and different complexants (NH4OH, (NH4)2SO4, and
NH4HCO3) as shown in Fig. 1. The microstructures of
[Ni1/3Co1/3Mn1/3]CO3 particles are strongly influenced by
the complexants. SEM images of precursors presented in
Fig. 1 show that all [Ni1/3Co1/3Mn1/3]CO3 precursors are
spherical and homogeneous. However, precursor AH
prepared by Na2CO3–NH4OH system was more round
and smoother than precursors AS and AB, suggesting that
the different complexants are responsible for the difference
of precursors in shape. The particle size and particle size

distribution of [Ni1/3Co1/3Mn1/3]CO3 precursors are shown
in Fig. 2. The average particle size of the precursor AH,
precursor AS and precursor AB is 19.54, 19.89, and
16.87 μm, respectively, which is consistent with the SEM
observations. Compared with precursors AH and AS,
precursor AB prepared by Na2CO3–NH4HCO3 system has
a much more narrow size distribution (diameter at 10% is
12.54 μm and the diameter at 90% is 22.93 μm), indicating
that in Na2CO3–NH4HCO3 system, a good pH buffer
solution can keep the balance of crystal nucleation rate
and crystal growth rate, which is much better than in the
other two precipitator-complexant systems.

Figure 3 shows the X-ray diffraction (XRD) patterns of
the [Ni1/3Co1/3Mn1/3]CO3 powders prepared from Na2CO3–
NH4OH, Na2CO3–(NH4)2SO4, and Na2CO3–NH4HCO3

systems. The co-precipitated carbonate is single phased
and has a typical structure corresponding to those of
NiCO3, CoCO3, and MnCO3, all of which have divalent
transition metals in their formal charge. This structure was
indexed to a hexagonal structure with a space group of
R3c[18]. The diffraction peaks were quite broad due to the

a b c

Fig. 1 Scanning electron micrographs of the precursors [Ni1/3Co1/3Mn1/3]CO3 a precursor AH, b precursor AS, and c precursor AB

Fig. 2 Particle size distribution of the precursors [Ni1/3Co1/3Mn1/3]
CO3
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small particle size. According to the XRD patterns, the
lattice parameters of a, c, and V were calculated by Bragg’s
equation and the D104 (the mean crystallite size along the
(104) direction) was analyzed using Scherrer’s equation;
the results were listed in Table 1. The apparent mean
crystallite sizes D104 of [Ni1/3Co1/3Mn1/3]CO3 powders
calculated using Scherrer’s equation are around 7–10 nm,
indicating that all the micron-spherical [Ni1/3Co1/3Mn1/3]
CO3 particles are composed of nano-sized primary particles.
From the TEM images of precursor [Ni1/3Co1/3Mn1/3]CO3 (as
seen in Fig. 4), it can be seen that the size of the primary
particles are around 5–15 nm; these results are in good
agreement with the calculated values.

Figure 5 illustrates the XRD patterns of all Li[Mn1/3
Ni1/3Co1/3]O2 materials prepared by Na2CO3–NH4OH,
Na2CO3–(NH4)2SO4, and Na2CO3–NH4HCO3, respective-
ly. All XRD patterns can be indexed on the basis of the α-
NaFeO2 structure (space group: 166, R3m). The observed
peak splitting at (006)/(102) and (108)/(110), and the
corresponding XRD patterns are magnified in the inset of
Fig. 5. The peaks are clearly split, indicating the formation
of a well-ordered α-NaFeO2-type layered structure [27]. In
the layered structure, Li+, transition metal ions (Ni, Co, and
Mn), and oxygen ion are situated in 3a, 3b, and 6c sites,
respectively. Since the ionic radii of Li+ (0.76 Å) and Ni2+

(0.69 Å) ions are similar, a partial disordering among the 3a
and 3b sites is expected and termed as “cation mixing”
[28]. It has been established that the cation mixing
deteriorates the electrochemical performance of the layered
oxide materials. Lattice parameters of the samples were
summarized in Table 2. It is well known that the c/3a ratio
of the lattice constants is a direct measure of deviation of
the lattice from a perfect cubic closed-packed lattice. A
pure layered lattice without transition metal in the
lithium layer has a c/3a ratio of 1.672, 1.639, and 1.648
for LiTiS2, LiNiO2, and LiNi0.5Mn0.5O2, respectively. The
LiMn1/3Ni1/3Co1/3O2 materials synthesized by NH4OH,
(NH4)2SO4, and NH4HCO3 have a c/3a ratio of 1.657,
1.656, and 1.657, respectively, implying that the material
has a more ideal ccp lattice than the previously synthe-
sized materials [28, 29]. According to Dahn’s report [30],
the rI-factor defined by (I006+ I102)/I101 is an indicator of
the hexagonal ordering, the lower the rI, the better the
hexagonal ordering. Sample AB has the lowest rI, which
indicates better hexagonal ordering of its lattice than that
of the samples AH and AS. In addition, the ratio of I003/
I104 is also a parameter to characterize the cation mixing
and the decrease of this ratio indicates the increase of the
structural deviation from hexagonal to cubic symmetry. It
was reported that the undesirable cation mixing would
appear when the ratio of I003/I104 is smaller than 1.2, but
the ratios of I003/I104 for the samples AH, AS, and AB are
1.497, 1.508, and 1.548, respectively, which are larger than
those reported by Li et al. [7], Shaju et al. [11], and Cho et al.
[25], suggesting less cation mixing in all LiNi1/3Mn1/3Co1/3O2

samples prepared by our different carbonate precipitator-
complexant systems [31]. From the above analysis, it is
concluded that the sample AB prepared by Na2CO3–
NH4HCO3 system displays a better structural integrity (lower
rI and higher ratio of I003/I104) than the sample AH, sample
AS, and other materials reported in references [7, 11, 25].

The chemical compositions of the resulting powders
were analyzed by atomic absorption spectroscopy; the
results were listed in Table 2. The AAS analysis identified
that the element ratios of Li/Ni/Mn/Co for the samples AH,
AS , a n d AB a r e 1 . 0 11 : 0 . 3 3 6 : 0 . 3 3 0 : 0 . 3 3 4 ,
1.006:0.341:0.326:0.333, and 1.008:0.335:0.330:0.335,
respectively, the element ratio of Ni/Mn/Co is close to
1:1:1, and the molar ratio of Li/M (M=Ni, Co, and Mn) is

Fig. 3 XRD patterns of the [Ni1/3Co1/3Mn1/3]CO3 precursors and
pure MnCO3 (JCPDS:86–0173)

Precursor Lattice parameters

a-Axis (Å) c-Axis (Å) Unit volume (Å)3 D104 (nm)

AH 4.79110 15.01674 298.514 8.907

AS 4.82572 14.88315 300.149 9.148

AB 4.75644 15.15505 296.920 7.753

Table 1 Lattice parameters of
the spherical precursors
[Ni1/3Co1/3Mn1/3]CO3
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also approaching 1:1, which are almost the same as the
values we designed. Therefore, we could successfully
prepare Li[Mn1/3Ni1/3Co1/3]O2 by carbonate co-
precipitation routine.

Figure 6 shows the scanning electron micrographs of the
LiMn1/3Ni1/3Co1/3O2 materials synthesized from different
precipitator-complexant systems. It can be seen that the
secondary particle of the prepared LiNi1/3Co1/3Mn1/3O2 has
the same shape and size as those of the precursors [Ni1/
3Co1/3Mn1/3]CO3 even after the precursor was re-crystallized
with lithium salt during high-temperature calcination. Each of
the spherical particles is made up of a large number of nano-
sized primary grains as shown in Fig. 6a–c. From Scherrer’s
equation, the mean crystallite sizes was evaluated to be about
70–90 nm as shown in Table 2. From Fig. 6d–f, it can also
be seen clearly that the primary grains of the sample AB
stacked more closely than those of the samples AH and AS,
close contact between the primary grains will likely improve
interparticle lithium ion movement, thereby enhancing the
rate capability of the material.

Normally, the crystal structure and morphology are two
main factors which affect the electrochemical performance
of the materials. Galvanostatic charge/discharge experi-
ments of the synthesized LiMn1/3Ni1/3Co1/3O2 materials
have been performed at a current density of 20 and
100 mA g−1 in the voltage range of 2.5–4.4 V vs. Li+/Li.
The charge/discharge curves of the LiNi1/3Co1/3Mn1/3O2

samples are presented in Figs. 7 and 8. It can be seen that
the first cycle of LiNi1/3Co1/3Mn1/3O2 electrodes differs
notably from successive cycles and shows more irreversible
capacity loss. This might be attributed to the formation of a
solid electrolyte interface on the surface of the electrode
and insufficient soaking of the electrode material during the
first cycle [32]. The first charge/discharge specific capac-
ities are 198.9/174, 197.3/171.4, 197.9/178.4 mAh g−1 with
a ratio of irreversible capacity loss of 12.52%, 13.13%, and
9.85% for the samples AH, AS, and AB, respectively,
suggesting that the sample AB prepared by NH4HCO3

complexant exhibits the highest discharge capacity and
coulombic efficiency among all prepared samples. Further-
more, the sample AB exhibits a little smaller IR drop
between charge and discharge in the whole voltage range in
Fig. 8, compared with those at the samples AH and AS, the
cell exhibits very stable cyclability, the capacity retention
after 50 cycles reaches 98.70%. Figure 9 depicts the cycle
performance of the synthesized LiNi1/3Co1/3Mn1/3O2 mate-
rials at 100 mA g−1 current rates between 2.5 and 4.4 V. It
can be seen that the samples AH, AS, and AB exhibit the
initial discharge capacities of 164.8, 161.9, and
171.8 mAh g−1, respectively. The capacity retention ratios
of the samples AH, AS, and AB are 91.23%, 88.26%, and
93.68% after 100 cycles, respectively, the sample AB
synthesized from Na2CO3–NH4HCO3 system appears to
exhibit the most impressive electrochemical performance.
The best results reported by Shaju et al. [11] for Layered Li
[Ni1/3Co1/3Mn1/3]O2 prepared by mixed hydroxide method
do not exceed 160 mAh g−1 at a specific current of
30 mA g−1 in the range of 2.5 and 4.4 V, and the retained
capacity after 40 cycles was only 143 mAh g−1. In other

a b c

Fig. 4 TEM images of the precursor [Ni1/3Co1/3Mn1/3]CO3 a precursor AH, b precursor AS, and c precursor AB

Fig. 5 XRD patterns of the prepared LiNi1/3Co1/3Mn1/3O2 a sample
AH, b sample AS, and c sample AB
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respects, attractive properties have been recently reported
with high tap density of Li[Ni1/3Co1/3Mn1/3]O2 synthesized
from uniform co-precipitated spherical metal hydroxide
[Ni1/3Co1/3Mn1/3](OH)2, the initial discharge capacity of
166.99 mAh g−1 was obtained between 3 and 4.3 V at a

current density of 16 mA g−1, and the capacity retention
after 30 cycles was 93% [10].

In order to evaluate the effect of complexant on the rate
capability of LiNi1/3Co1/3Mn1/3O2, the cells were charged
galvanostatically with a 0.2 C (40 mA g−1) rate before each

Table 2 Chemical analysis, calculated structure parameters for LiNi1/3Co1/3Mn1/3O2 compounds

Sample Composition Lattice parameters c/3a (I006+I102)/I101 I003/I104 D003 (nm)

a-Axis (Å) c-Axis (Å) Unit volume (Å)3

AH Li1.011 Ni0.336Mn0.330Co0.334O2 2.86018 14.21407 100.698 1.657 0.489 1.497 76.32

AS Li1.006 Ni0.341Mn0.326Co0.333O2 2.86126 14.20824 100.733 1.656 0.516 1.508 82.48

AB Li1.008 Ni0.335Mn0.330Co0.335O2 2.85944 14.21607 100.660 1.657 0.474 1.548 76.14

Literature [7] – 2.852 14.208 100.09 – – 1.25 –

Literature [11] – 2.864 14.233 101.102 – – 0.8 –

Literature [25] – 2.8604(6) 14.2453 (29) 100.9353 – – 1.45 –

a

b

c

d

e

f

Fig. 6 SEM images of the
prepared LiNi1/3Co1/3Mn1/3O2

a, d sample AH, b, e sample
AS, and c, f sample AB at
different magnifications
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discharge testing, then discharged at different C rates from
0.2 to 5 C stepwise, and finally returned to 0.2 C. The
discharge curves of Li/LiNi1/3Co1/3Mn1/3O2 cells at various
current densities (40–1,000 mA g−1) are shown in Fig. 10,
and the corresponding cycling performance are shown in
Fig. 11. The discharge capacity and average discharging
voltage of the sample AH prepared from Na2CO3–NH4OH
system decreased with increasing current density. The
capacity reached 91.9%, 83.3%, and 71.2% at 1, 2, and 5
C, respectively, compared with the specific capacity of
169.6 mA g−1 at 0.2 C. At the same time, the discharge
capacity of the sample AS prepared from Na2CO3–
(NH4)2SO4 system decreased more quickly than the sample
AH at high currents, only 80% and 60.2% at 2 and 5 C,
respectively, remained when compared with the specific

Fig. 7 First and 50th charge–discharge curves of LiNi1/3Co1/3Mn1/3O2

cathode a sample AH, b sample AS, and c sample AB at a current
density of 20 mA g−1 between 2.5 and 4.4 V

Fig. 8 The second charge–discharge curves for LiNi1/3Co1/3Mn1/3O2

the samples at a current density of 20 mA g−1 between 2.5 and 4.4 V

Fig. 9 Cycling performance of the prepared LiNi1/3Co1/3Mn1/3O2

sample AH (squares), sample AS (circles), and sample AB (triangles)
at a current density of 100 mA g−1 between 2.5 and 4.4 V

J Solid State Electrochem (2012) 16:481–490 487



capacity of 167.7 mA g−1 at 0.2 C. As shown in Fig. 10c,
the capacity of the sample AB prepared from Na2CO3–
NH4HCO3 system decreases less than that of the first two
samples when the discharging current is increased from 0.2

to 5 C. It could be found that the sample AB delivers a
discharge capacity of 169.9 mAh g−1 at 0.5 C (the capacity
retention rate is about 97.6% as that of 0.2 C),
163.8 mAh g−1 at 1 C (the capacity retention rate is about
93.1% as that of 0.2 C), and 150.6 mAh g−1 at 2 C (the
capacity retention rate is about 86.5% as that of 0.2 C).
Even at 5 C (1,000 mA g−1), the capacity of the sample AB
is still as high as 135 mA g−1 and the capacity retention rate
is about 78.1% as that of 0.2 C. Obviously, it is clear that
the sample AB retains a high percentage of discharge
capacity at high charge/discharge rate during cycling
process, and its capacity could be recovered quickly after
the high-rate discharging process (98.5% capacity was
retained when compared with the first specific capacity of
174 mA g−1 at 0.2 C). This excellent capacity retention at a
high current density is mainly attributed to the lessened
extent of cationic mixing and good packing properties of
the secondary particles.

LiNi1/3Co1/3Mn1/3O2 is only partially de-intercalated and
intercalated when cells are charged and discharged in the
voltage range of 2.5–4.4 V. Higher discharge capacities can
be obtained when the voltage range is broadened, but more
rapid capacity fading will be brought. To illustrate these
phenomena and show the differences of the three samples
operated in broader voltage, the voltage range of 2.5–4.6 V
is adopted. Here, 4.6 V is chosen as the upper limit because
the critical upper limit of LiNiO2 and LiCoO2 is 4.6 V [33].
Figure 12 shows the cycling performance of the samples
AH, AS, and AB at a current density of 100 mA g−1

between the voltage range of 2.5 and 4.6 V. It is noticed
that the initial discharge capacities for the three samples are
remarkably increased. However, their speed of capacity
fading also increases. The initial discharge capacities of the
samples AH, AS, and AB reach 185.1, 178.3, and
193.4 mA g−1, respectively; however, the capacity retention

Fig. 10 Discharge curves of Li/LiNi1/3Co1/3Mn1/3O2 cell at various
current densities between 2.5 and 4.4 V

Fig. 11 Cycle performance of Li/LiNi1/3Co1/3Mn1/3O2 cell at various
current densities between 2.5 and 4.4 V
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after 100 cycles are only 81.48%, 75.37%, and 85.97%.
These phenomena indicate that the different charge/dis-
charge voltage range may have different influence on the
electrochemical performance of electrode material, which
correspond to research results reported by Shaju et al. [11]
and Ren et al. [19].

Cyclic voltammogram was carried out to monitor the
electrochemical reactions during charge/discharge process
in the voltage range of 2.5–4.8 V at a scan rate of
0.1 mV s−1; the first cycle curves of voltammogram for
the samples AH, AS, and AB are shown in Fig. 13. It can
be seen that all the three samples show the two major
anodic peaks at 3.8–4.0 V and 4.5–4.7 V, whereas the
corresponding major cathodic peak is at 3.5–3.7 V and 4.4–
4.6 V. The redox processes of the first range roughly
correspond to the expected value for Ni2+/Ni4+ reaction,
and the latter redox range can be conclusively assigned to
the Co3+/Co4+ couple. This is a quite unusual value for the
Co3+/Co4+ redox couple in a layered compound, because in
similar layer-structured compounds LiCoO2, the Co

3+/Co4+

couple usually appears at about 4 V and shows better
reversibility [34, 35]. However, in the layered compound Li
(Mn1−xCox)O2 and Li(Ni1−x−yCoxMny)O2, the Co3+/Co4+

couple appears at 4.4–4.6 V. This unusually high value for
the redox couple could have possibly been responsible for
the compounds to undergo structural transformation more
easily, exhibiting the associated capacity fading during
cycling in the upper voltage range near 4.6 V [36, 37]. In
addition, it also can be noticed that the sample AB displays
the sharper redox peak and smaller peak potential differences
(ΔE) between oxidation and reduction peaks positions than
the samples AH and AS. This suggests that the better
reversibility of Li de-intercalation processes occur in the cell

of the sample AB, which in turn, ensures a reduced capacity
fade during battery cycling process.

From the above electrochemical charge/discharge, rate
capability and cyclic voltammogram tests, we conclude
that, of the three complexants tested herein, NH4HCO3

corresponds to the best complexant for preparation of
[Ni1/3Co1/3Mn1/3]CO3 as the precursor of LiNi1/3Co1/3Mn1/3O2

cathode material with excellent performance. Compared
with the layered Li[Ni1/3Mn1/3Co1/3]O2 prepared by
carbonate co-precipitation method without using complex-
ants reported by Cho [25], the sample AB prepared from
Na2CO3–NH4HCO3 system not only shows a better
structural integrity (higher ratio of I003/I104) but also some
improvement on electrochemical performance (higher
initial discharge capacity and better capacity retention).

Conclusions

Layered LiNi1/3Co1/3Mn1/3O2 cathode materials were pre-
pared by carbonate co-precipitation methods using
Na2CO3–NH4OH, Na2CO3–(NH4)2SO4, and Na2CO3–
NH4HCO3 precipitator-complexant systems, respectively.
The XRD patterns and SEM images show that different
complexants result in the differences in morphology and
structure of LiNi1/3Co1/3Mn1/3O2. The LiNi1/3Co1/3Mn1/3O2

prepared from Na2CO3–NH4HCO3 routine using
NH4HCO3 as complexant has the highest capacity, best
cycle performance, and excellent rate capability. The initial
discharge capacity reaches 178.4 mA g−1, and the capacity
retention after 50 cycles is 98.7% at a current of 20 mA g−1

in the voltage range of 2.5–4.4 V. When the discharging
current is increased from 0.2 to 5 C, it delivers a discharge
capacity of 174 (0.2 C), 169.9 (0.5 C), 163.8 (1 C), 150.6

Fig. 13 Cyclic voltammograms for the prepared LiNi1/3Co1/3Mn1/3O2

a sample AH, b sample AS, and c sample AB at scan rate of
0.1 mV s−1 between 2.5 and 4.8 V

Fig. 12 Cycling performance of the prepared LiNi1/3Co1/3Mn1/3O2

sample AH (squares), sample AS (circles), and sample AB (triangles)
at a current density of 100 mA g−1 between voltage range 2.5 and
4.6 V
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(2 C), and 135.9 mA g−1 (5 C), respectively. Therefore,
NH4HCO3 is a good choice of complexant for the
preparation of [Ni1/3Co1/3Mn1/3]CO3 as the precursor of
LiNi1/3Co1/3Mn1/3O2 cathode material with excellent
performance.
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