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films and to understand the ablation process and chemical 
reactivity of ejected species during the plume expansion and 
propagation.

Acknowledgment. H.-S. Im acknowledges the finan
cial support from Ministry of Science and Technology. This 
work is supported by the non-directed research fund, the 
Korea Research Foundation, 1996, which is gratefully ack
nowledged. We deeply appreciate the efforts of Dr. H. K. 
Kim in KRISS and Prof. Woo in Chunnam Univ, for pre
paring the platinized subsrates and the helpful discussion of 
Mr. Y. I. Kim on this work.

References

1. Dijkamp, D.; Venkatesan, T.; Wu, X. D.; Sahen, S. A.; 
Jisrawi, S.; Min-Lee, Y. H.; McLean, W. L.; Croft, M. 
Appl. Phys. Lett. 1987, 51, 660.

2. Scott, J. F.; Pa de Araujo, C. A. Science 1989, 246, 1400.
3. Krupanidhi, S. B.; Maffei, N.; Sayer, M.; El-Assal, K. J. 

Appl. Phys. 1983, 54, 6601.
4. Castellano, R. N.; Feinstein, L. G. J. Appl. Phys. 1979, 

50, 4406.
5. Okuyama, M.; Togani, Y.; Hamakawa, Y. Appl. Surf. 

Sei 1988, 33/34, 625.
6. Payne, D. A. Bull. Am. Phys. Soc. 1989, 34, 991.
7. Otsubo, S.; Maeda, T.; Minamikawa, T.; Yonezawa, Y.; 

Morimoto, A.; Shimizu, T. Jpn. J. Appl. Phys. 1989, 29, 
L133.

8. Roy, D.; Kupranidhi, S. B.; Dougherty, J. P. J. Appl. 
Phys. 1991, 69, 7930.

9. Kidoh, H.; Ogawa, T.; Morimoto, A.; Shimizu, T. Appl. 
Phys. Lett. 1991, 58, 2910.

0. Ramesh, R.; Luther, K.; Wilkens, B.; Hart, D. L.; 
Wang, E.; Tarascon, J.; Inam, A.; Wu, X. D.; 
Venkatesan, T. Appl. Phys. Lett. 1990, 57, 1505.

11. Lee, J.; Safari, A.; Pfeffer, R. L. Appl. Phys. Lett. 1992, 
67, 1643.

12. Horwitz, J. S.; Grabowski, K. S.; Chrisey, D. B.; 
Leuchtner, R. E. Appl Phys. Lett. 1991, 59, 1565.

13. Ready, J. F. J. Appl. Phys. 1965, 36, 462.
14. Abe, K.; Tomita, H.; Toyoda, H.; Imai, M.; Yokote, Y. 

Jpn. J. Appl. Phys. 1991, 30, 2152.
15. Amoruso, S.; Berardi, V.; Dente, A.; Spinelli, N.; 

Armenante, M.; Volott, R.; Fuso, F.; Allegrini, M.; 
Arimondo, E. J. Appl. Phys. 1995, 78, 494.

16. Masciarelli, G.; Fuso, F.; Allegrini, M.; Arimondo, E. J. 
Mol. Spectrosco. 1992, 153, 96.

17. Gupta, A. J. Appl. Phys. 1993, 73, 7877.
18. lembo, A.; Fuso, F.; Allegrini, M.; Arimondo, E.; Berardi, 

V.; Spinelli, N.; Leccabue, F.; Watts, B. E.; Franco, G.; 
Chiorboli, G. AppL Phys. Lett. 1993, 63, 1194.

19. Singh, R. K.; Holland, O. W.; Narayan, J. J. Appl. Phys. 
1990, 68, 223.

20. Berardi, V.; Amoruso, S.; Spinelli, N.; Armenante, M.; 
Velotta, R.; Fuso, F.; Allegrini, M.; Arimondo, E. J. 
Appl. Phys. 1994, 76, 8077.

21. Singh, R. K.; Narayan, J. Phys. Rev. 1990, A41, 8843.
22. Kim, H. S.; Kwok, H. S. Appl Phys. Lett. 1992, 61, 2234.
23. Wu, X. D.; Inam, A.; Venkatesan, T.; Chang, C. C.; 

Chase, E. W.; Barboux, P.; Tarascon, J. M.; Wilkens, B. 
Appl. Phys. Lett. 1988, 52, 752.

24. Koren, G.; Gupta, A.; Baseman, R.J.; Lutwyche, M. I.; 
Laibowitz, R. B. Appl. Phys. Lett. 1989, 55, 2450.

25. Sreenivas, K.; Sayer, M.; Garrett, P. Thin Solid Films 
1989, 172, 251.

26. Sayer, M. in Proceedings of the 6th IEEE International 
Symposium of Applications of Ferroelectrics; June 8-11, 
1986, Bethlehem, PA, edited by Wood, V. E.; IEEE, 
New York, 1986; pp 560-568.

27. Sreenival, K.; Sayer, M. J. Appl. Phys. 1988, 64, 1484. 

Electrochemical Properties of LixCoyNii.y02 Prepared by Citrate Sol-Gel Method

Soon Ho Chang, Seong-Gu Kang, and Kee Ho Jang

Electronics and Telecommunications Research Institute, Taejon 305-600, Korea 
Received September 6, 1996

The electrochemical properties of LLCqNiiM》compounds (y=0.1, 0.3, 0.5, 0.7, 1.0) prepared by citrate sol
gel method have been investigated. The Li*C%Nii_yO2 compounds were annealed at 850 °C for 20 h after 
preheating at 650 °C for 6 h, in air. The x-ray diffraction (XRD) patterns for Li^COyNivj.02 have shown that 
these compounds have a well developed layered structure (R3 m). From the scanning electron microscopy of 
LixCoyNiAyO2, particle size was estimated less than 5 |丄m. The Li//LixCoyNi1.yO2 electrochemical cell consists of 
Li metal anode and 1 M LiClO4-propylene carbonate (PC) solution as the electrolyte. The differences in int
ercalation rate of the Li^Co^Nij^Oj in the first charge/discharge cycle were less than 0.05 e~. The first 
discharge capacities of LixCoO2 and LtCo0.3Ni0.7O2 were ~130 mAh/g and *160 mAh/g, respectively.

Introduction have been intensively studied as cathode active materials in
lithium secondary batteries. Among them, LiNiO2, LiCoO2, 

LiNiCb,只 LiCoO2,7~15 LiMn2O4,16~19 and LixCo),Ni1.yO220~24 and Li^COyNii.^Oa are isostructural with a-NaFeO2. In these
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phases; alternate layers of Li and Co (and/or Ni) cations oc
cupy the octahedral site of a cubic close packing of oxygen 
anions. According to previous studies,4522 LiNiO2 has been 
nonstoichiometric compound with the formula of [Li+b2Ni2+J 
[Ni3+Ni2+JO2 (0<z<0.2) depending on preparation con
ditions. A small amount of structural disorder due to the dis
placement of nickel and lithium ions in LiNiO2 strongly af
fects the electrochemical properties such as the working vol
tage and rechargeable capacity. As the deintercalation reac
tion proceeds below x뉴0,5 in LixNiO2, some structural ir
reversible rearrangements occur, leading to irreversible elec
trochemical reactions.2 LiCoO2 is easily prepared and gives 
a high voltage and a good reversibility in Li/LiMO2 cells. 
Although the LiCoO2 does not have a structural disorder, 
LiCoO2 is expensive compare with others and has higher 
voltage (4 V) than LiNiO2 (3.5-4.0 V) so that the electrolyte 
oxidation can be occurred.

These considerations have led to the electrochemical stu
dies of Liq)yNiiyO技24 series. In this study, Li^COyNii.yOz 
(y=0.1, 0.3, 0.5, 1.0) system synthesized by citrate sol-gel 
method has been investigated. The structure and elec
trochemical properties of the LixCoyNi1.),O2 have been evalu
ated and compared with those of LixCOyNi^Oz prepared by 
solid state reaction.

Experimental

LtCOj.Nij.yO2 (y느0.1, 0.3, 0.5, 1.0) compounds were pre
pared by citrate sol-gel method (LixCoyNi1.yO2(C)) and con
ventional solid state reaction (LtCo^Nij.^CS)), The 
Liq)yNii_y()2(C) (y=0.1, 0.3, 0.5, 1.0) were obtained by us
ing citric acid (C6H8O7) as follows; Li2CO3, Co(NO3)2-6H2O, 
Ni(NO3)2 - 6H2O, and C6H8O7 were dissolved with the mole 
ratio of 1: y : (1-y): 3 in distilled water. The solution was ad
justed to pH=3-4 with aq. NH4OH by considering solubility 
diagram. The solution was evaporated at 80 °C under va
cuum and the subsequent organometallic complexes were 
decomposed into organic compounds and metal oxide pre
cursor at 300 °C. The metal oxide precursor was pre-heated 
at 600 °C for 6 h and annealed at 850 °C for 20 h, in air to 
obtain L^Co^Ni! _yO2(C) compounds. The synthesis of 
LixCoyNi1_yO2(S) (y=0.1, 0.3, 0.5, 1.0) with solid state reac
tion has already been reported.24 It consists of heating a mix
ture of Li2CO3, COCO3 and NiO, in appropriate ratio, at 800- 
1000 °C for 48 h in air after preheating 650 °C for 10 h, in 
air.

Structural analysis has been performed by x-ray dif
fractometer (Rigaku RTP 300 RC) with Ni-filtered Cu-Ka 
radiation (入，드L5418 A). Scanning electron microscopy have 
been recorded by Hitachi S800 microscope in order to in- 
ve아igate the morphology of LiJtCoyNi1.yO2,

The electrochemical cell was fabricated as follows. A 
cathode was made 89% (wt.%)丄侦夠州川，10% acety
lene black, and 1% PTFE binder. The ele아]x)lyte used 
was 1 M LiClO4-propylene carbonate (PC) solution. A 
lithium metal anode was used in this study. Test cell were 
assembled in a glove box filled with argon. The cells 
were cycled in the voltage range 3.0-4.1 V with various 
current densities using galvanostatic charge/discharge cy
cler.

Results and Discussion

The x-ray diffraction (XRD) patterns for LixCoyNi1.),O2 ob
tained by citrate sol-gel method and conventional solid state 
reaction have been indexed with hexagonal symmetry. Lat
tice parameters of the Li*COyNiiM)2(C), which were ob
tained from least squares method, and c/a ratio are present
ed in Table 1. The a and c parameters, related to the in
tralayer metal-metal distance and interslab distance respec
tively, decrease with increasing cobalt concentration in 
LixCoyNi1.yO2(C) due to the difference in size between the 
trivalent cobalt (r(Co3+)=0.53 A, low spin (Z2/^0)) and nick 
el (r(Ni3+)=0.56 A, low spin (弓*：)) ions. The c/a ratio, in
dicating 나｝e structure anisotropy of LiiCoyNi1.yO2(C), in
creases when Co3+ is substituted for nickel (c/a=2V6 for a 
cubic lattice). This variation indicates that the 2D character 
is increased with substituting cobalt for nickel ions. The 
results of structural analysis for LixCoyNi1.yO2(S) are similar

Table 1. Structural parameters of LixCoyNi1.),O2(7?3 m)

y a (A) c (A) c/a
0.1 2.877 14.17 4.925
0.3 2.860 14.15 4.948
0.5 2.844 14.11 4.961
0.7 2.833 14.10 4.977
0.9 2.821 14.07 4.987

1 2.814 14.04 4.989
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Figure 1. X-ray powder diffraction patterns for (a) LiCo^Ni” 
O2(C) and (b) LiCogNigOXS).
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to those of LixCOyNii yO/C).
The XRD pattern for LixCoyNi].yO2(C) (y=0.3) shows 

good splitting of (006) and (012), and (018) and (110) lines 
(Figure 1(a)). However, Liq)yNii_y()2(S) (y=0.3) has no 
(012) line and the split of (108) and (110) lines can be 
slightly observed (Figure 1(b)). This indicates that the com
pounds prepared by using citric acid have better cry
stallinity than those by conventional method. The results of 
XRD analysis for L£C이Vig (y=0.3) are given in Table 2. 
As 아iowh in Table 2, the relative intensity of (003) with ci
trate method was higher than that with solid state one. In 
the LiMQ (M=V, Cr, Co, Fe, Ni) phase, alternate layers of 
Li and M cations occupy the octahedral site of a compact 
cubic close packing of oxide anions as previously men
tioned.25 When M atoms occupy parts of the octahedral 
sites of the Li layer, the (003) line intensity decreases. Thus, 
the strong intensity of (003) line for LijeCoyNi1.yO2 indicates 
that the Li^Co^Nii^Oj have strongly enhanced 2D 아laracter. 
The scanning electron microscopy of LiCoO2(C) exhibits 
that the compound with citrate method has a well de
veloped layered structure and its particle size is less than 5 
卩m (Figure 2). The parti이e size of LiCoO2(C) is smaller 
than that of LiCoO2(S) (< 10 gm).

The charge/discharge behavior in the first cycle for Li/ 
LixCoyNilyO2 cell using the UxCOyNilyO2 obtained from ci-

Table 2. Structural analysis of LixCoyNi1.yO2 (y=0.3) (a=2.860 A, 
c=14.15 A in hexagonal cell)

(hkl) d*obs. dgi. I*obs. lobs. hal.
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4.726 4.726 4.718 100 100 100
2.441 2.441 2.439 15 28 39
2.356 2.359 5 0 4
2.337 2.339 2.337 6 11 12
2.029 2.030 2.029 37 57 79
1.865 1.864 1.864 6 9 12
1.566 1.567 1.566 7 10 14
1.439 1.439 1.439 10 13 19
1.430 1.430 1.430 8 13 20
1.368 1.368 1.368 4 8 13

d*血,尸％.： citrate sol-gel method, dobs, Iobs\ solid state reaction 

trate organometallic complex and solid state reaction was ex
amined under constant current density (200 |iA/cm2). Figure
3. 아lows the first cycle of voltage vs. x. The differences of 
interc시ation rate(x) between charge and discharge for 
LixCoyNi1.yO2(C) and Li*C이Ni頌O.S) are -0.05 e" and 
~O.09 e", respectively. This implies that the Li*C(\Nii_yO2(C) 
has smaller irreversible loss and better reversibility of elec
trochemical reaction compared with LLCOyNii^O/S). The 
first dis사large capacities of LixCoO2 and LixCoo3Nio.702 by 
citrate method are ~130 mAh/g and ~160 mAh/g, respec- 
tiv이y. These values are higher than those by solid state 
reaction (-120 mAh/g and ~140 mAh/g, respectively). The 
charge/discharge behavior of UxCOyNilyO2(C) 아lows that 
the be이 cycling properties were observed in the Li/Lix 
Co03Nio.702(C) cell. This behavior means that any structural 
disorder due to the displacement of nickel (and/or cobalt) 
and lithium ions in the LixCo^NioQ^C) is not appeared.

In order to examine the current dependency of Li/Lix 
CogNLMKC) cell, the cell has been cy이ed at various cur- 
rent densities (Figure 4). As the current density increases 
from 200 |iA/cm2 to 500 |iA/cm2, the changes of capacity 
and c비1 polarization were small. The reversibility has been 
hardly affected even under a high current density. These 
phenomena proved that the compound obtained by citrate 
s이・gel method is structurally stable during the elec
trochemical reaction.

Figure 5 아lows the charge and discharge curves of the Li/ 
LixCoO2(C) cell at a current density of 200 |iA/cm2. The 
current was automatically switched on for 6 h and off for 20 
h. The difference of open circuit voltage between de
creasing and increasing x in the LixCoO2(C), related to cell 
p이arization, is very small. This indie가es that the lithium 
diffusion in the interslab of the LixCoO2(C) is readily oc
curred due to the small particle size of the compound.

The XRD analysis for the LtCoojNio 7O2(C) with various 
Li concentration (x=0.6, 0.7, 0.8, 0.9, 1.0) was carried out 
to inve아igate the structural change during the elec
trochemical oxidation (Table 3, Figure 6). The XRD pat
terns show that crystallinity of LLCogNhQJC) is well 
maintained during 나｝e electrochemical deintercalation. This 
implies that 2D 아ructure of the LixCoyNi1.yO2(C) is preserv
ed during the elimination of Li atoms. The decrease in the a

Figure 2. Scanning electron microscopy of LiCoO2(C).
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Intercalation rate (x)
Figure 5. Charge and discharge curves of Li/LixCoO2(C) cell 
with relaxation (current density=200 |iA/cm2).

Table 3. Variation of structural parameters for 丄认力尸让/方(y= 
0.3) with various Li concentration (x=0.6, 0.7, 0.8, 0.9, 1.0)

X a c c/a
1.0 2.860 14.15 4.948
0.9 2.855 14.18 4.967
0.8 2.847 14.22 4.994
0.7 2.836 14.28 5.035
0.6 2.827 14.32 5.065

20 (deg.)

Figure 6. X-ray powder diffraction patterns for LixCo03Nio.702(C) 
with various Li concentration (x=0.6, 0.7, 0.8, 0.9, 1.0).

parameter with decreasing Li+ ion concentration (x) of 
L£C이Nii_y()2(C) reflects the decrease in Li+-Li+ electrostatic 
repulsion within a basal plane. The c-axis of the LixCoy 
Nii.yO2(C) expands rapidly upon delithiation due to the de
crease of electro아atic binding energy of the lithium-de- 
pleted layers.

Conclusion

LiJCCoyNi1.yO2 compounds were successfully prepared by 
citrate sol-gel method. The obtained LLCOyNii-y。？ exhibit 
well developed layered structure and were structurally 
stable during the electrochemical reaction. The Li^COyNi頌O? 

are smaller irreversible loss and better reversibility of elec
trochemical reaction compared with LtCo^Nij.^ prepared 
by solid state reaction. The first discharge capacities of the 
LixCoyNi1.yO2 are higher and the changes of capacity and 
cell polarization are smaller than those by s이id state reac
tion.
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