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Abstract

LiNi,Co,_,0, solid solutions are synthesised and their electrochemical performance as cathodes is examined in lithium cells.
Through DTA /TG analysis and self-discharge tests, it is found that both the thermal stability at high temperature and the electrochemical
stability in the fully-charged state for LiNi,Co, _,O, increases with increasing content of cobalt in the compound. The average operating
potentials for the solid solutions are lower than those for pure LiCoO,. This indicates that both cobalt and nickel take part in the redox
reactions during lithium insertion and extraction. The substitution of Ni®* for Co®* in LiNi Co; _,O, can improve the specific capacity,
but with a small sacrifice in cycleability. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Lithium-ion batteries are state-of-the-art power sources
for modern portable electronic devices. LiCoO, and car-
bon are currently used, respectively, as cathode and anode
materials in commercial lithium-ion batteries [1]. LiCoO,
suffers several disadvantages because of its high cost,
toxicity and the associated impact on the environment. The
search for alternatives for LiCoO, is being pursued world-
wide. Spinel LiMn,0O, is one of the alternative cathode
materials for lithium-ion batteries. A tremendous amount
of work has been done on this material [1-4]. Unfortu-
nately, it is still not ready to be used in commercia
production due to its short cycle-life, which is associated
with the phase transformation of the spinel during the
charge—discharge cycle [2-6].

LiNiO, with the isostructure of LiCoO, has shown
some promise as the cathodic material for lithium-ion
batteries. LiNiO, has a higher capacity (170 to 190 mA h
g~ 1) than LiCoO, (140 mA h g~1). On the other hand, its
thermal and electrochemical stability are not as good as
LiCoO,, and these features induce inferior cycleability
[7-9]. Aluminium has been used to stabilize LiNiO, and
the electrochemical performance of LiNiO, can be im-
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proved by the aluminium dopant effect [10-12]. For practi-
cal applications, lithium-ion batteries have to endure more
than one thousand cycles. In this regard, it is still doubtful
whether LiNiO, or LiAl,Ni,_,0, will be able to replace
LiCoO,.

It might be possible, however, to substitute cobalt par-
tially with nickel in the LiCoO, structure and still retain
the excellent electrochemical performance of LiCoO,. In
this investigation, a series of LiNi,Co,_,0, solid solu-
tions have been prepared and their electrochemical proper-
ties as cathodes in lithium-ion cells have been compared.

2. Experimental

LiNi ,Co,_,0, solid-solutions (x= 0, 0.25, 0.5, 0.75,
1) were prepared by heat-treating the precursor reagents
LiOH - H,0, NiO, and CoO (99.9%, Aldrich) at 750°C for
24 h under an oxygen flow. Before the heat treatment, the
precursors were ball-milled for 8 h and then pressed into
pellets. The LiNi Co,_,0, powders were characterized by
X-ray diffraction by means of a MO3XHF?* diffractome-
ter (MaCScience, Japan) with a curved crystal (graphite
002) diffracted beam monochromator and Cu-Ka radia-
tion. Silicon powder was used as an interna standard to
calculate the lattice parameters of the unit cell. Thermal
analysis was carried out on a SETARAM (92 Moddl,
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France) simultaneous DTA /TG analyser to determine the
thermal stability of LiNi,Co,_,O, at high temperature.

The electrochemical performance of LiNi,Co,_,0, as
cathodes in lithium cells was examined using CR2032 coin
cells. The cathode was made by dispersing a mixture of 85
wt.% active materials, 12 wt.% carbon black and 3 wt.%
PVDF binder in dimethyl phthalate (DMP) to form a
slurry. The slurry was then spread on to aluminum foil.
The electrodes were dried at 140°C under vacuum for 20 h.
The electrolyte was 1 M LiPF; in a mixture of EC
(ethylene carbonate) and DMC (dimethyl carbonate)
(Merck KGaA, Germany). The coin cells were assembled
by a hand-operated closing tool (Hohsen, Japan) in an
argon filled glove-box (Unilab, Mbraun, USA) in which
the oxygen and moisture were controlled to less than 1
ppm. The lithium test cells were cycled at a constant
current density of 0.15 mA cm~2 over a voltage window
of 3.0to 4.4V vs. Li/Li".

3. Results and discussion

3.1. Structural and physical properties of LiNi,Co,_,0O,
solid solutions

X-ray diffraction (XRD) patterns of LiNiCo,_,O,
solid-solutions are presented in Fig. 1. No impurity phase
was detected by XRD analysis. This indicates that Co®*
and Ni®* ions are compatible in the layered R3m hexago-
nal structure and pure-phase solid solutions were obtained.
With the mixtures of Co®* and Ni®* in the structure, all
the diffraction peaks were observed to broaden by compar-
ison with those of pure LiCoO, and LiNiO,. This suggests
that there exists a microscopic stress in the basa plane,
which is probably caused by the mismatch of Co®* and
Ni®* ions due to the difference in their radii. For pure
LiCoO,, the (006)(102) and (108)(110) lines split clearly.
With the addition of Ni3*, however, these two couple of
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Fig. 1. X-ray diffraction patterns of LiNi,Co,;_,O, solid-solutions: (&)
LiCoO,; (b) LiNi g ,5C0q 750,; (€) LiNiy 5C0q 50,; (d) LiNig 75C0 2505;
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Fig. 2. Variation of lattice constants a and ¢ in LiNi ,Co; _,O,.

lines gradually converge. All the diffraction lines, except
the (003) line, shift to lower angles with increase in Ni®*
content. The lattice constants were calculated using a
least-squares method with 16 diffraction lines. As shown
in Fig. 2, the lattice constants a and ¢ increase with
increase in Ni®* content.

Thermo-gravimetric analysis was performed on
LiNi,Co,_,0, compounds in dry air. The samples were
heated at 10°C/min up to 1000°C. The weight losses of
the five LiNi ,Co, _,O, samples are shown in Fig. 3. The
LiCoO, was the most stable among all of the samples at
high temperature. The thermal stability decreases with
increase in Ni content. By contrast, LiNiO, demonstrated a
greater weight loss than the other LiNi,Co,_,O, solid
solutions.

The weight loss of LiNi,Co,_,0, compounds at high
temperature can be attributed to the extraction of oxygen
from the structure according to the following reaction:

(1+8)LiNi,Co, ,0, = Li; 5(Ni,Co, ,);,50,
+6Li,0+ 0580, (1)

The deterioration of the thermal stability of LiNi, Co,_,0,
with the addition of nickel can be associated with the

' 1 '
a ~ W

6L E

-7 1 1 Il 1 1 1
400 500 600 700 800 900 1000 1100

Temperature (°C)

Fig. 3. Weight loss vs. temperature for LiNi,Co,_,0, solid-solutions.
TGA was conducted under dry air at a rate of 10°C/min from 45 to
1000°C: (@) LiCoO,; (b) LiNig,5C04,50,; (©) LiNigsC0y50,; (d)
LiNi g 75C0q.250,; (e) LiNiO,.
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binding-energy (Egz) of the M—O bond. The binding-en-
ergy data for the M—O bond in LiNi,Co,_,0, crysta is
not available, but can be estimated by relating the thermo-
dynamic functions of MO, with Born—Haber’s cyclic pro-
cess. The binding-energies of CoO, and NiO, are 1067
and 1029 kJ/mol, respectively, Thus, the Co—O bond is
stronger than the Ni—O bond [13]. Therefore, it is reason-
able that the thermal stability of LiNi,Co,_,O, deterio-
rates with the addition of nickel in the structure, and that
stoichiometric LiNiO, is difficult to synthesize [9].
Temperature-dependent magnetic measurements were
performed on LiNi,Co,_,O, powders in a d.c. field of
1000 G using a Quantum Design Magnetometer (PPM S,
USA). The temperature-dependence of the magnetic sus-
ceptibility of the LiNi,Co,_,O, solid solutions is shown
in Fig. 4. The paramagnetic Curie constants, 6, are also
provided. All LiNi Co,_,O, compounds obey the Curie—
Weiss law, y=C/(T — 6), at high temperature. LiCoO,
and LiNi, ,5Co, 50, have a negative paramagnetic Curie
constant 6, which indicates antiferromagnetic behaviour
below T.. By contrast, LiNiy;C0,50,, LiNij;5C0,50,
and pure LiNiO, compounds have a positive 6, which
indicates a ferromagnetic interaction of the magnetic cen-
tres [14,15]. Both Ni®** (3d’, low spin) and Co®* (3d°,
low spin) are magnetic ions. LiNi,Co,_,O, solid-solu-
tions have a rhombohedral structure R3m in which Li*,
Ni®* or Co®*, and O?" occupy 3a, 3b, and 6¢ Sites,
respectively. Non-magnetic lithium layers alternate with
magnetic nickel, cobalt or nickel—cobalt layers. Therefore,
magnetic correlation between nickel ionsin LiNiO,, cobalt
ions in LiCoO, and nickel—cobalt ions in LiNi,Co, _,O,
solid solutions are generally considered to be two-dimen-
sional. LiCoO, normally has an ordered structure, whereas
LiNiO, has a disordered structure with the nickel partially
in 3a sites. The ferromagnetic anomalies for LiNiO,,
LiNi, 75C0,50, and LiNi,Co, 0, are probably caused
by part of the nickel or cobalt ions at 3a sites producing
strong magnetic interactions of Ni (3b) [or Co (3b)] —-O—
Ni (3a) [or Co (38)] —O- Ni (3b) [or Co (3b)] between
different [NiO,] or [CoO,] layers. Accordingly, three-di-
mensional connections between the two-dimensional nickel
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Fig. 4. Magnetic susceptibility x vs. T for LiNi,Co,_,0, compounds.

layers or cobalt layers are created and introduce a three-di-
mensional magnetic correlation [16-18]. The ferromag-
netic susceptibility for LiNiO, in this investigation is not
as strong as described in Ref. [14]. This suggests that our
sample has a relatively more ordered structure.

3.2. Electrochemical performance of LiNi,Co,_,O, as
cathodes in li-ion cells

Li/LiNiCo,_,O, coin cells were fabricated to exam-
ine the electrochemical performance of LiNi,Co,_,O,
solid-solutions as cathodes in lithium cells. The initia
charge—discharge profiles of the Li/LiNi Co,_,0, cdls
are presented in Fig. 5. The LiCoO, electrode delivered an
initial discharge capacity of 141 mA h g~*. On the other
hand, the capacity of the LiNiO, electrode can reach 181
mA h g1 in the first discharge. The initial discharge
capacities for LiNi,Co, _,0O, solid-solutions were between
those of LiCoO, and LiNiO,. During the first charge, the
LiCoO, was quickly charged to 3.9-4.0 V and then fol-
lowed a slope up to the cut-off voltage of 4.4 V. During
the discharge, the LiCoO, electrode delivered a discharge
capacity mainly in the range of 4.2 to 3.8 V. The operating
potentials for LiNi,Co;_,0, (x=0.25, 0.5 0.75, 1.0)
were between 4.2 and 3.6 V vs. Li/Li*. It has been
observed that all LiNi,Co,_,O, electrodes were quickly
charged to 3.6-3.7 V and then followed a slope up to the
cut-off voltage during the initial charging process. This
behaviour was also observed during subsequent charge—
discharge cycles. Three samples were tested for each com-
position of LiNi,Co,_,0, and the same behaviour was
demonstrated as shown in Fig. 5. Therefore, we conclude
that the average charge—discharge potentials of
LiNi,Co,_,0, electrodes decline as nickel is added to the
LiCoO, structure. The operating voltage is approximately
in the order: MnO, (3d3/3d*) > CoO, (3d°/3d®) > NiO,
(3d®/3d"), which is related to the Fermi energy of the
electrons in the 3d orbital [19]. The decline of the operat-
ing potential for LiNi,Co, _,O, solid-solutions means that
both nickel and cobalt participate in the redox reaction
during the charge—discharge process. In the initia
charge—discharge cycle, approximately 15to 35 mA hg!
capacity is irreversible for the LiNi, Co,_,0O, electrodes.
The highest irreversible capacity of 34 mA h g~ was
observed for the LiNiO, electrode. For solid solutions
containing cobalt in the structure, the irreversible capacity
declines to 15-20 mA h g~ 1. These irreversible capacity
losses in the first cycle can be utilized to compensate for
lithium consumption on the surface of the carbon anode
due to the formation of the passivation film in the first
charge of commercial lithium-ion batteries.

In order to determine the cycleability of LiNi, Co,_,0,
electrodes, the Li/LiNi,Co,_,O, coin cells were cycled
within the voltage range 3.0 to 4.4 V at a constant current
density of 0.15 mA cm~2 for 100 cycles. The results of
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Fig. 5. First charge—discharge profiles for Li /LiNi,Co, _,O, cells. Charge and discharge current density was 0.15 mA hcm™=.

the cycling tests are shown in Fig. 6. The LiCoO, elec-
trode demonstrates an excellent cycleability compared with
the LiNiO, electrode. The rechargeability for LiNig-
Co, 50, and LiNi,5Co,,50, electrodes is still good with
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Fig. 6. Discharge capacity vs. cycle number for Li/LiNi,Co, _,0, cells.

2

a capacity fading rate of 0.3 and 0.18 mA h g~ per cycle,
respectively. In this investigation, lithium foil was used as
the anode. After 100 cycles, the cells were dismantled in
the glove-box. A layer of lithium powder was found on the
surface of the lithium anode, which undoubtedly influ-
enced the cycle-life of the cells. If commercia carbon is
used as the anode, the results of the cycle-life test would
have been expected to be better.

The mechanism for the capacity fade of LiNi, Co,_,O,
electrodes on cycling could be due to the following fac-
tors: (i) the structural change due to, lithium insertion /ex-
traction causes the contraction and expansion of the unit
cell, which may lead to the formation of fractures in the
particles of the active materids; (ii) in the charged state,
MO, reacts with the organic electrolyte and induces the
dissolution of M ions into the solution. LiNiO, has been
identified to experience several topatactic phase transfor-
mations during lithium insertion and extraction processes
[20]. This phenomenon has not been observed for LiCoO,.
Therefore, in LiNi,Co,_,0, solid-solutions, cobalt can
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Fig. 7. Self-discharge of Li /LiNi,Co, _,O, cellsin highly charged state.

stabilize the layered structure for insertion and extraction
of lithium ions. The binding energy of the Co—O bond is
higher than that of the Ni—O bond. The strong Co-O
skeleton can contribute to the stability of LiCoO, in the
charged state. In order to confirm this point of view,
self-discharge tests have been performed on Li/
LiNi Co,_,0, cells. The cells were charged to 4.4 V and
then the charging current was cut off. The cells were left to
relax for 200 h and the decay of the cell voltage was
recorded. As shown in Fig. 7, the stability of
LiNi,Co,_,0, electrodes in the charged state increases
with increasing amount of cobalt in the structure. The
decline in the cell voltage in the charged state is probably
caused by the reaction of [Ni,Co,_,0,]™ with the organic
electrolyte because in the fully-charged state, nickel and
cobalt are at 4+, which is very reactive. Therefore,
limiting the charging voltage (e.g., to 4.2 V vs. Li/Li*
instead of 4.4-45 V) could extend the cyclelife of
LiNi Co,_,0, electrodes.

4, Conclusions

Thermogravimetric analysis and self-discharge tests
show that the thermal stability and electrochemical stabil-
ity of LiNi Co,_,0, increase with increasing cobalt con-
tent in the structure. This is associated with the binding
energy of the M—O bond. Measurements of the magnetic
susceptibility of LiNi, Co,_,O, powders demonstrate that

an ordered layered structure can be obtained by an appro-
priate synthesis process. The partial substitution of nickel
for cobalt in the layered LiCoO, structure can improve the
initial specific capacity but the cycleability deteriorates.
Correspondingly, the cost and toxicity of the electrode
material can be reduced. Trading-off these factors,
LiNi,Co, 50, could be a reasonable choice as a cathodic
materia for lithium-ion batteries.
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