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Abstract

LiNi;_,Co,0, samples were synthesized at 800 °C and 850 °C, by the solid-state reaction method, using the starting
materials LiOH - H,O, Li,CO3, NiO, NiCOj3, Co304 and CoCOs. The LiNi;_,Co,O; synthesized using Li,CO3, NiO
and Co30, exhibited the a-NaFeO, structure of the rhombohedral system (space group R3m). As the Co content
increased, the lattice parameters ¢ and ¢ decreased. The reason is that the radius of the Co ion is smaller than that of
the Ni ion. The increase in c/a shows that a two-dimensional structure develops better as the Co content increases.
The LiNij 7Coq 30, synthesized at 800 °C using LiOH - H,O, NiO and Co3;0, exhibited a larger first discharge capa-
city of 162 mAh g~! than the other samples. The cycling performances of the samples with the first discharge capacity
larger than 150 mAh g_1 were investigated. LiNiy9Cog 10, synthesized at 850 °C using Li,CO3, NiO and Co304
showed excellent cycling performance. Samples with larger first discharge capacity will have a greater tendency for
lattice destruction due to expansion and contraction during intercalation and deintercalation, than samples with

smaller first discharge capacity. As the first discharge capacity increases, the capacity fading rate thus increases.

1. Introduction

Transition metal oxides such as LiCoO, [1-4], LiNiO,
[5-9] and LiMn,O4 [10-17] have been investigated in
order to apply them as positive electrode (cathode)
materials for lithium secondary batteries. LiMn,Oy is
very cheap and does not cause environmental pollution,
but its cycle performance is not good. Layered LiNiO,
and LiCoO, exhibit complementary behaviour; LiCoO,
is easy to synthesize by the solid-state method, but is
very expensive when compared with LiNiO,. However,
LiNiO, is quite difficult to synthesize as a result of a
tendency to nonstoichiometry due to the presence of an
excess of nickel.

A convenient way to overcome these drawbacks may
be to use mixed phases with LiNi;_,Co, O, composition
because the presence of cobalt stabilizes the structure in
a strictly two-dimensional fashion, thus giving good
reversibility of the intercalation and deintercalation
reactions [18-27].

In this work LiNi;_,Co,0, (y = 0.1, 0.3, 0.5, 0.7 and
1.0) were synthesized by the solid-state reaction method
at different temperatures using various starting materi-
als. The crystal structure, the electrochemical properties
and the microstructure of the synthesized samples were
examined. The synthesis conditions (starting materials,

compositions and temperatures) producing good elec-
trochemical properties were investigated.

2. Experimental details

LlOHHzO, Li2C03, NIO, NlCO}, CO304 and COCO3
were used as starting materials in order to synthesize
LiNi;_,Co,0, by the solid-state reaction method. All
the starting materials (assay 99.9%) were purchased
from Aldrich Co.

The experimental procedure is shown schematically in
Figure 1. The mixture of starting materials with com-
position Li; ;Ni;_,Co,0, (y = 0.1, 0.3, 0.5, 0.7 and 1.0)
was well mixed and pelletized. Excess Li was added to
compensate for the evaporated Li during preparation.
This pellet was heat-treated in air at 650 °C for 20 h. It
was then well ground, mixed, pelletized and calcined at
800 °C or 850 °C for 20 h. This pellet was cooled at a
rate of 50 °C min~"', ground, mixed and again pelletized.
It was calcined again at 800 °C or 850 °C for 20 h.

The phase identification of the synthesized samples
was carried out by X-ray diffraction (XRD) analysis
using CuKk, radiation (Mac-Science Co.). The scanning
rate was 16° min™' and the scanning range of diffraction
angle (20) was 10° < 20 < 70° The morphologies of
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Fig. 1. Experimental procedure.

the samples were observed using a scanning electron
microscope (SEM).

The electrochemical cells consisted of LiNi;_,Co,0,
as a positive electrode, Li foil as a negative electrode,
and an electrolyte of 1 M LiPFg4 in a 1:1 (volume ratio)
mixture of ethylene carbonate (EC) and dimethyl
carbonate (DMC). Whatman glass-fibre was used as
the separator. The cells were assembled in an argon-
filled dry box. To fabricate the positive electrode,
89 wt % synthesized oxide, 10 wt % acetylene black,
and 1 wt % polytetrafluoroethylene (PTFE) binder
were mixed in an agate mortar. All the electrochemical
tests were performed at room temperature with a

potentiostatic/galvanostatic system (Mac-Pile system,
Bio-Logic Co.). The cells were cycled at a current
density of 200 uA cm™ between 3.2 and 4.3 V.

3. Results and discussion

Figure 2 shows the X-ray (Cuk,) diffraction patterns of
the LiNi;_,Co,0, synthesized at 800 °C using Li,COs3,
NiO and Co304. They were identified as the a-NaFeO,
structure of the rhombohedral system (space group
R3m). As the Co content increases, the relative intensity
of (003) increases. The reason is that the directionality to
the c-axis improves since the LiCoO, layer increases in
which Li and Co ions are in a completely-ordered
arrangement, and the three-dimensional characteristics
decrease which results from the substitution of Ni ions
for Li sites like LiNiO,.

Figure 3 shows the parameters of the hexagonal unit
cell, a and ¢, with the degree of trigonal distortion, c¢/a,
against Co content y in the Li Ni;_,Co,0O, synthesized
at 800 °C using Li,CO3, NiO and Co3;04. As the Co
content increases, the lattice parameters a and c¢
decrease. The reason is that the radius of the Co ion
(0.53 A, low spin) is smaller than that of the Ni ion
(0.60 A, low spin). However, the c-axis is elongated
when compared with the g-axis, showing that two-
dimensional structures develop better than LiNiO,.

Figure 4 shows the variations of the first discharge
capacities of the synthesized samples with composition,
starting materials and synthesis temperature. The
LiNij 7Cog 30, synthesized at 800 °C using LiOH - H,O,
NiO and Co;0, exhibited the largest first discharge
capacity 162 mAh g~'. The LiNi,-Coq ;0 synthesized
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Fig. 2. X-ray (CuK,) diffraction patterns of: (a) LiNij¢Cog 10,, (b) LiNiy;Co0¢30,, (¢) LiNiy5Co¢ 50,, (d) LiNiy3Cog 70, and (e) LiCoO,

synthesized at 800 °C using Li,COj3, NiO and Co304.
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Fig. 3. Parameters of the hexagonal unit cell, a, ¢ and degree of trigonal distortion, c/a, against Co content y in Li,Ni;_,Co,0,: (a) hexagonal
lattice parameters, a(C]) and ¢(®), and (b) (c/a) ratio against Co content y in LiNi;_,Co,O, synthesized at 800 °C using Li,Cos, NiO and Co30,.
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Fig. 4. Variations of the first discharge capacities of the synthesized samples with composition, starting materials and synthesis temperature.

at 800 °C using Li,COj3, NiO and Co30,, the LiNij s-
Co¢ 50, and the LiNiy¢Cog 0, synthesized at 850 °C
using Li,CO3, NiO and Co0304, and the LiNijp¢Coq 10,
synthesized at 800 °C using Li,COj3, NiCO3 and Co;04,

also exhibited first discharge capacities larger than
150 mAh g™'.

Figure 5 shows the curves for voltage against x in
LiNi;_,Co,0, of Li/LiNi;_,Co0,0, cells synthesized at
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Fig. 5. Curves for voltage against x in Li,Ni;_,Co,0, synthesized at 8
y=03and (c) y =0.5.

850 °C using Li,CO3, NiCO5; and CoCOj for the first
cycle: (a) y =0.1, (b) y =0.3 and (¢) y = 0.5. These
samples exhibited relatively small first discharge capa-
cities. The plateau in the voltage against x curve is not
distinct.

Figure 6 shows the curves for voltage against x
in LiNi;_,Co,0, of Li/LiNi;_,Co,0O, cells using Li-
Ni;_,Co,0, synthesized at 800 °C from Li,CO;, NiO
and Co304 for (a) y = 0.1, (b) y = 0.3 and (c) y = 0.5.
These samples exhibited relatively large first discharge
capacities. The plateau in the voltage against x
curve is more distinct as compared with the curves in
Figure 5.

As compared with the quantity of deintercalated Li
ions during the first charging, that of the intercalated Li
ions during the first discharging is much smaller. It is
considered that this is because, during the first charging,

50 °C using Li,CO;, NiCO; and CoCO; for the first cycle: (a) y = 0.1, (b)

Li ions not only deintercalate from 3b sites but also
come from Li atoms which may be contained in excess
outside the 3b sites within the sample. During the first
charging, deintercalation of Li ions from unstable 3b
sites may destroy the LiNiO, structure (x-NaFeO,
structure) and the quantity of Li ions from the Li atoms
outside the 3b sites for the following charging will
become much smaller as the number of cycles increases,
leading to a smaller quantity of Li ions for the following
intercalation.

Figure 7 shows the SEM micrographs of LiNi_-
Co,0; synthesized at 850 °C using Li,CO;3, NiCO3 and
CoCO; for (a) y=0.1, (b) y=0.3 and (c) y = 0.5.
These samples are the same as used for Figure 5. As the
Co content increases the particle size becomes smaller.
The particles for y = 0.3 have a slightly larger particle
size than those for y = 0.5.
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Fig. 6. Curves for voltage against x in Li,Ni;_,Co,0, synthesized at 800 °C using Li,CO3, NiO and Co30, for the first cycle: (a) y = 0.1, (b)

y=03and (c) y =0.5.

Figure 8 shows SEM micrographs of LiNi;_,Co,0,
synthesized at 800 °C using Li,CO;3;, NiO and Co030,
for (a) y = 0.1, (b) y = 0.3 and (c) y = 0.5. These sam-
ples are the same as used for Figure 6. When the value
of y increases from y = 0.1 to 0.3, the particle size
becomes somewhat smaller. The particles then grow
a little larger when y increases from y = 0.3 to 0.5.
The particles for each value of y have relatively uniform
size.

Figure 9 shows the variations of the discharge capa-
cities with the number of discharge cycles for samples
having first discharge capacity larger than 150 mAh g~
LiNig ¢Cog 10, synthesized at 850 °C using Li,CO3, NiO
and Cos04 exhibited excellent cycling performance with
a discharge capacity of about 156 mAh g™ at the 6th
discharge cycle. LiNiy9Coq 10, synthesized at 800 °C

using Li,CO3, NiCO; and Co304 also exhibited excel-
lent cycling performance.

Figure 10 shows the variations of capacity fading rate
with the first discharge capacity for samples having first
discharge capacity larger than 150 mAh g~'. The start-
ing materials and the synthesis temperature are also
indicated. As the first discharge capacity increases, the
capacity fading rate increases. The expansion and
contraction of the LiNi;_,Co, O, due to the intercalation
and deintercalation make the unit cell strained and
distorted. With cycling, the interstitial sites, and thus the
LiNi;_,Co,0, structure, will be destroyed. This leads to
capacity fading of LiNi;_,Co,0, with cycling. The
sample with the larger first discharge capacity will
experience the more severe lattice destruction than the
sample with the smaller first discharge capacity, causing
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Fig. 8. SEM micrographs of LiNi;_,Co,0, synthesized at 800 °C using Li,COj3, NiO and Co304: (a) y = 0.1, (b) y = 0.3 and (c) y = 0.5.
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Fig. 9. Variations of the discharge capacities with the number of discharge cycle for samples having first discharge capacity larger than
150 mAh g™": (a) LiNiy,Coo30, synthesized at 800 °C from LiOH-H,O, NiO and Co3O04, (b) LiNiysCoysO, synthesized at 850 °C, (c)
LiNig 7Co 30, synthesized at 800 °C (d) LiNip9Cog 10, synthesized at 850 °C from Li,CO3, NiO and Co304 and (e) LiNig 9Cog.10; synthesized
at 800 °C from LiCOj3, NiCO3 and Co30,.
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larger capacity fading rate of the samples with the larger
first discharge capacities.

4. Conclusions

LiNi;_,Co,0, samples were synthesized at 800 °C and
850 °C, by the solid-state reaction method, using vari-
ous starting materials LiOH-H,O, Li,CO;, NiO,
NiCO3;, Co304 and CoCOj;. The LiNi;_,Co,0, synthe-
sized using Li,COjz;, NiO and Co;04 exhibited the
a-NaFeO, structure of the rhombohedral system(space
group R3m). As the Co content increased, the lattice
parameters a and ¢ decreased. The reason is that the
radius of the Co ion is smaller than that of the Ni ion.
The increase in c/a shows that a two-dimensional
structure develops as the Co content increases. LiNig ;-
Co0(.30, synthesized at 800 °C using LiOH -H,O, NiO
and Co;04 exhibited a larger first discharge capacity
162 mAh g' than the other samples. The LiNigo-
Co(.10, synthesized at 850 °C using Li,CO;5, NiO and
Co30, showed excellent cycling performance. The sam-
ples with the larger first discharge capacity will experi-
ence a more severe lattice destruction, due to the
expansion and contraction of the lattice during interca-
lation and deintercalation, than the sample with the
smaller first discharge capacity. As the first discharge
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capacity increases, the capacity fading rate thus in-
creases.
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