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Abstract

LiNiO2, LiNi0.995Al0.005O2, LiNi0.975Ga0.025O2, LiNi0.990Ti0.010O2 and LiNi0.990Al0.005Ti0.005O2 specimens were synthesized by preheating at

400 8C for 30 min in air and calcination at 750 8C for 36 h in an O2 stream. The variation of the discharge capacities with C-rate for the synthesized

samples was investigated. LiNi0.990Al0.005Ti0.005O2 has the largest first discharge capacities at the 0.1 and 0.2 C rates. LiNi0.990Ti0.010O2 has the

largest first discharge capacity at the 0.5 C rate. In case of LiNiO2 and LiNi0.990Ti0.010O2, the first discharge capacity decreases slowly as the C-rate

increases. LiNiO2 has the largest discharge capacities at n = 10 (after stabilization of the cycling performance) at the 0.1, 0.2 and 0.5 C rates. This is

considered to be related with the largest value of I0 0 3/I1 0 4 and the smallest value of R-factor (the least degree of cation mixing) among all the

samples. LiNi0.975Ga0.025O2 exhibits the lowest discharge capacity degradation rates at 0.1, 0.2 and 0.5 C rates.
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1. Introduction

Transition metal oxides such as LiMn2O4 [1–3], LiCoO2 [4–

6], and LiNiO2 [7–10] have been intensively investigated in

order to use them as the cathode materials of lithium secondary

batteries. LiMn2O4 is comparatively inexpensive and does not

bring about any environmental pollution, but its cycling

performance is not adequate. LiCoO2 has a large diffusivity and

a high operating voltage, and it can be easily prepared.

However, it has the disadvantage that it contains Co, an

expensive element. LiNiO2 is a very promising cathode

material since it has a large discharge capacity [11] and it is

excellent from the economic and environmental viewpoints. On

the other hand, its preparation is very difficult compared with

LiCoO2 and LiMn2O4.
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It is known that Li1�xNi1+xO2 forms rather than the

stoichiometric LiNiO2 during preparation [12] due to cation

mixing. Excess nickel occupies the Li sites, destroying the

ideally layered structure and preventing the lithium ions from

undergoing the easy movement required for intercalation and

deintercalation during cycling. This results in a small discharge

capacity and poor cycling performance.

To improve the electrochemical properties of LiNiO2, Co

[13], Al [14,15], Ti [16], Ga [11], Mn [17] and Fe [18,19] were

substituted for nickel by the synthesis in oxygen. Guilmard

et al. [14] investigated the electrochemical performances of

LiNi1�yAlyO2 (0.10 � y � 0.50) specimens synthesized by a

co-precipitation method. They showed that aluminum sub-

stitution suppressed all the phase transitions observed for the

LiNiO2 system. Chang et al. [16] detected partial disordering

between the transition metal (Ni and Ti) layer and lithium by

Rietveld refinement in LixNi1�yTiyO2 (0.1 � y � 0.5) prepared

by solid-state reaction. By considering the ionic radius and the

Ni–O bond length, they concluded that the Ni(II) ions are
d.
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Fig. 1. XRD patterns of the synthesized materials LiNiO2, LiNi0.995Al0.005O2,

LiNi0.975Ga0.025O2, LiNi0.990Ti0.010O2 and LiNi0.990Al0.005Ti0.005O2.
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partially stabilized in the lithium sites. Nishida et al. [11]

reported that gallium-doping into LiNiO2 stabilizes the crystal

structure during the charging process and leads to better cycling

performance than LiNiO2.

LiNiO2 synthesized by the solid-state reaction method does

not have a high discharge capacity and has poor cycling

performance, probably because it has poor crystallinity and

non-uniform particle size. On the other hand, homogeneous

mixing of the starting materials is possible in the combustion

method because the starting materials are liquid. This may lead

to good crystallinity and uniform particle size.

In this work, LiNi1�yMyO2 (M = Ni, Ga, Al and/or Ti)

specimens were synthesized by the combustion method, and the

variation of the discharge capacities with C-rate for the

synthesized samples was investigated.

2. Materials and methods

Compositions LiNiO2, LiNi0.995Al0.005O2, LiNi0.975-

Ga0.025O2, LiNi0.990Ti0.010O2 and LiNi0.990Al0.005Ti0.005O2

were chosen because the specimens with these compositions

showed relatively good electrochemical properties in our

previous works [20,21]. Aldrich Chemical’s LiNO3,

Ni(NO3)2�6H2O, Al(NO3)2�9H2O, GaNO3�XH2O and Ti(NO3)4

were used as starting materials. Excess lithium was added to

compensate for the evaporated lithium during preparation. The

excess lithium amount z in Li1+zNi1�yMyO2 was 0.10. The

starting materials, in the desired proportions, were dissolved in

distilled water and mixed with urea by a magnetic stirrer. The

mole ratio of urea to nitrate was 3.6. The mixture was heated to

400 8C in air and the temperature of 400 8C was maintained for

30 min. During that time the mixture formed ash by a

combustion reaction. The ash was then pelletized and calcined

at 750 8C for 36 h in an O2 stream. The heating and cooling

rates were about 100 8C h�1. These synthesis conditions are the

optimum ones to synthesize LiNiO2 by the combustion method,

studied in our previous work [22]. The phase identification of

the synthesized samples was carried out by the X-ray powder

diffraction analysis (Rigaku III/A diffractometer) using Cu Ka

radiation, scanning rate of 68 min�1 and 2u of 108 � 2u � 808.
The electrochemical cells consisted of LiNi1�yMyO2 as a

positive electrode, Li foil as a negative electrode and an

electrolyte [Purelyte (Samsung General Chemicals Co., Ltd.)]

prepared by dissolving 1 M LiPF6 in a 1:1 (volume ratio)

mixture of ethylene carbonate (EC) and diethyl carbonate

(DEC). The positive electrode consisted of synthesized

materials, acetylene black and polyvinylidene fluoride (PVDF)

binder dissolved in 1-methyl-2-pyrrolidinone (NMP) with a
Table 1

Values of a, c, c/a, unit cell volume, I0 0 3/I1 0 4 and R-factor for the synthesized m

Samples a (Å) c (Å) c/a Un

LiNiO2 2.881 14.209 4.932 102

LiNi0.995Al0.005O2 2.880 14.205 4.931 102

LiNi0.975Ga0.025O2 2.881 14.204 4.930 102

LiNi0.990Ti0.010O2 2.881 14.209 4.932 102

LiNi0.990Al0.005Ti0.005O2 2.880 14.208 4.934 102
weight ratio of 85:10:5. A Whatman glass-filter was used as a

separator. The coin-type (2016) cells were assembled in an

argon-filled dry box. All of the electrochemical tests were

performed at room temperature with a potentiostatic/galvano-

static system. The cells were cycled between 2.7 and 4.4 V at

the rates of 0.1, 0.2 and 0.5 C.

3. Results and discussion

Fig. 1 shows the XRD patterns of the materials synthesized

with excess lithium amount z = 0.10; LiNiO2, LiNi0.995Al0.005

O2, LiNi0.975Ga0.025O2, LiNi0.990Ti0.010O2 and LiNi0.990Al0.005-

Ti0.005O2. All the samples possess the a-NaFeO2 structure of the

rhombohedral system (space group; R3̄m) with no evidence of

any impurities. The R3̄m structure is distorted in the c-axis

direction of the hexagonal structure. This is reflected by the split

of the 0 0 6 and 1 0 2 peaks and of the 1 0 8 and 1 1 0 peaks in the

XRD patterns. The 0 0 6 and 1 0 2 peaks and the 1 0 8 and 1 1 0

peaks were split for all of the samples.

Ohzuku et al. [23] reported that electrochemically reactive

LiNiO2 showed a larger integrated intensity ratio of the 0 0 3

peak to the 1 0 4 peak (I0 0 3/I1 0 4) and a clear split of the 1 0 8

and 1 1 0 peaks in its XRD patterns. The degree of cation mixing

(displacement of nickel and lithium ions) is low if the value of

I0 0 3/I1 0 4 is large and the 1 0 8 and 1 1 0 peaks are split clearly.

The value of (I0 0 6 + I1 0 2)/I1 0 1, called the R-factor, is known to

decrease as the unit cell volume of LiyNi2�yO2 decreases. The R-

factor increases as y in LiyNi2�yO2 decreases for y near 1. This

indicates that the R-factor increases as the degree of cation

mixing becomes larger [7].

Table 1 shows the values of a, c, c/a, unit cell volume, I0 0 3/

I1 0 4 and R-factor for the materials synthesized with excess
aterials.

it cell volume (Å3) I0 0 3/I1 0 4 R-factor [(I0 0 6 + I1 0 2)/I1 0 1]

.146 1.319 0.459

.067 1.287 0.505

.102 1.249 0.498

.146 1.160 0.470

.027 1.236 0.475



Fig. 4. Variation, with C-rate, of discharge capacity vs. number of cycles curve

for the LiNi0.975Ga0.025O2 cathode.

Fig. 2. Variation, with C-rate, of discharge capacity vs. number of cycles curve

for the LiNiO2 cathode.
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lithium amount z = 0.10. LiNiO2 has the largest value of I0 0 3/

I1 0 4 and its value decreases in the order of LiNi0.995Al0.005O2,

LiNi0.975Ga0.025O2, LiNi0.990Al0.005Ti0.005O2 and LiNi0.990-

Ti0.010O2. LiNiO2 has the smallest value of R-factor and its

value increases in the order of LiNi0.990Ti0.010O2,

LiNi0.990Al0.005Ti0.005O2, LiNi0.975Ga0.025O2 and

LiNi0.995Al0.005O2. LiNiO2 has the largest value of I0 0 3/

I1 0 4 and the smallest value of R-factor.

Fig. 2 shows the variation, with C-rate, of discharge capacity

vs. number of cycles curve for the LiNiO2 cathode with the

weight ratio of active material:acetylene black:binder

= 85:10:5 (voltage range 2.7–4.4 V). The excess lithium

amount z for the synthesis of LiNiO2 was 0.10. The LiNiO2

cathode has the largest first discharge capacity of 170 mAh/g at

0.1 C rate. The first discharge capacity decreases as the C-rate

increases. The LiNiO2 cathode exhibits the lowest discharge

capacity degradation rate (0.66 mAh/g/cycle) and a discharge

capacity at n = 50 of 103 mAh/g at 0.5 C rate. The LiNiO2

cathode exhibits the discharge capacity degradation rate of
Fig. 3. Variation, with C-rate, of discharge capacity vs. number of cycles curve

for the LiNi0.995Al0.005O2 cathode.
0.70 mAh/g/cycle and a discharge capacity at n = 50 of

134 mAh/g at 0.1 C rate.

Fig. 3 shows the variation, with C-rate, of discharge capacity

vs. number of cycles curve for the LiNi0.995Al0.005O2 cathode

with the weight ratio of active material:acetylene black:binder

= 85:10:5 (voltage range 2.7–4.4 V). The LiNi0.995Al0.005O2

cathode has the largest first discharge capacity of 174 mAh/g

at 0.1 C rate. The first discharge capacity decreases as the

C-rate increases. At 0.2 C rate, the LiNi0.995Al0.005O2 cathode

exhibits the lowest discharge capacity degradation rate

(0.37 mAh/g/cycle), the first discharge capacity of 135 mAh/g,

and discharge capacity at n = 50 of 121 mAh/g. The

LiNi0.995Al0.005O2 cathode exhibits the discharge capacity

degradation rate of 0.81 mAh/g/cycle and a discharge capacity

at n = 50 of 123 mAh/g at 0.1 C rate.

Fig. 4 shows the variation, with C-rate, of discharge capacity

vs. number of cycles curve for the LiNi0.975Ga0.025O2 cathode.

It has the largest first discharge capacity of 149 mAh/g at 0.1 C

rate. The first discharge capacity decreases as the C-rate
Fig. 5. Variation, with C-rate, of discharge capacity vs. number of cycles curve

for the LiNi0.990Ti0.010O2 cathode.



Fig. 7. Variation of the first discharge capacity with C-rate for the synthesized

samples LiNiO2, LiNi0.995Al0.005O2, LiNi0.975Ga0.025O2, LiNi0.990Ti0.010O2 and

LiNi0.990Al0.005Ti0.005O2.
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increases. The LiNi0.975Ga0.025O2 cathode exhibits good

cycling performances at 0.2 and 0.5 C rates from n = 1, and

it has similar cycling performances at all the C-rates after

n = 10. It shows very low discharge capacity degradation rates

of 0.17 and 0.04 mAh/g/cycle, respectively, at 0.2 and 0.5 C

rates. At 0.1 C rate, the LiNi0.975Ga0.025O2 cathode exhibits the

discharge capacity of 114 mAh/g at n = 50.

Fig. 5 shows the variation, with C-rate, of discharge capacity

vs. number of cycles curve for the LiNi0.990Ti0.010O2 cathode.

The LiNi0.990Ti0.010O2 cathode has the largest first discharge

capacity of 175 mAh/g at 0.1 C rate. At 0.2 C rate,

LiNi0.990Ti0.010O2 exhibits the best cycling performance with

the discharge capacity degradation rate of 0.77 mAh/g/cycle,

and the discharge capacities at n = 1 and n = 50 are 147 and

105 mAh/g, respectively. It has similar cycling performances at

all the C-rates after n = 10.

Fig. 6 shows the variation, with C-rate, of discharge capacity

vs. number of cycles curve for the LiNi0.990Al0.005Ti0.005O2

cathode. It has the largest first discharge capacity of 185 mAh/g

at 0.1 C rate. The first discharge capacity decreases as the C-

rate increases. Its cycling performances are not good at all the

C-rates with large discharge capacity degradation rates of 1.50,

1.45 and 0.90 mAh/g/cycle, respectively, at 0.1, 0.2 and 0.5 C

rates. At 0.1 C rate, the LiNi0.990Al0.005Ti0.005O2 cathode

exhibits the discharge capacity of 84 mAh/g at n = 50.

Fig. 7 shows the variation of the first discharge capacity with

C-rate for the samples LiNiO2, LiNi0.995Al0.005O2, LiNi0.975-

Ga0.025O2, LiNi0.990Ti0.010O2 and LiNi0.990Al0.005Ti0.005O2.

LiNi0.990Al0.005Ti0.005O2 has the largest first discharge capa-

cities at the 0.1 and 0.2 C rates. LiNi0.990Ti0.010O2 has the

largest first discharge capacity at the 0.5 C rate. In case of

LiNiO2 and LiNi0.990Ti0.010O2, the first discharge capacity

decreases slowly as the C-rate increases. In case of

LiNi0.975Ga0.025O2 and LiNi0.990Al0.005Ti0.005O2, the first

discharge capacity decreases relatively rapidly as the C-rate

increases.

The curves of discharge capacity vs. number of cycles for all

the samples show relatively rapid decrease from the first cycle
Fig. 6. Variation, with C-rate, of discharge capacity vs. number of cycles curve

for the LiNi0.990Al0.005Ti0.005O2 cathode.
up to n = 10, and thereafter slow decrease in the discharge

capacity with the number of cycles, indicating that the cycling

performance is stabilized after the 10th cycle. Fig. 8 shows the

variation of the discharge capacity at n = 10 with C-rate for the

samples LiNiO2, LiNi0.995Al0.005O2, LiNi0.975Ga0.025O2,

LiNi0.990Ti0.010O2 and LiNi0.990Al0.005Ti0.005O2. LiNiO2 has

the largest discharge capacities at n = 10 at the 0.1, 0.2 and

0.5 C rates. This is considered to be related with the largest

value of I0 0 3/I1 0 4 and the smallest value of R-factor (the least

degree of cation mixing) among all the samples.

Fig. 9 shows the variation of the discharge capacity

degradation rate from n = 1 to n = 50 with C-rate for the

synthesized samples LiNiO2, LiNi0.995Al0.005O2, LiNi0.975-

Ga0.025O2, LiNi0.990Ti0.010O2 and LiNi0.990Al0.005Ti0.005O2.

LiNi0.975Ga0.025O2 exhibits the lowest discharge capacity
Fig. 8. Variation of the discharge capacity at n = 10 with C-rate for the

synthesized samples LiNiO2, LiNi0.995Al0.005O2, LiNi0.975Ga0.025O2, LiNi0.990-

Ti0.010O2 and LiNi0.990Al0.005Ti0.005O2.



Fig. 9. Variation of the discharge capacity degradation rate from n = 1 to n = 50

with C-rate for the synthesized samples LiNiO2, LiNi0.995Al0.005O2, LiNi0.975-

Ga0.025O2, LiNi0.990Ti0.010O2 and LiNi0.990Al0.005Ti0.005O2.
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degradation rates and LiNi0.990Al0.005Ti0.005O2 exhibits the

highest discharge capacity degradation rates at 0.1, 0.2 and

0.5 C rates.

Fig. 10 shows the Coulombic efficiencies of the first cycle

for the samples LiNiO2, LiNi0.995Al0.005O2, LiNi0.975-

Ga0.025O2, LiNi0.990Ti0.010O2 and LiNi0.990Al0.005Ti0.005O2 at

0.1, 0.2 and 0.5 C rates. LiNi0.975Ga0.025O2 has relatively low

Coulombic efficiencies (68.4, 71.6 and 62.5% at 0.1, 0.2 and

0.5 C rates, respectively). LiNi0.990Al0.005Ti0.005O2 has the

highest Coulombic efficiencies (80.5, 80.8 and 72.7% at 0.1,

0.2 and 0.5 C rates, respectively).

All the synthesized samples LiNiO2, LiNi0.995Al0.005O2,

LiNi0.975Ga0.025O2, LiNi0.990Ti0.010O2 and LiNi0.990Al0.005-

Ti0.005O2 possess the a-NaFeO2 structure of the rhombohedral

system (space group; R3̄m) with no evidence of any impurities.

In case of LiNiO2 and LiNi0.990Ti0.010O2, the first discharge

capacity decreases slowly as the C-rate increases. In case of
Fig. 10. Coulombic efficiencies of the first cycle for the samples LiNiO2,

LiNi0.995Al0.005O2, LiNi0.975Ga0.025O2, LiNi0.990Ti0.010O2 and LiNi0.990Al0.005-

Ti0.005O2 at 0.1, 0.2 and 0.5 C rates.
LiNi0.975Ga0.025O2 and LiNi0.990Al0.005Ti0.005O2, the first

discharge capacity decreases relatively rapidly as the C-rate

increases. LiNiO2 has the largest discharge capacities at n = 10

(after stabilization of the cycling performance) at the 0.1, 0.2

and 0.5 C rates. This is considered to be related with the largest

value of I0 0 3/I1 0 4 and the smallest value of R-factor (the least

degree of cation mixing) among all the samples. LiNi0.975-

Ga0.025O2 exhibits the lowest discharge capacity degradation

rates at 0.1, 0.2 and 0.5 C rates.

4. Conclusions

LiNiO2, LiNi0.995Al0.005O2, LiNi0.975Ga0.025O2, LiNi0.990-

Ti0.010O2 and LiNi0.990Al0.005Ti0.005O2 specimens were synthe-

sized by the combustion method, and the variation of the

discharge capacities with C-rate for the synthesized samples

was investigated. LiNi0.990Al0.005Ti0.005O2 has the largest first

discharge capacities at the 0.1 and 0.2 C rates. LiNi0.990-

Ti0.010O2 has the largest first discharge capacity at the 0.5 C

rate. In case of LiNiO2 and LiNi0.990Ti0.010O2, the first

discharge capacity decreases slowly as the C-rate increases. For

LiNi0.975Ga0.025O2 and LiNi0.990Al0.005Ti0.005O2, the first

discharge capacity decreases relatively rapidly as the C-rate

increases. LiNiO2 has the largest discharge capacities at n = 10

(after stabilization of the cycling performance) at the 0.1, 0.2

and 0.5 C rates. This is considered to be related with the largest

value of I0 0 3/I1 0 4 and the smallest value of R-factor (the least

degree of cation mixing) among all the samples. LiNi0.975-

Ga0.025O2 exhibits the lowest discharge capacity degradation

rates at 0.1, 0.2 and 0.5 C rates.
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