
JRURNAL RF 
POWER 
SOgRC[S 

E L S E V I E R  Journal of Power Sources 68 (1997) 553-557 

Synthesis and electrochemical properties for LiNiO2 substituted by 
other elements 

K. Kubo *, M. Fujiwara, S. Yamada, S. Arai, M. Kanda 
Materzals and Devices Research Laborator3, Toshiba Corporarion, 72, Homkawa-cho, Saiwai-ku, Kawasaki 210, Japan 

Accepted 24 September 1996 

Abstract 

L i , .  ,Nil ,O~_ ,F, as the cathode materials for rechargeable lithium batteries were synthesized by co-substitution of nickel sites and oxygen 
sites for LiNtOz. The materials were found to possess good properties on charge/discharge cycling without significant deterioration of the 
initial capacity. In order to investigate the reason the cycle properties were improved, we performed experiments focusing on the crystallo- 
graphic point of view using X-ray diffractometry accompanied by electrochemical property. These materials were found to restrain none of 
crystallographic change during charge/discharge regardless of the amount of substitution. According to the charge/discharge curve, the 
materials mdlcate relatively low internal impedance. Thus, the main reason for the improvements of the cycle properties may be caused by 
mechamsm which has no direct relation to the above crystallographic change. © 1997 Published by Elsevier Science S.A. 
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1. Introduction 

LiNiO2 is one of  the candidates for suitable cathode active 
materials to realize lithium-ion batteries with high perform- 
ance. This is the one of the few series having the lithium 
rechargeable structure with some conductivity of  not only 
ions but also electrons. Furthermore, the materials can be 
used to realize a battery possessing high energy density, dem- 
onstrating a high charging voltage in the 3.5-4.5 V range. 
However, cycle hfe has not reached a satisfactory level. Sev- 
eral efforts has been made to improve the charge/discharge 
cycling properties. The material shows crystallographic 
change ( structural phase transition) during lithium de-inter- 
calation [ 1,2]. The phase transition may lead to deterioration 
of the crystal structure. Some research groups performed 
nickel site substitution by other trivalent cations to restrain 
the structural phase transition [ 3 -6] .  But the exact reason for 
the decrease of  the capacity still remains unknown. Thus, we 
tried to perform anion site substitution in order to acquire 
more information about the cycle deterioration. 

2. Experimental 

We tried fluorine ion substitution into the oxygen site and 
also lithium ion substitution into the nickel site to keep the 
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average oxidation number of nickel greater than 3. The rela- 
tion between composition and oxidation number of the nickel 
ions is shown in Fig. 1. If  it is less than 3, Ni :+ ions partly 
enter into the lithium layer, which may interrupt the motion 
of  the lithium ions leading to the deterioration during the 
charge and discharge. The open circles in the figure show the 
samples we ever synthesized. Thus the material series 
denoted by Li~ +xNi, _ ,O2_,.F, (3' < 2x) were synthesized as 
follows. The solid-state reaction method was done by heating 
the mixture with a molar ratio of  (l+x-y):(1-x:y) for 
Li( OH ) • H20, Ni( OH)2 and LiF, respectively, in an oxygen 
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Fig. 1. Relation between the oxidation number of nickel and the composition 
for Li~ + ,Ni~ _ ,O2-,F,. Open cLrcles show samples synthesized compounds. 
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Table 1 
Results of the final composition and the oxidation number of nickel using ICP analysis for lithium, EDTA titration for total nickel, ion chromatography for 

fluorine and redox taranon Ibr the oxldatton number of nickel 

Nominal compos~tmn for Final LI compositmn Final Ni compositmn Final F composition Oxidation number 
LI~+,NI~ ,02 ,F, (mo la r r a tml  ( molar ratio) (molar ra t lo )  of Ni 

.t = 0 05, y =  0.05 1 065 0.935 0 044 3.039 
_~ = 0.10. y = 0 10 1.098 0.902 0 084 3.057 

a =0.15,  y = 0.20 1.170 0.830 0.170 3.196 
a = 0 . 1 5 ,  y = 0 . 1 5  1.150 0.850 0 112 3.216 

gas flow at ~ 650 °C for 50 h. The synthesized samples were 
ground to obtain a sufficiently fine powder. The crystal struc- 
ture and phase were identified using the X-ray diffractometer 
(XRD) with Cu Kce. The composition and oxidation number 
of the nickel ion were measured using a method combined 
with inductively coupled plasma (ICP) analysis for lithium, 
ethylenediaminetetraacetic acid (EDTA) titration for total 
nickel, ion chromatography for fluorine and redox titration 
for the oxidation number of nickel. As shown in Table 1, the 
result shows almost no significant difference between the 
nominal and the final composition. Cathodes were prepared 
by intimately mixing of the active materials, acetylene black 
( as the conducting materials) and Teflon binder with the ratio 
of 80:17:3, then fabricating into the shape of a 1 cm × 1 cm 
sheet. The electrolyte used was a 1 M solution LiCIO4 in the 
mixed solvent of ethylene carbonate and ethylmethyl carbon- 
ate ( EC-EMC ). A lithium metal anode and a reference elec- 
trode were used in this study. Cells for measurements were 
assembled in a glove box filled with argon gas. In all the 
measurements, the charge and discharge current was 1 mA 
and voltage range was from 3 to 4.3 V. 

3. Results 

Fig. 2 shows the XRD patterns for the Li~ + ~Ni~ _ ,O2 _,.F, 
for the range from (x, y ) =  (0.0) to (x, y ) =  (0.35, 0.65). 

All samples suggest to be a single phase of the isostructure 
of LiNiO~ with an intensity ratio •(003)/1(104) of almost 
2, proving that a large difference of the mean scattering factor 
exists between the lithium and the nickel layer. At the top 
viewgraph in the figure, we also show the XRD pattern for 
the mixture of LiNiO2 and LiF with the molar ratio 1 : 1, which 
is the same composition as Li, 35Nio 6~O~ 35Fo 65 (next to the 
top viewgraph). The cycling properties for the capacity of 
Li~ o 8 N i o 9 2 O i  9Fo, is shown in Fig. 3 together with that of 
LiNiO> Though the initial capacity of Li~ o8Nin 92Oi 9 F o l  is 
less than that of LiNiO2, during the repetition of cycle, the 
capacity for the former rises in the first few cycles and shows 
less deterioration at the higher number of cycles. Thus, it 
leads to large capacity and long cycle life at the same time. 
Charge/discharge curves at 1st, 3rd. 5th. l Oth and 30th cycle 
for Lil n~Nio92Oi oFol are also shown in Fig. 4. In this 
viewgraph, enhancement of the capacity in the first few cycles 
is found to be generated at the final portion of the discharge 
curve. We have not observed such an interesting phenomena 
in LiNiO2 nor other ion substitution. The internal impedance 
for the active material can be easily estimated by the differ- 
ence between average charging voltage and average discharg- 
ing voltage. We calculated the cycle dependence for this 
difference for LijnsNiogzOj9Fol and LiNiO,. While the 
value for Li~ osNio 920~ 9Fo, is fairly constant after the initial 
rapid decrease, the value for LiNiO_~ rapidly increases as 
shown in Fig. 5. The results show that Li, o 8 N i o 9 2 0 1  o F o l  
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Fig. 2. XRD pattern for Lil + ,Ni, _ ~O2 ,F, (y = 2 x -  0.05 ~ ( Cu K a ) .  Arrows indicate reflecnon of LiF. 
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Fig. 5. Varmtion of the difference betv¢een mean voltage of charge and 
discharge. 

does not easily increase its internal impedance due to the 
charge and discharge. Examinations of XRD pattern versus 
depth-of-charge for Li~ iNio9OI ssFo t5 were carried out in 
order to acquire some new imformation on the mechanism of 
the crystallographic change. The data were measured during 
the second charging. All diffraction peak observed were 
indexed as a hexagonal unit cell. As shown in Fig. 6, during 
charge the ( 101 ) and (104) reflection peaks are split into 
two peaks shown as solid circles, which can be indexed as 
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Fig 6. Variation of XRD pattern for Ll~ ~Nl~, ~sO~ 7~F,~ 25 during charge ( Cu 
Ko~ ). The solid circles indicate slight splitting of peaks for ( 101 ) and ( 104 ). 
The depth-of-charge is denoted by the relatwe ratm to theoretical capacity 
f 237 mAh/g )  of the material. 

(201) (110) and (202) (111), respectively, based on the 
hypothesis of a monoclinic unit cell. Despite the fact that the 
lithium ion is substituted into the nickel site, the results sug- 
gest the Lij ~Ni.oOj ssF,, ~5 is not like a sample of nickel site 
substitution by other elements (Al, B, Co, etc. ) but is rather 
closer to non-substituted LiNiO2. The fact can be regarded as 
the lithium ion cannot restrain the crystallographic change, 
possibly because the binding energy of  the monovalent ion 
with the crystal is weaker than that of  the trivalent ion. 
Though the phase having the unit cell with short c-axis length 
appeared abruptly around the deepest charge for LiNiO2, in 
Li~ 1Nio~O~ ssFo ~5 there is no trace of such a phase. This is 
one of the clear differences between LiNiO2 and l_,ij ~Nio,: 
Oi ~sF. ~5. Open-circuit voltage for Lil iNio9Ot 85Fn 15 was 
also measured, as shown in Fig. 7. These data were collected 
during the second charge; 10 h for each were taken, with no 
current flow prior to the measurement. This viewgraph shows 
many step-like structures in the profile. Two plateaus in the 
profile can be assigned to the aforementioned phase transi- 
tion. However, we cannot identify the plateau around 4.2 V 
as coming from any transition because no structural change 
has been seen in the XRD pattern. Furthermore, other uni- 
dentified plateaus also exist. In order to survey the shape of 
the charge and discharge curve precisely, differential chrono- 
potentiograms for LiNiO~ and Li~ osNio 92()~ 9Fo t were also 
calculated from the charge and discharge curves. The results 
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Fig. 8. Differential chronopotentiogram for (a) LiNiO2 and I b) LIn .sNio 920~ ,,F,~ ~. 

at the 5th cycle are shown in Fig. 8(a)  and (b),  respectively. 
The latter viewgraph has narrower peaks than the former, 
demonstrating the fact that a more clarified transition for the 
latter is occurring during the charge and discharge. Another 
striking feature for the Lil osNio o20~ 9FoB is observed. In the 
monoclinic phase region, two separate peaks are observed, 
one of which cannot be seen for the LiNiO2. This result has 
been obtained by several groups [ 1,2]. According to Ohzuku 
et al. [ 1 ], these are solid-state redox peaks whose separation 
is very sensitive to the slight difference of  site occupancy. 
The Li~ osNio 92Oi 9Fo 1 has better electrochemical properties. 
Thus if so, the Li~ osNio 92Oi 9Fo ~ may be the sample that can 
easily yield high quality features using ordinary methods, 
because in Lino8Nia92019Fo~, the double peaks always 
appeared in the monoclinic region in the differential chrono- 

potentiogram, while we have never been able to synthesize 
LiNiO2 indicating a double peak structure. 

4. Discussion 

One of  the interesting features of the results is the rapid 
increase in capacity and rapid decrease in internal impedance 
during the first few cycles. The reason may come from the 
character of  the fluorine ions whose weak binding with the 
lattice gives rise to the position shifting of  the fluorine ions 
and the surrounding ions for the more ideal ones in the crystal 
lattice during the motion of  lithium ions. The more interesting 
phenomenon is the fact that a relatively long cycle life is 
observed in the Li~ osNio 92OI 9Fo i, while it exhibits the struc- 
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tural phase transitions, similar to LiNiOz except for deep- 
charged region, but more clearly, during the intercalation and 
de-intercalation of  lithium ions. The fact that more peaks 
appeared in the monoclinic region during the charge and 
discharge for Li I + ,Ni~ _ ,O2- ~,Fv than LiNiO2 on the differ- 
ential chronopotentiogram might indicate that the internal 
stress happened in the material during the charge and dis- 
charge is further released by the additional transition. There- 
fore, we think it may be part of the reason for the life time 
extension. Another apparent difference between LiNiO2 and 
Lil osNio 920~ oFo ~ is thought to be the fact that the phase with 
short c-axis length does not exist around the fully charged 
region. Hence, the possible reason for the enhancement of  
cycle life for Li~ o~Nio92Oi 9Fo i is mainly the absence of  the 
abrupt change of the lattice distortion. 

5. Summary 

Lij + ,Ni~_ ~O2_,.F,, were successfully synthesized in the 
wide range of 0 < x < 0.35 and 0 < y __< 0.65 using solid-state 
reaction whose nickel site and oxygen site are substituted by 
lithium and fluorine, respectively. The crystal structure of all 
the samples is found to be almost the same as that of  LiNiO> 

According to XRD analysis, interdiffusion of  the nickel ions 
into the lithium layer for all the samples was very slight. The 
series samples exhibit long cycle life, which may be caused 
by the absence of  the abrupt change of  the axis length of  the 
lattice. 
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