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Abstract Spherical Li[Ni0.5Mn0.3Co0.2]O2 was prepared by
both the continuous hydroxide co-precipitation method and
continuous carbonate co-precipitation method under differ-
ent calcined temperatures. The physical properties and elec-
trochemical behaviors of Li[Ni0.5Mn0.3Co0.2]O2 prepared
by two methods were characterized by X-ray diffraction,
scanning electron microscope, and electrochemical measure-
ments. It has been found that different preparation methods
will result in the differences in the morphology (shape, particle
size, and tap density), structure stability, and the electrochemi-
cal characteristics (shape of initial charge/discharge curve,
cycle stability, and rate capability) of the final product Li
[Ni0.5Mn0.3Co0.2]O2. The physical and electrochemical prop-
erties of the spherical Li[Ni0.5Mn0.3Co0.2]O2 prepared by
continuous hydroxide co-precipitation is apparently superior
to the one prepared by continuous carbonate co-precipitation
method. The optimal sample prepared by continuous hydrox-
ide co-precipitation at 820 °C exhibits a hexagonally ordered
layer structure, high special discharge capacity, good capacity
retention, and excellent rate capability. It delivers high initial
discharge capacity of 175.2 mAh g−1 at 0.2 C rate between 3.0
and 4.3 V, and the capacity retention of 98.8 % can be main-
tained after 50 cycles.While the voltage range is broadened up
to 2.5 and 4.6 V vs. Li+/Li, the special discharge capacities at
0.2 C, 0.5 C, 1 C, 2 C, 5 C, and 10 C rates are as high as 214.3,
205.0, 198.3, 183.3, 160.1 and 135.2 mAh g−1, respectively.
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Introduction

In recent years, much attention has been paid to a layered Li
[Ni0.5Mn0.5]O2 that can be considered as a one-to-one mix-
ture of LiNiO2 and LiMnO2 [1–3]. It has many advantages
over LiNiO2 and LiMnO2, such as high capacity, structural
and thermal stability, and excellent cyclic performance.
Nevertheless, it also has two main drawbacks. One is its
difficulty in preparation by conventional solid-state method,
in which Li2MnO3 was preferentially formed, and unreacted
NiO remained [4, 5]. Another is its lower electronic con-
ductivity, which dramatically reduces its specific capacity
even at a moderate current density [6].

Cobalt doping can not only promote the formation of Li
[Ni0.5Mn0.5−xCox]O2 but also enhance the electronic con-
ductivity and the thermal stability of Li[Ni0.5Mn0.5−xCox]O2

[7–10]. Li[Ni0.5Mn0.3Co0.2]O2, which can be considered as
one of the most promising cathode materials for the appli-
cation of lithium ion battery among Li[Ni0.5Mn0.5−xCox]O2

series, was first proposed by Liu et al. [11]. It was initially
prepared by traditional mixed hydroxide method at 750 °C
in flowing oxygen and showed the initial discharge capacity
of 140 mAh g−1 at a current density of 0.2 mA cm−2 be-
tween 2.75 and 4.2 V vs. Li+/Li. Li et al. [7, 8] prepared it
by solid-state reaction at 950 °C in O2 later and found that
Co non-equivalent substitution could not only reduce the
impurity phase (NiO) content, improve the crystallinity of
the compound but also significantly decreased the charge
transfer resistance, thereby improving the rate capabilities.
However, a closer performance inspection for the samples
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prepared by different technical routes reveals some contra-
dictory information on the electrochemical behaviors such
as the shape of initial charge curve, reversible capacity, and
cyclic performance. This strongly implied that the electro-
chemical characteristics of Li[Ni0.5Mn0.3Co0.2]O2 are prone
to be affected by preparation condition. In order to further
improve its electrochemical performance, it is necessary to
study the influence of preparation method on the structural
and electrochemical characteristics of Li[Ni0.5Mn0.3Co0.2]
O2 and clarify the essential reason of the difference.

In our previous work [12, 13], continuous carbonate co-
precipitation method has been proven to be a good choice of
for the preparation of [Ni1/3Co1/3Mn1/3]CO3 as the precursor
of LiNi1/3Co1/3Mn1/3O2 cathode material with excellent per-
formance. In this paper, both the continuous carbonate co-
precipitation (CCC method) and continuous hydroxide co-
precipitation (CHC method) have been adopted to prepare
the spherical Li[Ni0.5Mn0.3Co0.2]O2. The effects of prepara-
tion method on the structural, morphological, and electro-
chemical characteristics of Li[Ni0.5Mn0.3Co0.2]O2 are
comparatively studied.

Experimental

Technical route of the CHC method

The details of the co-precipitation apparatus are shown in
Fig. 1. [Ni0.5Mn0.3Co0.2](OH)2 precursor was synthesized by

continuous hydroxide co-precipitation process in the CSTR
under N2 atmosphere protection. Initially, the CSTR-1 was
filled with distilled water corresponding to 20 vol.% of the
reactor, and the pH was then adjusted to 11.0 with proper
amount of NH4OH and 3.6 M NaOH to get an initial solution.
The solution was stirred at 800 rpm; the temperature of the
solutionwas maintained at 50 °C. A 1.8-M aqueous solution of
NiSO4·6H2O, MnSO4·H2O, and CoSO4·7H2O corresponding
to a molar composition of Ni/Mn/Co05:3:2 was introduced
continuously into the CSTR-1. Simultaneously, a 3.6-M aque-
ous solution of NaOH and 0.2 M NH4OH was separately fed
into the reactor. The total feed flow rate was adjusted to assure
an average residence time of 10 h in CSTR-1. The liquid
product that overflowed out from the CSTR-1 was fed into
CSTR-2 for ageing step, which was kept the same reaction
conditions as CSTR-1. Then, the products that collected con-
tinuously from the base of CSTR-2 was filtered, washed, and
dried at 110 °C for 12 h to obtain [Ni0.5Mn0.3Co0.2](OH)2
precursor. Finally, the [Ni0.5Mn0.3Co0.2](OH)2 wasmixed thor-
oughly with 6 % excess of a stoichiometric amount of Li2CO3

to compensate the calcining loss. The mixture was preheated at
500 °C for 5 h and calcined at 780–900 °C for 12 h in air to
obtain the final products Li[Ni0.5Mn0.3Co0.2]O2.

Technical route of the CCC method

Spherical [Ni0.5Mn0.3Co0.2]CO3 precursor was synthesized
by carbonate co-precipitation process using the above de-
vice without inert atmosphere protection. The CSTR-1 was

Fig. 1 Schematic of device for
preparing the [Ni0.5Mn0.3Co0.2]
(OH)2 and [Ni0.5Mn0.3Co0.2]
CO3 precursors by continuous
co-precipitation
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filled with distilled water corresponding to 20 vol.% of the
reactor, and the pH of the water was then adjusted to 8.0
with adequate amount of NH4HCO3 and 1.8 M Na2CO3

solution. The solution was stirred at 1,000 rpm while main-
taining the reactor temperature at 60 °C. A 1.8-M mixture
solution of NiSO4·6H2O, MnSO4·H2O, and CoSO4·7H2O
(Ni/Mn/Co05:3:2 molar ratio) was pumped continuously into
the CSTR-1. Meanwhile, a 1.8 M aqueous solution of
Na2CO3 and 0.3 M NH4HCO3 was separately fed into
the reactor. The total feed flow rate was adjusted to
assure an average residence time of 10 h in CSTR-1. The
liquid product that overflowed out from the CSTR-1 was feed
into CSTR-2 for ageing step. Then, the precipitation was
filtered, washed, and dried at 110 °C for 12 h to obtain
[Ni0.5Mn0.3Co0.2]CO3 precursor. The [Ni0.5Mn0.3Co0.2]CO3

was fired at 500 °C for 5 h to decompose the carbonate into
an oxide compound [Ni0.5Mn0.3Co0.2]3O4. Finally, the
obtained [Ni0.5Mn0.3Co0.2]3O4 was mixed thoroughly with
6 % excess amounts of Li2CO3. The mixture was preheated
at 500 °C for 5 h and calcined at 780–900 °C for 12 h in air to
obtain Li[Ni0.5Mn0.3Co0.2]O2.

Characterization of physical and electrochemical properties

The chemical composition of the resulting powder was ana-
lyzed by atomic absorption spectroscopy (Vario 6 Analytik
Jena AG, Jena, Germany). The tap density of sample was
determined by Powder Integrative Characteristic Tester (BT-
1000, Bettersize Instruments Ltd, China). The phase identifi-
cation of the sample was performed with a diffractometer
(D/Max-3 C, Rigaku, Japan). The morphology of the sample
was observed using scanning electron microscopy (JSM-
5600LV, JEOL, Japan). The electrochemical tests of Li
[Ni0.5Mn0.3Co0.2O2] were carried out using coin cells assem-
bled in an argon-filled glove box. In all cells, the cathode was
consisted of a mixture of active material (80 wt.%), acetylene
black (10wt.%), graphite (5wt.%), 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
(EC)-dimethyl carbonate (1:1, V/V). Charge/discharge meas-
urements were carried out in Neware battery test system (BTS-
XWJ-6.44S-00052, Newell, Shenzhen, China).

Results and discussion

Figure 2 shows the X-ray diffraction (XRD) patterns of the
precursors prepared by different technical route. It can be
observed that the XRD pattern of the [Ni0.5Mn0.3Co0.2]
(OH)2 is almost consistent with the typical fingerprint of
M(OH)2 (M 0 Ni, Mn, Co) structure [14]. All diffraction
lines are indexed to a hexagonal structure with a space

group of P3m1. The absence of impurity phases indicates
that Ni, Mn, and Co would be homogeneously distributed
within [Ni0.5Mn0.3Co0.2](OH)2 particle. The co-precipitated
[Ni0.5Mn0.3Co0.2]CO3 has a typical hexagonal structure with
a space group of R-3c corresponding to NiCO3 (JCPDS
No.12-0771), of which have divalent transition metals in
the formal charge [15]. The carbonate [Ni0.5Mn0.3Co0.2]CO3

was fired at 500 °C for 5 h to form [Ni0.5Mn0.3Co0.2]3O4.
The hexagonal carbonate structure has been changed to
a cubic spinel Co3O4 structure during this process. According
to the XRD patterns, the lattice parameters of a, c, and V were
calculated by Bragg equation, and the Dhkl (the mean crystal-
lite size along the (hkl) direction) was analyzed by Scherrer
equation; the results were listed in Table 1. It can be found that
the apparent mean crystallite size of [Ni0.5Mn0.3Co0.2](OH)2
prepared from hydroxide co-precipitation is 18.7 nm,
which is two times larger than that of the precursor
[Ni0.5Mn0.3Co0.2]3O4 synthesized from carbonate co-
precipitation. It is well known that the low resolution of the
patterns obtained for low crystallinity/low size samples makes
the application of Scherrer formula less appropriated, and so a
proper refinement was needed [16, 17]. We will discuss this
issue in a later paper.

Figure 3 shows the scanning electron microscope (SEM)
images of the precursors synthesized by different co-
precipitation processes. As being seen from Fig. 3a, c, and
b, d, both the [Ni0.5Mn0.3Co0.2](OH)2 and [Ni0.5Mn0.3-
Co0.2]3O4 precursors have uniform spherical morphology
with an average size of about 10–15 μm. Each of the spherical
particles is made up of numerous small primary grains. How-
ever, there is great deal of difference in the shape of the
primary particles due to different technical route. It can be
clearly seen from Fig. 3e that the primary particle of
[Ni0.5Mn0.3Co0.2](OH)2 is a laminated flake minicrystal, but

Fig. 2 XRD patterns of the precursor a [Ni0.5Mn0.3Co0.2](OH)2, b
[Ni0.5Mn0.3Co0.2]CO3, and c [Ni0.5Mn0.3Co0.2]3O4
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the corresponding particle in [Ni0.5Mn0.3Co0.2]3O4 is an acic-
ular minicrystal as shown in Fig. 3f. In addition, the tap
density of the [Ni0.5Mn0.3Co0.2](OH)2 synthesized by hydrox-
ide co-precipitation process reaches 2.12 g cm−3, of which the
value is higher than the [Ni0.5Mn0.3Co0.2]3O4 precursor pre-
pared from carbonate co-precipitation process (as shown in
Table 1).

The chemical compositions of the precursors were ana-
lyzed by atomic absorption spectroscopy; the results were
listed in Table 1. The AAS analysis identifies that the

element ratios of Ni/Mn/Co for [Ni0.5Mn0.3Co0.2](OH)2,
[Ni0.5Mn0.3Co0.2]CO3, and [Ni0.5Mn0.3Co0.2]3O4 are
0 . 5 0 1 : 0 . 2 9 7 : 0 . 2 0 2 , 0 . 5 0 1 : 0 . 2 9 6 : 0 . 2 0 3 , a n d
0.501:0.296:0.203, respectively; the element ratio of Ni/Mn/
Co is very close to 5:3:2, which is almost the same as the
designed value.

Figure 4a illustrates the XRD patterns of the samples
calcined at different temperatures through CHC method.
Hereafter, the obtained products were labeled as CHC-780,
CHC-820, CHC-860, and CHC-900, respectively. Figure 4b

(d)

(f) 

(b) 

(c)

(a) 

(e)

Fig. 3 SEM of the precursor
a, c, e [Ni0.5Mn0.3Co0.2](OH)2
and b, d, f [Ni0.5Mn0.3Co0.2]3O4

at different magnifications

Table 1 Comparison of compositions, calculated structure parameters, and tap densities for precursors synthesized by different methods

Sample Composition a-axis (Å) c-axis (Å) Unit
volume (Å3)

Crystallite
size (nm)

Tap density
(g cm−3)

[Ni0.5Mn0.3Co0.2]CO3 [Ni0.501Mn0.296Co0.203]CO3 4.763 15.235 299.310 9.1 (D104) 1.80

[Ni0.5Mn0.3Co0.2]3O4 [Ni0.501Mn0.296Co0.203]3O4 8.319 – 575.631 9.5 (D400) 1.87

[Ni0.5Mn0.3Co0.2](OH)2 [Ni0.501Mn0.297Co0.202](OH)2 3.056 4.582 37.058 18.7 (D001) 2.12
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displays the XRD patterns of the samples prepared by CCC
method calcined at different temperatures; the obtained sam-
ples were denoted as CCC-780, CCC-820, CCC-860, and
CCC-900, respectively. As seen from Fig. 4, all the samples
can be indexed to the hexagonal α-NaFeO2 structure (space

group:R3m), and no impurity phase was observed in the X-ray
pattern, such as NiO, which usually appear in LiNi0.5Mn0.5O2

due to the preferential formation of Li2MnO3 to LiNiO2

[7, 8]. In the XRD pattern, integrated peak splits of
(006)/(102) and (018)/(110) are known to an indicator
of characteristic of layered structure like Li[Ni0.5Mn0.5]O2 and
Li[Ni1/3Co1/3Mn1/3]O2 [2–6]. As shown in Fig. 4, for the
samples prepared by CHC method, the peak splits of (006)/
(102) and (018)/(110) are obviously observed above 820 °C,
whereas in the samples prepared via CCC method, the clear
splits of above two shoulder peaks appear up to 860 °C,

Fig. 5 Comparison of
calculated structure parameters
and tap densities for Li
[Ni0.5Mn0.3Co0.2]O2 samples
prepared by (black squares)
CHC method and (red circles)
CCC method under different
calcining temperatures

Fig. 4 XRD patterns of the Li
[Ni0.5Mn0.3Co0.2]O2 powders
prepared by a CHC method and
b CCC method under different
calcining temperatures
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indicating that Li[Ni0.5Mn0.3Co0.2]O2 with good layered
structure can be obtained at the lower calcined temperature
by CHC method than by CCC method due to the good
physical properties of [Ni0.5Mn0.3Co0.2](OH)2 precursor.

According to the XRD patterns, the structure parameters
of a, c, V, c/a, and I003/I104 were calculated, and the results
were illustrated in Fig. 5. As shown in Fig. 5, the lattice

parameters a, c, and V of samples synthesized by CHC
method have no apparent change while the calcined tempera-
ture increases. Comparatively, the lattice parameters a, c, and
V of samples synthesized by the CCC method gradually
increases with the increase of calcined temperature. This
phenomenon indicates that the calcined temperature has great
effect on the unit cell dimension of samples synthesized by

(h) 

(f)

(d) 

(g)

(e) 

(c)

(a) (b) 
Fig. 6 SEM images of the Li
[Ni0.5Mn0.3Co0.2]O2 powders
prepared by CHC method and
CCC method. a CHC-780,
c CHC-820, e CHC-860,
g CHC-900 and b CCC-780,
d CCC-820, f CCC-860,
h CCC-900
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CCC method, but little on those prepared by CHC method. It
has been known that the cation mixing will deteriorate the
electrochemical performance of the layered oxide materials.
The integrated intensity ratio of I003/I104 is sensitive to the
cation mixing and usually taken as an approximate measure of
the amount of ion mixing in the α-NaFeO2 type structure
materials [7–11]. It was reported that the undesirable cation
mixing would appear when the ratio of I003/I104 is smaller than
1.2 [18]. As shown in Fig. 5, the I003/I104 values of all the
samples in this work are larger than 1.2, indicating less unde-
sirable Li+/Ni2+ cation mixing exists in the as-prepared sam-
ples due to the cobalt (Co3+) doping which reduce the content

of Ni2+ in the layered Li[Ni0.5Mn0.3Co0.2]O2. This result is
consistent with the previous research reported by Li et al. [7,
8]. In addition, the I003/I104 values of the samples synthesized
by the CHC method are less sensitive to the calcination
temperature compared with those prepared by the CCCmethod.
The above results reveal that the CHC method is a better
alternative for the synthesis of Li[Ni0.5Mn0.3Co0.2]O2 cathode
material with an ideal hexagonal layered structure.

As is well known, the surface morphology is an impor-
tant influence factor for electrochemical performance of the
lithium secondary batteries. Figure 6 exhibits scanning elec-
tron micrographs of Li[Ni0.5Mn0.3Co0.2]O2 samples obtained

Fig. 7 The initial charge/discharge profiles of Li[Ni0.5Mn0.3Co0.2]O2 materials synthesized by a CHC method and b CCC method at 0.2 C rate in
the voltage range of 3.0 and 4.3 V at 25 °C

Fig. 8 Cycling efficiency as a
function of cycle number for the
Li[Ni0.5Mn0.3Co0.2]O2

materials synthesized by a CHC
method and b CCC method at
0.2 C rate in the voltage range
of 3.0 and 4.3 V at 25 °C
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from different synthesis methods. As shown in Fig. 6, the
secondary particles of all Li[Ni0.5Mn0.3Co0.2]O2 samples keep
the spherical morphology of the precursor after the high
temperature calcinations; each of the spherical particles is
made up of a large number of primary grains. However, great
changes have taken place on the shape of primary particle. It
can be seen that the laminated flake primary particle structure
of the [Ni0.5Mn0.3Co0.2](OH)2 precursor has been changed to
tiny-thin plate shape (0.1–1 μm), yet the acicular primary
particle of [Ni0.5Mn0.3Co0.2]3O4 precursor is thoroughly
changed to granular shape (0.1–1 μm), and the granular
shapes of the primary particles slightly protrude toward the
outside of the secondary structure of particles along with the
temperature increasing. In comparison with the samples pre-
pared by CCC method, the primary grains of samples pre-
pared by CHC method stack more closely; close contact

between the primary grains will benefit to get the cathode
material with high tap density. It can be seen from the Fig. 5
that the tap densities of the sample CHC-780, CHC-820, CHC-
860, and CHC-900 prepared by hydroxide co-precipitation
reach 2.49, 2.61, 2.65, and 2.71 g cm−3, respectively, of which
the values are higher than the samples prepared by CCC
method and the most previous results of Li[Ni1/3Co1/3Mn1/3]
O2 materials [15, 19–21] and close to that of commercialized
LiCoO2.

In order to further study the influence of the synthesis
method on the electrochemical performance of Li
[Ni0.5Mn0.3Co0.2]O2, the cells were operated at 0.2 C rate
(32 mA g−1) for 50 cycles in the voltage range of 3.0–4.3 V
vs. Li+/Li at 25 °C. Figure 7 shows the initial charge/dis-
charge profiles of Li[Ni0.5Mn0.3Co0.2]O2 samples synthe-
sized by CHC and CCC methods at 0.2 C rate. As seen

Fig. 9 Gravimetric discharge
capacities as a function of
cycle number for the Li
[Ni0.5Mn0.3Co0.2]O2 materials
synthesized by a CHC method
and b CCC method at 0.2 C rate
in the voltage range of 3.0 and
4.3 V at 25 °C

Fig. 10 The initial charge/discharge profiles for sample a CHC-820
and b CCC-860 at 0.2 C rate in the voltage range of 3.0 and 4.3 V at
55 °C

Fig. 11 Gravimetric discharge capacities as a function of cycle number
for sample a CHC-820 and b CCC-860 at 0.2 C rate in the voltage
range of 3.0 and 4.3 V at 55 °C
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from the Fig. 7, the samples prepared by CHC method
exhibit a little smaller IR drop and polarization between
charge and discharge in the whole voltage range, and the
operation voltage is more abruptly decayed at the end of
discharge, compared with those samples prepared by CCC
method. It also can be seen that the initial discharge capacity
of samples prepared by CHC method depends on the heat-
ing temperature but is lower than that observed for samples
prepared by CCC method. The discharge capacity increases
with heating temperature up to 820 °C for the sample
synthesized by CHC method and 860 °C for the sample
prepared by CCC method, and then they slightly decrease
above these temperatures. The initial charge and discharge
capacities for the sample CHC-780, CHC-820, CHC-860,
and CHC-900 are 199.0/173.5, 197.3/175.2, 197.8/174.5,
and 196.8/168.3 mAh g−1 with a ratio of irreversible capac-
ity loss of 12.8 %, 11.2 %, 11.8 %, and 14.5 %, respectively.
By comparison, the charge and discharge capacities of
179.3/142.9, 191.5/160.7, 199.6/168.1, and 192.6/
155.6 mAh g−1 are obtained at the first cycle for the sample
CCC-780, CCC-820, CCC-860, and CCC-900, respectively,
and their irreversible capacity loss reaches 20.3 %, 16.1 %,
15.8 %, and 19.2 %.

Cycling efficiencies and discharge capacities of Li
[Ni0.5Mn0.3Co0.2]O2 samples as function of cycle number
are presented in Figs. 8 and 9, respectively. It can be seen
from Fig. 8 that all the samples show the high cycling
efficiency close to 100 % upon charge and discharge cycling
after the first cycle. Average efficiencies per cycle (exclud-
ing the first-cycle) of sample CHC-780, CHC-820, CHC-
860, and CHC-900 synthesized by CHC method reach
99.47 %, 99.82 %, 99.63 %, and 99.49 %, respectively,
while the sample CCC-780, CCC-820, CCC-860, and
CCC-900 prepared by CCC method are kept at 99.19 %,
99.38 %, 99.61 %, and 99.40 %, respectively. Comparative-
ly, the cycling efficiency of sample prepared by CHC meth-
od is higher than the sample synthesized by CCC method
under the same calcining temperature, and it can hold rela-
tive steady upon cycling. As being shown in Fig. 9, the
samples prepared by CHC method show the excellent cycle
performance; 95.6 %, 98.8 %, 97.1 %, and 95.8 % of initial
discharge capacities can be obtained after 50 cycles for
sample CHC-780, CHC-820, CHC-860 and CHC-900, re-
spectively. Compared with the samples prepared by CHC
method, Li[Ni0.5Mn0.3Co0.2]O2 synthesized by CCC meth-
od exhibits the slightly inferior capacity retention under the
same calcining temperature; the capacity retention after 50
cycles are 88.8 %, 94.4 %, 96.3 %, and 93.6 % for the
sample CCC-780, CCC-820, CCC-860, and CCC-900, re-
spectively. Therefore, it can be found that an optimal tem-
perature for the synthesis of Li[Ni0.5Mn0.3Co0.2]O2 with
high initial specific capacity and good cycle performance
by CHC method is found to be 820 °C. By comparison, for

CCC method, such an optimal temperature is 860 °C, which
is higher than the former. These results illustrate that the Li
[Ni0.5Mn0.3Co0.2]O2 with optimal performance could be
prepared at relatively low temperature by CHC method than
by CCC method.

As well as operation at room temperature, the performance
of the material at elevated temperatures is important. There-
fore, it is significantly critical to concern the high-temperature
characteristics of the prepared Li[Ni0.5Mn0.3Co0.2]O2. The ini-
tial charge/discharge profiles of the sample CHC-820 (which is
among the best of the samples prepared by CHC method) and
CCC-860 (which is among the best of the samples prepared by
CCC method) at 0.2 C rate between 3.0 and 4.3 V vs. Li+/Li at
55 °C are shown in Fig. 10, and the corresponding cycle
performances are displayed in Fig. 11. It can be seen from

Fig. 12 Nyquist plots of sample a CHC-820 and b CCC-860 at
different cycle stages. The insert: the schematic representation of
equivalent circuit
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Fig. 10 that the reversible capacities for both samples increase
when the cells were cycled at 55 °C. The initial discharge
capacities of 180 and 173.6 mAh g−1 can be obtained for the
sample CHC-820 and CCC-860, respectively. This phenome-
non is consistent with the previous results reported by Ohzuku
et al. [22], and they considered that the increase in rechargeable
capacity should be attributed to the negative shift of reversible
potential as a function of temperature, not kinetic effect. As
being shown in Fig. 11, both the samples exhibit slightly low
capacity retention as compared with room temperature. The

capacity retentions of sample CHC-820 and CCC-860 are
96.7 % and 93.9 %, respectively.

To explain the reason for the different cyclical stability of
samples CHC-820 and CCC-860, the electrochemical im-
pedance spectroscopy was carried out for the two samples at
different cycle numbers after being charged to 4.3 V. The
corresponding Nyquist plots are given in Fig. 12. The inter-
cept at the Zreal axis in high frequency refers to Rs, which
includes electrolyte solution resistance, electric contacts re-
sistance, and ion conductive resistance. The semi-circle in
the high frequency range is due to the surface film resistance
(Rf); the semicircle in the middle frequency range reflects
the charge transfer resistance (Rct); and the sloping line in
the lower frequency represents lithium-ion diffusion resis-
tance in electrode bulk, namely the Warburg impedance.
The non-linear least squares fitting procedure from B.A.
Boukamp [23] was used to simulate the impedance data;
the equivalent circuit was given in Fig. 15a, and the results are
listed in Table 2. It can be seen that the Rf and Rct of CCC-860
increase with increasing in cycle numbers. However, in contrast

Table 2 Simulated parameters using equivalent circuit in Fig. 12a

Resistance parameters CHC-820 CCC-860

Third Tenth 50th Third Tenth 50th

Rs (Ω) 2.9 3.2 3.5 3.0 3.5 4.4

Rsf (Ω) 180.5 197.8 231.5 212.2 252.2 315.2

Rct (Ω) 75.2 100.2 151.3 97.5 129.4 231.7

Fig. 13 The first and second charge/discharge profiles for sample a CHC-820 and b CCC-860. Differential capacity (∂Q/∂E) vs. cell potential of
the Li/Li[Ni0.5Mn0.3Co0.2]O2 coin cell corresponding to the first and second charge and discharge curves of sample c CHC-820 and d CCC-860

2832 J Solid State Electrochem (2012) 16:2823–2836



with CCC-860, the CHC-820 shows the smaller total resistance
(sum of surface layer resistance and charge transfer resistance)
and relative stable Rf and Rct values upon charge and discharge
cycles, which guarantees the better cycle stability.

Li[Ni1-x-yMnxCoy]O2 is only partially de-intercalated and
intercalated when cells are charged and discharged in the
voltage range of 3.0–4.3 V vs. Li+/Li. Higher discharge ca-
pacities can be obtained when the voltage range is broadened.
Here, in order to investigate the characteristic of the lithium ion
de-intercalated and intercalated to the Li[Ni0.5Mn0.3Co0.2]O2

host in a wide voltage range, 4.6 V vs. Li+/Li is chosen as
the upper limit because the critical upper limit of LiNiO2 and
LiCoO2 is 4.6 V [24]. The cells using CHC-820 and CCC-860
as the active material were operated at the 0.2 C rate in the
voltage range of 2.5–4.6 V vs. Li+/Li at 25 °C. The first and
second charge/discharge cycle profiles and differential capac-
ity profiles of the sample CHC-820 and CCC-860 are pre-
sented in Fig. 13. It can be seen from Fig. 13a and b that the
initial discharge capacities are remarkably increased while the
voltage range is broadened; the discharge capacities of 214.3
and 199.1 mAh g−1 can be obtained for the sample CHC-820
and CCC-860 at the first cycle. It is well known that the series
Li[Ni0.5Mn0.5)1−xCox]O2 materials (including Li[Ni1/3Co1/
3Mn1/3]O2, Li[Ni0.4Mn0.4Co0.2]O2, and Li[Ni0.5Mn0.5]O2)
usually show two couples of redox peaks during the charge
and discharge cycle. The first couple of redox peaks is sharp
and centered at about 3.75 V vs. Li+/Li; the other is small and
centered at about 4.5 V vs. Li+/Li. They are ascribed to Ni2+/
Ni4+ and Co3+/Co4+ redox couples [6, 10], respectively. How-
ever, it can be seen from Fig. 13c, d that the samples CHC-820
and CCC-860 show three anodic peaks and two cathodic
peaks during the first cycle. Three anodic peaks at about
3.75, 3.80, and 4.55 V vs. Li+/Li is probably identified as
Ni2+/Ni3+, Ni3+/Ni4+ and Co3+/Co4+ redox couple, respective-
ly, while two cathodic peaks at about 3.74 and 4.53 V vs. Li+/
Li match along with Ni4+/Ni2+ and Co4+/Co3+ redox, respec-
tively [25, 26]. In the second cycle, the first anodic peak at
about 3.75 V vs. Li+/Li increases while the second anodic
peak at about 3.8 V vs. Li+/Li degrades; two shoulder peaks
have emerged into one broadened peak. In order to analyze the
chemical composition of Li[Ni0.5Mn0.3Co0.2]O2 compound,
the samples CHC-820 and CCC-860were characterized byX-
ray photoemission spectroscopy (XPS), and corresponding
magnified Mn 2p3/2, Co 2p3/2, and Ni 2p3/2 are presented in
Fig. 14. As illustrated in Fig. 14a, the binding energy of Mn
2p3/2 electron in Li[Ni0.5Mn0.3Co0.2]O2 is located at about
614.5 eV, which is the same as that of the Li2MnO3. These
results suggest that the valence of Mn in both samples is
tetravalent, well consistent with those reported [27]. It can
be seen from Fig. 14b that the Co 2p3/2 has a characteristic
peak with a binding energy of about 779.5 eV and can be
indexed to the Co3+ (the published binding energy of a triva-
lent Co 2p3/2 electron is 779.3–779.9 eV [28]). As shown in

Fig. 14 XPS emission spectra of aMn 2p3/2, bCo 2p3/2, and cNi 2p3/2 in
the Li[Ni0.5Mn0.3Co0.2]O2
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Fig. 14c, the Ni 2p3/2 peak is observed at approximately
855.5 eV. Because the standard binding energies of Ni2+ and
Ni3+ are 853.8 and 857.3 eV [29], respectively, it is expected
that the valence number of Ni in Li[Ni0.5Mn0.3Co0.2]O2 is a
mixture of 2+ and 3+. Because the Mn4+ is inactive over the
voltage range of 2.5–4.6 V vs. Li+/Li, the first charge reaction
should correspond to Ni2+/Ni3+, Ni3+/Ni4+ and Co3+/Co4+

redox couples. These results were well consistent with the
previous reports by Delmas et al. and Liao et al. [30, 31].
Furthermore, it can be also noticed that the sample CHC-820
displays the sharper redox peak and smaller peak potential
differences (ΔE) between oxidation and reduction peaks posi-
tions than the sample CCC-860 during the second cycle,
suggesting that the better reversibility of Li de-intercalation
processes occur in the cell of sample CHC-820 which, in turn,
ensures a reduced capacity fade during battery cycling process.

To evaluate the rate capability of sample CHC-820 and
CCC-860, the cells were first charged galvanostatically with
a 0.2 C rate before each discharge testing and then dis-
charged at different C rates from 0.2 to 10 C rates stepwise,
every step lasted five charge/discharge cycles. Typical dis-
charge curves of Li/Li[Ni0.5Mn0.3Co0.2]O2 cells at 0.2 C,
0.5 C, 1 C, 2 C, 5 C, and 10 C rates between 2.5 and 4.6 V
vs. Li+/Li are shown in Fig. 15. As shown in Fig. 15, the
discharge capacity and average discharging voltage of the
CCC-860 prepared from CCC method decreased with in-
creasing current density. The capacity reached 94.5 %,

89.4 %, 81.3 %, 66.3 %, and 51.2 % at 0.5 C, 1 C, 2 C,
5 C, and 10 C compared with the specific capacity of
199.1 mAh g−1 at 0.2 C rate, respectively. By contrast, the
decrease of capacity of the sample CHC-820 prepared from
CHC method is less than that of the former when the dis-
charging current is increased from 0.2 C to 10 C. It could be
found that the sample CHC-820 delivers a discharge capac-
ity of 205 mAh g−1 at 0.5 C (the capacity retention rate is
about 95.7 % of that of 0.2 C), 198.3 mAh g−1 at 1 C (the
capacity retention rate is about 92.5 % of that of 0.2 C),
183.1 mAh g−1 at 2 C (the capacity retention rate is about
85.4 % of that of 0.2 C), and 160.1 mAh g−1 at 5 C (the
capacity retention rate is about 74.5 % of that of 0.2 C).
Even at 10 C, the capacity of sample CHC-820 is still as
high as 135.2 mAh g−1, and the capacity retention rate is
about 63.1 % of that of 0.2 C.

Fig. 15 Typical discharge
curves of sample a CHC-820
and b CCC-860 at 0.2 C, 0.5 C,
1 C, 2 C, 5 C, and 10 C rates
between 2.5 and 4.6 V at 25 °C

Table 3 Comparing the structure parameters and tap density of Li
[Ni0.5Mn0.3Co0.2]O2 prepared by different methods

Sample a-axis (Å) c-axis (Å) Unit
volume (Å3)

c/a I003/I104

CHC-820 2.870 14.256 101.690 4.967 1.779

[8] ~2.87 ~14.26 ~102 ~4.963 1.20

[9] 2.8721 14.2576 101.851 4.964 –

[11] 2.908 14.250 104.4 4.90 1.50
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Compared with the layered Li[Ni0.5Mn0.3Co0.2]O2 pre-
pared traditionally by mixed hydroxide method and solid-
state reaction in the previous reports [7–9, 11], the sample
CHC-820 prepared by continuous hydroxide co-precipitation
not only shows a better structural integrity (as shown in
Table 3) but also evident improvement on electrochemical
performance (as shown in Table 4).

Conclusions

Spherical Li[Ni0.5Mn0.3Co0.2]O2 without any impurity
phase was prepared by both the continuous hydroxide co-
precipitation and continuous carbonate co-precipitation. The
difference in preparation method results in the differences of
the morphology (shape, particle size, and tap density) and
structure stability of the compound, thereby influencing
their electrochemical characteristics. The calcined temperature
has little influence on the calculated structure parameters,
spherical morphology, and reversible capacity of the sample
prepared by hydroxide co-precipitation method while pro-
nounced in the case of those prepared by the continuous
carbonate co-precipitation method. Comparatively, continu-
ous hydroxide co-precipitation is much more suitable for
preparing spherical Li[Ni0.5Mn0.3Co0.2]O2 cathode material
with high tap density, hexagonal layered structure, and excel-
lent electrochemical performance. The optimal Li
[Ni0.5Mn0.3Co0.2]O2 prepared by this method at 820 °C shows
not only a better structural integrity (higher ratio of I003 /I104)
but also evident improvement on electrochemical performance.
It delivers high initial discharge capacity of 175.2 mAh g−1 at
0.2 C rate between 3.0 and 4.3 V vs. Li+/Li, and the capacity
retention of 98.8 % can be retained after 50 cycles. While the
voltage range is broadened up to 2.5 and 4.6 V vs. Li+/Li, the
special discharge capacity at 0.2 C reaches 214.3 mAh g−1, and
the capacity retention percentages at 0.5 C, 1 C, 2 C, 5 C, and
10 C based on 0.2 C are 95.7 %, 92.5 %, 85.4 %, 74.5 %, and
63.1 %, respectively.

Therefore, it is concluded that the spherical Li
[Ni0.5Mn0.3Co0.2]O2 prepared by the continuous hydroxide
co-precipitation method can be used as a possible alternative
cathode material in response to an expanding need for the
advanced lithium-ion batteries.
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