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Abstract

LiNi;_,T1,0, (y = 0.005,0.01, 0.025, 0.05 and 0.1) specimens were synthesized by milling and the solid-state reaction. Their electrochemical
properties were compared with those of LiNi; _,M, 0, (M = Ga and In). All the samples exhibited the R 3 mstructure. LiNig 95Ty 05O showed the
largest first discharge capacity of 179.8 mAh/g and a discharge capacity of 113.8 mAh/g at the 20th cycle. LiNig 995T.00sO- showed the smallest
first discharge capacity of 125.4 mAh/g. The capacity degradation rate decreases as the discharge capacity atn = 5 decreases. LiNig.975Gag 92502
and LiNigolng 0, possessed the best electrochemical properties among the samples substituted by Ga and In, respectively. Among
LiNig.975Gag.02502, LiNigolng 0, and LiNig 95Tl 0502, LiNigosTlgosO, showed the largest first discharge capacity, but the worst
cycling performance. LiNig975Gag 250, possessed the smallest first discharge capacity, but the smallest capacity degradation rate of

0.70 mAh/(g cycle).
© 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Transition metal oxides such as LiMn,O, [1-3], LiCoO,
[4-6], and LiNiO, [7-10] have been intensively investigated in
order to use them as the cathode materials of lithium secondary
batteries. LiMn,0, is comparatively inexpensive and does not
bring about any environmental pollution, but its cycling
performance is not adequate. LiCoO, 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. LiNiO, is a very promising cathode material since it has
alarge discharge capacity [11] andis excellent from the economic
and environmental viewpoints. On the other hand, its preparation
is very difficult compared with LiCoO, and LiMn,0y,.

It is known that Li;_,Ni;,, O, forms rather than the
stoichiometric LiNiO, during preparation [12] due to cation
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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 LiNiO,, Co
[13], Al[14,15], Ti[16,17], Ga[11], Mn [18] and Fe [19,20] ions
were substituted for nickel ions by the synthesis in oxygen.
Rougier et al. [13] reported that the stabilization of the two-
dimensional character of the structure by cobalt substitution in
LiNiO, is correlated with an increase in the cell performance, due
to the decrease in the amount of extra nickel ions in the inter-slab
space which hinder the lithium diffusion. Guilmard et al. [14]
investigated the electrochemical performances of LiNi;_,AL,O,
(0.10 <y < 0.50) specimens synthesized by a co-precipitation
method. They showed that aluminum substitution suppressed all
the phase transitions observed for the LiNiO, system. According
to Gao et al. [16], the substitution of Ti for Ni resulted in a large
discharge capacity and good cycling performance. Chang et al.
[17] detected partial disordering between the transition metal
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(Ni and Ti) layer and lithium by Rietveld refinement in
Li,Ni;_,Ti,0, (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(Il) ions are partially stabilized in the
lithium sites. Nishida et al. [1 1] reported that gallium-doping into
LiNiO, stabilizes the crystal structure during the charging
process and leads to better cycling performance than LiNiO,.
Guilmard et al. [18] reported the presence of 5 and 3% extra
nickel ions in the inter-slab space in two types of
LiNig 9oMng 10O, synthesized by a co-precipitation method in
the presence of 5 and 50% lithium excesses, respectively. The
cycling test showed a worsening in the electrochemical
properties with a large irreversible capacity at the end of the
first cycle compared with LiNiO,. Reimers et al. [19] studied a
solid solution series of LiFe,Ni;_,0, (0.1 <y <0.5). They
reported that the cation mixing was primarily between Fe and Li,
and that the amount of Li which can be reversibly cycled
decreases as y increases. Kanno et al. [20] synthesized
LiFe,_,Ni,O, by the ion-exchange reaction and reported that
the cycling capacities of the 4 V region decreased with increasing
iron content.

In this work, LiNi,_,T1,0, (y = 0.005, 0.01, 0.025, 0.05 and
0.1) specimens were synthesized by milling and solid-state
reaction, and the electrochemical properties of the synthesized
samples were investigated. Their electrochemical properties
were then compared with those of LiNi;_,M,0, (M = Ga and
In) specimens synthesized by the same method in our previous
work [21,22].

2. Materials and methods

The LiNi,;_,T1,0, (y=0.005, 0.01, 0.025, 0.05 and 0.1)
specimens were synthesized by milling and solid-state reaction
under the optimum conditions for the preparation of LiNiO,, as
previously reported [23]. LiOH-H,O (Kojundo Chemical Lab.
Co. Ltd., purity 99%), Ni(OH), (Kojundo Chemical Lab. Co.
Ltd., purity 99.9%), and TINO; (Aldrich Chemical, 99.9%)
were used as the starting materials. These were mechanically
mixed by SPEX milling for 1 h, then preheated at 450 °C for 5 h
in air, pressed into pellets and calcined at 750 °C for 30 h under
an oxygen stream. 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 6°min~' and 26 of 10° < 26 < 80°. The
electrochemical cells consisted of LiNi;_,TL,0, as a positive
electrode, Li foil as a negative electrode and an electrolyte
[Purelyte (Samsung General Chemicals Co. Ltd.)] prepared by
dissolving 1 M LiPF¢ in a 1:1 (volume ratio) mixture of
ethylene carbonate (EC) and diethyl carbonate (DEC). The
positive electrode consisted of 85 wt.% synthesized materials,
10 wt.% acetylene black and 5 wt.% polyvinylidene fluoride
(PVDF) binder dissolved in 1-methyl-2-pyrrolidinone (NMP).
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/galvanostatic system. The cells were
cycled between 2.7 and 4.2 V at a rate of 0.1 C.
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Fig. 1. Experimental procedure for LiNi;_,T1,O, electrode prepared by the
solid-state reaction method after milling.

Fig. 1 shows the experimental procedure for the
LiNi;_,T1,O, electrodes prepared by the solid-state reaction
method after milling.

3. Results and discussion

Fig. 2 shows the X-ray powder diffraction (XRD) patterns of
the LiNi;_,T1,0, (y=0.005, 0.01, 0.025, 0.05 and 0.01)
specimens calcined at 750 °C for 30 h. All the samples possess
the a-NaFeO, structure of the rhombohedral system (space
group: R3m) with no evidence of any impurities. The R 3 m
structure is distorted in the c-axis direction of the hexagonal
structure. This is reflected by the split of the 006 and 102
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Fig. 2. XRD patterns of LiNi;_,T1,O, (y =0.005, 0.01, 0.025, 0.05 and 0.1)
calcined at 750 °C for 30 h.
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Table 1
Data calculated from XRD patterns of LiNi;_,T1,0, (y =0.005, 0.01, 0.025,
0.05 and 0.1) calcined at 750 °C for 30 h

ady A Ioos/lioa  R-factor  Unit cell volume (A%)
y=0.1 2786 14.178  1.02 0.59 101.872
y=0.05 2.880 14223 1.12 0.53 101.320
y=0.025 2.877 14.195 1.05 0.56 102.240
y=001 2877 14207 0.98 0.52 101.843
y=0.005 2.882 14239 1.16 0.50 102.108

peaks and of the 1 0 8 and 1 1 0 peaks in the XRD patterns. The
108 and 1 1 0 peaks were split for all of the samples.
Ohzuku et al. [24] reported that electrochemically reactive
LiNiO, showed a larger integrated intensity ratio of the 0 0 3
peak to the 1 0 4 peak (Iyp3/104) and a clear split of the 1 0 8 and
1 10 peaks in its XRD patterns. The degree of cation mixing
(displacement of nickel and lithium ions) is low if the value of
Ioos/I104 1s large and the 1 0 8 and 1 1 0 peaks are split clearly.
The value of (Ipoe + I102)/1101, called the R-factor, is known to
decrease as the unit cell volume of Li,Ni,_,O, decreases. The
R-factor increases as y in Li,Ni,_,0, decreases for y near 1.

This indicates that the R-factor increases as the degree of cation
mixing becomes larger [7].

Table 1 gives the lattice parameters, a, c, c/a, Ipos/l104, R-
factor and unit cell volume calculated from the XRD patterns of
LiNi, _,T1,0, (y = 0.005, 0.01, 0.025, 0.05 and 0.01) calcined
at 750 °C for 30 h. The sample with y = 0.005 has the largest
value of Iyps/I104 and the smallest value of the R-factor among
all of the samples.

Fig. 3 shows SEM micrographs of LiNi; _,T1,0, (y = 0.005,
0.01, 0.025, 0.05 and 0.01) calcined at 750 °C for 30 h. The
samples contain small and large particles. The particles become
larger as the value of y increases.

Fig. 4 shows the variations of the discharge capacity of
LiNi, _,TLO, (y = 0.005, 0.01, 0.025, 0.05 and 0.01) calcined
at 750 °C for 30 h. The sample with y = 0.05 has the largest first
discharge capacity of 179.8 mAh/g and a discharge capacity of
113.8 mAh/g at the 20th cycle. The sample with y = 0.005 has
the smallest first discharge capacity of 125.4 mAh/g.

Fig. 5 shows the variation of the capacity degradation rate
between n =5 and 20 with the discharge capacity at n =5 for
LiNi,_,T1,0, (y = 0.005, 0.01, 0.025, 0.05 and 0.1) calcined at

(e) y=0.005

Fig. 3. SEM micrographs of LiNi,_,T1,0, (y = 0.005, 0.01, 0.025, 0.05 and 0.1) calcined at 750 °C for 30 h.
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Fig. 4. Variations of discharge capacity at 0.1 C-rate with the number of cycles
for LiNi;_,T1,0, (y = 0.005, 0.01, 0.025, 0.05 and 0.1) calcined at 750 °C for
30 h.
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Fig. 5. Variation of the capacity degradation rate between n = 5 and 20 with the
discharge capacity at n =35 for LiNi,_,T1,0, (y = 0.005, 0.01, 0.025, 0.05 and
0.1) calcined at 750 °C for 30 h.

750 °C for 30 h. The capacity degradation rates were calculated
from the discharge capacities between the 5th and the 20th
discharge cycles. This range of n is chosen because the discharge
capacity varies steadily after n = 5. The capacity degradation rate
decreases as the discharge capacity at n =15 decreases. The
expansion and contraction of LiNi;_,T1,0, due to intercalation
and deintercalation causes the unit cell to become strained and
distorted. The interstitial sites and thus, the structure will be more
severely destroyed when the electrode is cycled at a larger value
of Ax in Li,Ni;_,T1,0,. A larger Ax, to which the discharge
capacity is proportional, is considered to bring about a larger
capacity degradation rate with cycling.

In our previous works [21,22], we studied the electro-
chemical properties of LiNi;_,Ga,O, and LiNi;_,In,O,
synthesized by the same method, as mentioned above. Among
the various LiNi,;_,Ga,O, specimens, LiNIj 975Gag 9250, had
the best electrochemical properties, while LiNigolng 0,
exhibited the best electrochemical properties among the
various LiNi;_,In,O, samples.
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Fig. 6. Variations of discharge capacity at 0.1 C-rate with the number of cycles
for LiNi;_,M;0, (M =Ga, y=0.025; M =1In, y=0.1; M =TI, y =0.05) cal-
cined at 750 °C for 30 h.

Fig. 6 shows the variations of the discharge capacity of
LiNi;_,M;0, (M =Ga, y=0.025; M=1In, y=0.1; M=T],
y =10.05) calcined at 750 °C for 30 h. The sample LiNiggs.
Tly.050, had the largest first discharge capacity of 179.8 mAh/g
and a discharge capacity of 113.8 mAh/g at the 20th cycle. The
sample LiNig975Gag 050, had the smallest first discharge
capacity of 131.4 mAh/g, but it has the best cycling
performance. LiNig975Gag 0250, has a discharge capacity of
117.5 mAh/g at the 20th cycle, showing a discharge capacity
degradation rate of 0.70 mAh/ (g cycle).

Fig. 7 shows the XRD patterns of LiNigg75Gag 02505,
LiNig ¢Ing 10, and LiNig 95T 050,. All of the samples have the
phase with the R 3 m structure. In addition, the XRD pattern of
LiNig oIng ;O, shows peaks corresponding to LilnO,.

Table 2 gives the lattice parameters a, c, c/a, Iygz/l104, R-
factor and unit cell volume calculated from the XRD patterns of
LiNi;_,M;0, (M =Ga, y=0.025; M=1In, y=0.1; M=T],
y =0.05). LiNig 9Ing ; O, has the largest value of Io3/1;04 and all
of the samples have similar values of the R-factor.
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Fig. 7. X-ray powder diffraction patterns of LiNi; _,M,;0, (M = Ga, y = 0.025;
M=1In, y=0.1; M =TI, y=0.05) calcined at 750 °C for 30 h.
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Fig. 8. SEM micrographs of LiNi;_,M;0, (M = Ga, y =0.025; M =1In, y =0.1; M =TI, y = 0.05) calcined at 750 °C for 30 h.

Table 2

Data calculated from X-ray powder diffraction patterns of LiNi;_,M,0,
M=Ga, y=0.025; M=1In, y=0.1; M =TI, y=0.05) calcined at 750 °C for
30h

aA)  c(A) Ioos/lios  R-factor  Unit cell

volume (A%)
LiNigo7sGao02s0>  2.883 14362  0.92 0.54 103.380
LiNig.90ln ;02 2877 14212 133 0.52 101.559
LiNig.05Tlg 050> 2880 14223 1.12 0.53 101.320

Fig. 8 shows SEM micrographs of LiNigg75Gag 0250,,
LiNi0_91n0_102 and LiNi0V95T10_0502 calcined at 750 °C for 30 h.
All of the samples contain both small and large particles. The
particle size increases roughly in the order from LiNIg75.
Ga0402502 to LiNi()AgIno.lOz and then to LiNioigsTI0.0soz. The
particles of LiNig 95Tl (5O, are agglomerated.

4. Conclusions

LiNi, _,TLO, (y = 0.005, 0.01, 0.025, 0.05 and 0.1) speci-
mens were synthesized by milling for 1 h, preheating at 450 °C
for 5 hin air, then pelletizing, and finally calcining at 750 °C for
30 h under an oxygen stream. All of the samples had the R3m
structure. LiNiggsTlg0sO, had the largest first discharge
capacity of 179.8 mAh/g and a discharge capacity of
113.8 mAh/g at the 20th cycle. LiNigg95Tly 0050, had the
smallest first discharge capacity of 125.4 mAh/g. The capacity
degradation rate decreases as the discharge capacity at n =35
decreases. LiNig 975Gag go50, and LiNig ¢Ing ;O, had the best
electrochemical properties among the samples substituted
by Ga and In, respectively. Among LiNij975Gag 02502,
LiNio_gIn().lOz and LiNi0.95T10.0502, LiNiO.gsTI0.0SOZ had the

largest first discharge capacity, but the worst cycling
performance. LiNigg75Gag 0250, had the smallest discharge
capacity, but the smallest capacity degradation rate of
0.70 mAh/(g cycle).
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