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Abstract

LiNi 0.6Co0.4−xMnxO2 (0.15� x� 0.25) cathode materials for lithium-ion batteries are synthesized by calcining a mixture of
Ni0.6Co0.4−xMnx(OH)2 and Li2CO3 at 890–950◦C for 15 h in a flowing oxygen atmosphere. The Ni0.6Co0.4−xMnx(OH)2 precursor is ob-
tained by a chemical co-precipitation method at pH = 11. Thermal analysis of the precursor for LiNi0.6Co0.4−xMnxO2 (0.15� x� 0.25) shows
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hat the weight loss is about 30% until the temperature reaches 750C. The X-ray diffraction patterns indicate the pure, layered, hexag
tructure of LiNi0.6Co0.4−xMnxO2. Scanning electron micrographs reveal that the morphology of the samples is characterized by l
lomerates (5–15�m) of rather small layered particles (around 100 nm). The particle size tends to decrease with increasing Mn con
lectrochemical behaviour of LiNi0.6Co0.4−xMnxO2 powder is examined by using test cells cycled within the voltage range 3–4.3 V
.1 C rate for the first cycle and then at the 0.2 C rate. LiNi0.6Co0.4−xMnxO2 (0.15� x� 0.25) cathode materials exhibit good initial discha
apacity (165–180 mAh g−1) and a capacity retention of above 95% after 20 cycles. It is demonstrated that LiNixCoyMn1−x−yO2 electrode
re promising candidates for application as cathodes in lithium-ion batteries.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Lithium-ion batteries have played an important role in
ortable electronic devices during the past decade. Transition
etal oxides such as LiMn2O4, LiCoO2 and LiNiO2 have
een investigated extensively as cathode materials for such
atteries[1–4]. Although LiMn2O4 is cost-effective, its
apacity retention during cycling is poor[5]. LiCoO2 is the
ost widely used cathode material because of its reasonable

apacity (140–160 mAh g−1) and high safety performance.
ue to the high cost and toxicity of LiCoO2, however,
lternatives have been investigated. LiNiO2 is the most
ttractive candidate by virtue of its lower cost and higher
ischarge capacity. Nevertheless, stoichiometric LiNiO2 is
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difficult to synthesize because high-temperature treat
of LiNiO2 leads to decomposition to Li1−xNi1+xO2, which
has partial cation mixing between Li and Ni sites[6]. During
cycling, lithium occupies nickel sites to cause struct
instability and capacity deterioration[7]. Thus, to improve
the properties of LiNiO2, it is necessary to substitute
partially with other transition elements. Cobalt substitu
can form a homogenous solid-solution over a large r
of dopant content in LiNi1−xCoxO2, since cobalt and nick
have similar properties.

In LiNi 1−xCoxO2 material, cobalt substitution can d
crease cation mixing and stabilize the layer structure[7–9].
On the other hand, the introduction of expensive Co
creases the fabrication cost. Recently, there have been r
[10–12]of adding a second element, Mn, to form multip
ion doped lithium nickel oxides of lower cost. Moreov
layered LiNi1−x−yCoxMnyO2 material has been shown to

378-7753/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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a most promising alternative material for LiCoO2 because of
its excellent electrochemical and safety characteristics. Li et
al. [13] reported that the synthesis method has an effect on
both the morphology and the electrochemical performance of
LiNi 1/3Mn1/3Co1/3O2 cathode materials[13]. The first dis-
charge capacity of LiNi1−x−yCoxMnyO2 materials synthe-
sized by a solid-state method[10] or sol–gel method[12]
was about 150–165 mAh g−1 in the voltage range 3–4.3 V.

In this study, LiNi0.6Co0.4−xMnxO2 cathode material is
synthesized by the mixing hydroxide method that consists
of two steps: (i) co-precipitation of transition metal salts in
basic solution to form metal hydroxides with homogeneous
cation distribution[14] and (ii) mixing of the hydroxides
with Li2CO3 powder and then heating to various temper-
atures. Correlations between the calcining temperature and
the Mn content in LiNi0.6Co0.4−xMnxO2 materials are ex-
amined. The effect of Mn content on the morphology of
LiNi 0.6Co0.4−xMnxO2 is also investigated.

2. Experimental

NiSO4·6H2O, CoSO4·7H2O and MnSO4 were used as
starting materials and were dissolved in distilled water in
a molar ratio of Ni2+:Co2+:Mn2+ = 0.6:(0.4− x):x (x ranged
from 0.15 to 0.25). A 1.5 M aqueous solution of the transition
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The electrochemical behaviour of LiNi0.6Co0.4−xMnxO2
powder was examined in two-electrode test cells that con-
sisted of a cathode, a metallic lithium anode, a polypropylene
separator, and an electrolyte of 1 M LiPF6 in a 1:1 (volume ra-
tio) mixture of ethylene carbonate (EC) and diethyl carbonate
(DEC). The electrode (cathode) was made by mixing a slurry
of 91 wt.% LiNi0.6Co0.4−xMnxO2 powder with 6 wt.% super
P carbon black, and 3 wt.% polyvinylidene fluoride binder
(PVDF) inN-methyl pyrrolidinone (NMP). The slurry was
then coated on aluminum foil and dried at 130◦C for more
than 3 h. Using these electrodes, 2016 type coin-cells were
assembled in an argon glove-box where both moisture and
oxygen content were <2 ppm. The cells were cycled over the
voltage range 3–4.3 V at the 0.1 C rate for the first cycle and
then at the 0.2 C rate.

3. Results and discussion

3.1. Thermal analysis

The TG/DTA profiles for the precursor LiNi0.6Co0.4−x-
MnxO2 materials for various values ofx that range from 0.15
to 0.25 are presented inFig. 1(a)–(c). There is a little change
in the profiles as the Mn content is increased. The weight
loss from room temperature to 150◦C can be assigned to
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etal sulfates was slowly dripped into a mixed solution
M NH4OH and 4 M NaOH at a constant rate. The molar r
f metal ions and ammonium was fixed and the pH value
djusted to 11 by the addition of NaOH solution. The t
erature was controlled at 60◦C to accelerate the rate of t
o-precipitation reaction. After reacting for 10 h, the pre
tate was filtered and washed several times to ensure th
esidual ions (Na+, SO4

2−, or others) were almost remove
he precipitation was then dried at 110◦C overnight, and th
i0.6Co0.4−xMnx(OH)2 precursor with a homogeneous d

ribution was obtained. Ni0.6Co0.4−xMnx(OH)2 and Li2CO3
ere thoroughly mixed in ethanol using a mortar and

le. These mixtures were heated to 890–950◦C for 15 h at a
eating rate of 2◦C per min in a flowing oxygen atmosphe
he LiNi0.6Co0.4−xMnxO2 cathode powder was formed a
nally ground to pass through a 37-�m sieve.

Thermogravimetry/differential thermal analysis (Mod
yris Diamond TG/DTA, Perkin-Elmer, USA) was e
loyed to determine the appropriate calcining tempera
he phase composition and crystal structure of the h

reated powder were analyzed by means of an X-ray dif
ometer (XRD-6000, Shimadzu, Japan) that was ope
t 30 kV and 20 mA from 15 to 80◦ at the wavelength o
u K� (λ = 1.5406Å). The particle-size distribution of th
i0.6Co0.4−xMnx(OH)2 and LiNi0.6Co0.4−xMnxO2 (x= 0.15
nd 0.2) powders was examined by laser scattering (Ho
A 300, Japan). The particle morphology was observe
eans of a field emission scanning electron microscope
EM, JSM-6500F, JEOL, Japan) at an accelerating vo
f 15 kV.
he loss of water adsorbed on the surfaces and some
alated water molecules that are bonded to hydroxyl gr
15]. The endothermic peak around 200–250◦C in an oxy-
en atmosphere may be due to the decomposition of M(O2
M = Ni0.6Co0.4−xMnx) to spinel phase M3O4 [15]. Although
i2CO3 is stable in air up to 750◦C and the melting poin

s 723◦C, some studies have indicated[16,17] that Li2CO3
lready reacts below 300◦C. The exothermic peaks arou
00–400◦C result from a decomposition reaction of Li2CO3

o Li2O and subsequent diffusion of lithium ions into M3O4
rystals to form M3O4 with interstitial Li2O [17]. The hexag
nal phase LiNi0.6Co0.4−xMnxO2 materials form at highe

emperatures. The weight loss is almost zero after 80◦C,
hich indicates that LiNi0.6Co0.4−xMnxO2 completely forms
t this temperature.

.2. Phase identification

The X-ray diffraction patterns of LiNi0.6Co0.4−xMnxO2
ith x= 0.15, 0.2 or 0.25 calcined in various temperature
iven inFig. 2with Miller indexes indicated. All of the pea
an be indexed based on the hexagonal�-NaFeO2 structure
n this structure, Li atoms are at the 3a sites, transition m
toms Ni, Co, and Mn are randomly distributed at the 3b s
nd O atoms are at the 6c sites. No impurity phase is obs

n the XRD patterns of LiNi0.6Co0.4−xMnxO2 synthesized b
he mixed hydroxide method. In these patterns, the inte
atios of the (0 0 3) and (1 0 4) lines are larger than 1.1
plitting of the (0 0 6, 0 1 2) and (0 1 8, 1 1 0) lines is clea
bserved. This implies that less cation mixing is prese
iNi 0.6Co0.4−xMnxO2 (x= 0.15, 0.2, 0.25)[18].
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Table 1
Lattice parameters of LiNi0.6Co0.25Mn0.15O2 calcined at temperatures between 890 and 920◦C

Temperature (◦C) a (Å) c (Å) c:a ratio Unit cell volume (̊A3) I0 0 3/I1 0 4 ratio

890 2.8622 14.1902 4.9577 100.68 1.26
900 2.8630 14.1894 4.9561 100.73 1.32
910 2.8639 14.1991 4.9580 100.86 1.22
920 2.8642 14.2075 4.9603 100.94 1.53

Fig. 1. TG/DTA profiles for LiNi0.6Co0.4−xMnxO2 (x= 0.15, 0.2, 0.25) pre-
cursor heat-treated from room temperature to 1000◦C at 2◦C per min in
air.

The lattice parameters,a andc, calculated by the least-
squares method with 10 diffraction lines and theI0 0 3/I1 0 4
ratio of a LiNi0.6Co0.4−xMnxO2 sample withx= 0.15 cal-
cined at 890–920◦C are listed inTable 1. With increasing
heating temperature, thea- andc-axes expand, and thus the
hexagonal unit-cell volume, i.e., (3)1/2a2c/2, increases from
100.677Å3 at 890◦C to 100.94Å3 at 920◦C. Choi et al.[18]
reported that if partial cation mixing occurs, it will cause a
decrease in thec:a ratio [18]. The lowestc:a ratio at 900◦C
suggests the formation of a mixture of the cubic and hexag-
onal structures.

3.3. Particle size and morphology

Micrographs of the Ni0.6Co0.25Mn0.15(OH)2 precursor
synthesized by the co-precipitation method after 10 h are
presented inFig. 3. The samples are composed of agglom-
erates (5–15�m) of very small layered particles (about
100 nm), as shown inFig. 3(b). There are two growth
stages during the formation of the hydroxide precipita-
tion. First, in violent stirring solution, cations and hy-
droxyl groups react to form primary precipitates of M(OH)2
(M = Ni0.6Co0.4−xMnx). As the reaction time is increased,
the small particles slowly agglomerate to form secondary
spherical particles. The morphologies of primary particles
on the surfaces of LiNi Co Mn O powders calcined
a -
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t temperatures between 890 and 910◦C for 15 h are pre
ented inFig. 4. There is an evident distinction in morph
gy between hydroxides and oxides. LiNi0.6Co0.25Mn0.15O2
xides do not exhibit an apparent layered habit, as comp
ith Ni0.6Co0.4−xMnx(OH)2 materials. After heat treatme

ock-shaped grains form on the surface. As the calcined
erature is raised, the grain size increases and the ed

he grains become shaper.
The average size of primary particles are shown inFig. 5as

function of temperature with different Mn contents calci
t various temperatures. With increasing Mn content, the
ary particle size decreases at a specific temperature

xample, for LiNi0.6Co0.4−xMnxO2 calcined at 910◦C, the
verage particle size is 0.8�m atx= 0.15, while it is 0.54�m
t x= 0.2 and 0.53�m atx= 0.25. Thus, the particle size

nfluenced by the Mn content. The particle size tends to
rease with increasing Mn content.

.4. Electrochemical properties

The electrochemical behaviour of LiNi0.6Co0.4−xMnxO2
alcined at various temperatures has also been investi
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Fig. 2. X-ray diffraction patterns for LiNi0.6Co0.4−xMnxO2 (a)x= 0.15, (b)
x= 0.2 and (c)x= 0.25 calcined at various temperatures in oxygen atmo-
sphere.

The first charge–discharge profiles of LiNi0.6Co0.4−xMnxO2
with x= 0.15 calcined at temperatures between 890 and
920◦C and cycled between 3 and 4.3 V at the 0.1 C rate are
given in Fig. 6. The curves are quite smooth without any

Fig. 3. Scanning micrographs of (a) Ni0.6Co0.25Mn0.15(OH)2 and (b) the
surface morphology of Ni0.6Co0.25Mn0.15(OH)2 powder.

plateaux. This implies that there is no transformation from a
cubic to a spinel phase during charging and discharging[19].
The first irreversible capacities, i.e., the difference between
the first charge and discharge capacity, are about 20 mAh g−1

for LiNi 0.6Co0.25Mn0.15O2. This is attributed to the forma-
tion of a passivation film on the surface of the electrode[20].

The discharge capacity as a function of cycle number
for LiNi 0.6Co0.25Mn0.15O2 samples calcined between 890
and 920◦C is given inFig. 7. Cycling tests were operated
within the voltage range 3–4.3 V at the 0.1 C rate for the
first cycle and then at the 0.2 C rate. The initial discharge
capacities are similar (about 175–178 mAh g−1). The sample
calcined at 900◦C exhibits the best electrochemical perfor-
mance; it has a discharge capacity of 178.4 and 175 mAh g−1

on the first and 20th cycles, respectively. When calcined at
890 and 910◦C, LiNi0.6Co0.25Mn0.15O2 exhibits excellent
capacity retention—the efficiency is about 95 and 96%, re-
spectively, after 20 cycles. By contrast, the discharge capac-
ity of LiNi 0.6Co0.25Mn0.15O2 calcined at 920◦C retains only
91.2% of its original value after 20 cycles.
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Fig. 4. . FESEM images of LiNi0.6Co0.25Mn0.15O2 calcined at (a) 890, (b)
900 and (c) 910◦C for 15 h.

The electrochemical properties of LiNi0.6Co0.4−xMnxO2
for x= 0.15, 0.2 and 0.25 are summarized inTable 2. When
both high initial capacity and capacity retention are consid-
ered in LiNi0.6Co0.2Mn0.2O2, the sample calcined at 940◦C
shows the best behaviour. The initial discharge capacity of

Fig. 5. Average particle size of primary powders as function of temperature
for LiNi 0.6Co0.4−xMnxO2 materials (x= 0.15, 0.2, 0.25).

Fig. 6. First charge–discharge profile for LiNi0.6Co0.4−xMnxO2 for x= 0.15
calcined at (a) 890, (b) 900, (c) 910 and (d) 920◦C between 3 and 4.3 V at
0.1 C rate.

Fig. 7. Specific discharge capacities of LiNi0.6Co0.25Mn0.15O2 calcined at
temperatures between 890 and 920◦C for 15 h cycled at 0.2 C rate between
3 and 4.3 V at room temperature.
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Table 2
Electrochemical properties of LiNi0.6Co0.4−xMnxO2 (x= 0.15, 0.2, 0.25)

X Calcination temperature (◦C) 1st discharge capacity (mAh g−1) 20th discharge capacity (mAh g−1) Capacity retention after 20 cycles (%)

0.15 890 174.5 165.0 94.6
900 178.4 175.0 98.1
910 177.0 170.3 96.2
920 177.4 161.8 91.2

0.2 910 166.6 161.6 97.0
920 170.7 163.6 95.8
930 171.3 165.8 96.8
940 175.6 169.7 96.6
950 168.6 159.6 94.6

0.25 910 173.7 158.9 91.5
920 171.3 147.3 86.0
930 170.4 160.3 94.1
940 168.4 158.3 94.0
950 167.2 163.3 97.7

the LiNi0.6Co0.15Mn0.25O2 material decreases with calcining
temperature. On the other hand, raising the calcining temper-
ature has a positive effect on capacity retention. The sample
calcined at 950◦C displays the best electrochemical proper-
ties due to its high capacity retention. It should be noted that
in determining the optimum particle size of cathode materi-
als for electrode fabrication, attention should be paid to the
carbon black used in mixing the slurry[21]. In other words,
the particle size of the cathode material is not the sole de-
terminant of the electrochemical properties observed in this
study.

The data presented inTable 2show that most beneficial
calcining temperature of LiNi0.6Co0.4−xMnxO2 samples in-
creases with the Mn content. Overall, LiNi0.6Co0.4−xMnxO2
materials (x= 0.15, 0.2, 0.25) derived by the mix-
ing hydroxide method exhibit good electrochemical
behaviour.

4. Conclusions

Layered, hexagonal structure LiNi0.6Co0.4−xMnxO2
(x= 0.15, 0.2, 0.25) materials have been successfully syn-
thesized by the mixing hydroxide method. As the heating
temperature increases, primary rock-shaped grains form on
the surface of the materials. When the Mn content is in-
c
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-
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I
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t g
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promising low-cost cathode materials for lithium-ion
batteries.
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