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Factors affecting the ionic conductivity of lithium have been discussed in this paper. Firstly,
limitations of the classical concept were shown, such as Born-Mayer equation for the prediction
of the activation energy during ionic migration. These classical concepts roughly reproduce the
experimental behavior, however the deviations from the prediction occasionally occur. Some of
the reasons for such deviations are due to the assumptions that the crystal was composed of
perfect ionic bonds, no local structural distortion around defect site, and defects are not interact
one another. To understand these effects, recent experimental and computational works are

reviewed.
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Discharge

Li ions migrate in organic solution

during charge-discharge reaction

Fig.1 Organic solution is used as an electrolyte in
currently available lithium ion Batteries.

Potential barrier, £m

Defect-site Formation, £b

Fig.2 Activation energy for ionic conduction stems
from the energy of defect-site formation and
potential barrier.
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Vacancy ( Vo )

Zr

Doped Ca (Ca3,)

Fig.3 Introduction of a calcium ion into the ZrO, lattice.
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Fig.4 Variation of the calculated Coulombic potential
energy with lithium migration; (a) the migration
path assumed in computation, (b) the variation
of the Coulombic potential versus lithium

position. Zg indicates the average cationic charge
of Perovskite B-site.
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Fig.5 Variation of the activation energy (Ea) versus
averaged lattice parameter in perovskite-type
ionic conductor based on LiyLaany)3NbOs-system.
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(a) Averaged structural view
. . . . Size and oxdation state
Metal doping . . ' ./ of each ion are averaged
@O0O0O o600
O000 .,
O O O O (b) Local structural view
O O O O Structural distortion is
O e Ygé‘Q/ introduced by doping
technique
O 000

Fig.6 Comparison of (a) averaged and (b) local structural view for the doping of metals with different size and

oxidation state.
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Distribution of Li* ions predicted by

bond-valence-sum calculation

Cut of the migration path due to local distortion

Fig.7 Optimized crystal structure of (a) LaysNbOs and (b) LiyslaysNbOs by first-principles computation. Expected
migration path for Li ions were visualized by calculating the bond-valence sum values for (c) LaysNbOs; and
(d) LiysLaysNbOs. (Figures are drawn with VENUS developed by R. A. Dilanian and F. |zumi.)

00D D000000000000000000000
00000000000ADOOO0OOOOO000000
00000000000000000000000000
00000000000000000000000000
00000000000000000000000000
00000000000000000000000000
00000000000000000000000000
00000000000000000000000000
0000000000000000bond valence sumO
00000000001000000000000000
000000000000Fig.7(c)0(d)00000000
000000000000000D00000000000
00000000000000000000000000
00000000000000000LiyLagnyysNbOsO
00000000000000000000000000
00000000000000000000000000
00000000000000000000000000
00000000000000000000000000
00000000000000000000000000
00000000000000000000000000
00000000000000000000000000
000000000000000000

6. DOoOoOoOoOooooOOoo

gooooooobooooooooOobOooooooobooo
goooooobooooooooobooboooooooooo

Netsu Sokutei 320402005

191

goooooboooooooooboboOooooooooooo
gooooboooooooooboboooooooooboooo
goooooooooooooboooooooooooo
goooobooooooobbOooooooooooo
gooooooooooooogooo
goooobooooooooboOoooooooooo
g0oo0o0O000000000000000000Yashima
O¥90000000000000000000000O0
gooooooooOoobOOooooOooooOooan
(LiLgTio:OODOOOOOOOOOOOOOOxxO000
gooooobooooooooboooooooboobooo
gooooboboooooooobOoobooooooooboooa
gooooooobooooooobobobooooooboooo
goobooboooooooooboboooooooooooo
goooooooooooooooog
goooooOooooooboOoOo0ooooooDoboOooo
goooobooooooooobboooooooobooo
goooooboooooobooobooooooooboooo
goooobOobooooooobooboOobooooooooboooo
goooooooooooooooboboooooooooo
goooooOooooooooboooooobooboooooo
gooooobOooooooobbOooooooobooo
gooooooooooobooboooooooobooo
oooooooobooooooobooooooooooo
gooooooooooooooboooooooooo
gooooboooooooboobboooooooobooo



gooo

goooooboooooooobbooooooobooooo
gooooboooooooobobooooooooboooo
0o0000000000000000 KishidaO3w0O0O0O
O0000000LiX; XoF, Cl, Br, 100000000
ooooooboooooooooboboooooooooboooo
gooooboooooooobbOooooooobooo
gooooobooooooooobbOooooooobooo
gooooboooooooboooboOooooooobooo
gooooboooooobooboboOooooooobooo
goooooboooooooboooboboooooooooooo
gooooooooooooooobooooooooooo
goooobOo0o0ooooooOobOoO0oooooooDbooo
gooooobooooooooobbOooooooobooo
gooooboooooooboobobooooooooboooo
gbooooooboooooooboooooOobboOooooo
goooobooooooboobbooooooobooo
ooooooooooooo
gooooboOooooooobboooooooooboo
goooooooooooobboooooooobooo
gooboobooooooboooboboooooooooooo
goooobooobooooooooboboboooooboooo
goooobooooooboobbooooooobooo
ooooooboooooooooboboooooooooboooo
gooooobooooooooooobooooooobooo
gooooobooooooooobbOooooooobooo
gooooboooboooooooOooooooooooo
gooboooboooboooooobooooooooboooo
goooobooooooboobbooooooobooo
gooooobooooooooooobooooooooboooo
goooobooooooobbOooooooooooo
goooooboooooooooobooooooobooo
gooooboooooooboobobooooooooboooo
gooooooooobooooooooobooOooooo
goooooboooboooooooobooooooboooboooo
ooooooboooooooooboboooooooooboooo
0O000000000O0Van der VenO320000000O
ooOooooLiceo.0000000DO00O0DODODOO
goo/boboobooooboooobooooooooonog
oo0ooo000000000000000D00([32]000
goooobooooooobbooooooooobooo
goooooomoooooooooooooooooo
gooooobOo0oOoooooobOoOoooooobooDbooo
gooooooooooooooooooboooooo
gooooLiboooOobooOooOobooooOobooooDo
goooooboooboooooooboobooooobooo
gobooooooooooooooooooo

192

7. 000000o0oobooooon

gooooboooooooboboOooOooooooooo
OOBorn-Mayer OO OOOO0O0O0Oo0ooooooOooOo
oooooooooooooooooooooooboooo
gooooooooooobooooooooooboboooo
gooooooooooooboooooooooboooo
goooooooooooooboooooooooooo
gooobobooooooooobobooooooooboboooo
goooooboooooooooboboooooooooboooo
goooooboooooooboooooooooooooo
goooooOooooooooboboooooooobooo
goooooooooooboboooooooobooo
gooooboooooooobobooooooooboooo
gooooboobooooooobobooooooooooo
goooooboooooooboboooooooooboboooo
oooooooooooooooooooooooooo
gooooooooooobooooooooooboboooo
goooooooo
O00KannoO &39O 00000000000000O
goooobO ooooooboooboooboooboooo
oboo00o oobooooooboooboooooooooo
goooooooooooooboooooobooobooboooo
0 0obooboooooooboooboooooooooo
0000000000000 Thio-LISICONOOOOOO
gooooboooooooooooooooooboooo
00000000 Li4Gess0 GernO PSoOOO0O0OOO
gooooobooooooooobobooooooooboooo
22x1003scmel 0000000000000 OO0OO0
gooooooooooooobobo0oooooobobboooo
gooooooooooooboooooooooboooo
gooooooooooobooooooooooboooo
goooobOoboooooooboboOoooooooooo
gobooooooooboooooooao
goooooooooooooobooooooboooo
0000000000000 0D00D0000Thangadurai
O30 0000000000000 Li-LaTa-OOO
gooooboi1oesscemeld00OOOoooooooon
goooobooboooooobobooooooooboooo
gooooobooooooooboboooooobooobooboooo
gbobooobOLaD0OO0oOoOOoOoDOOOoOOOOoDOOOoOO
BarOO0OOOOOOOOODOOOOOOOOLIODOO
gooooooooooobobooooooooobooo
goooobooooooooboboooooooobonoon
ooo
goboooobooooooobobooooobooboboooo

Netsu Sokutei 320402005



goooobooooobooooo

goooooooooooboobooooooooboooobo
goboboooobooooooooooooooboooo
Tatsumisago 3¢-420000000000000000O0
goooooooboooooooboooooooooooo
gobooolovOoooooooooooboooooo
goooooooO0ooooobooboOOooooobooDbooo
goooooboooooooboobooooooboobooo
goooooobooooooboooboooooooooo
goooobooooooooboobooboooooooooo
Othio-LISICONOOOOOOODOOOOOOOOOOOO
goooooooooooooboooooooooooo
goooooooooooooooboboooooooobooo
goooooboooooooboobooooooboobooo
goooobooooooooboboooooooooooo
goooooobooooooobooboboooooooooo
gooooooobooooooooobobooooooooono
gooooooooooooooobooooooooooo
goooooboO0oooooboobOooooooboobooo
good

8. 0O

goooooooboooooooobooooobooobooo
000000000000 00000000Nernst400
goi1e7y0dooooooooobooobooobooD
goo012100000000000000000 a-Adgl
OTubandtD 200 000000000000 OCOOOO
gooooooooooooooboooooooooooo
goooooboooooooooboooooooooboooo
goooooooooooooboooooooooooo
goooooooooooooobboooooooooo
goooooooooooboobooooooooooobo
goooobooooooooooooooooooooo
gooooooboboooooobobooooooooooo
goooooooooooboooooooooobooooo
goooooooooooooboooooooooooo
gooooooooooooooooooobooboooobooo
goooooooooooboobooooooooboooobo
goooooooooooooboooooooooooo
gooooooboooooooboboOooooooooooo
goooooooooog

ad

gooooooooooooobboooooobooooo
goooooobobooooooboooooooooooo
od

Netsu Sokutei 32040 2005 193

gooo

1) 000000000000000 http://Awww.baj.or.jp./
2) B. Scrosati, Nature 573, 557 (1995); B. Scrosati,
Electrochimica Acta 45, 2461 (2000).
3) M. Wakihara and O. Yamamoto, Eds., "Lithium
lon Batteries", Kodansha-Willey, Tokyo (1998).
4) T. Osaka and M. Datta, Eds., "Energy Storage
Systems for Electronics", Gordon and Breach Science
Publishers, Singapore (2000).
5 0000, 0000, booooooo, booooo
ooooooo (1986).
6) JOOO0O0OO, 000000, 00 (1994).
7) T. Minami, M. Tatsumisago, M. Wakihara, C.
Iwakura, S. Kohjiya, and |. Tanaka, eds. "Solid State
lonics for Batteries", Springer-Verlag, Tokyo (2005).
For example, A. R. West, "Solid State Chemistry
and its Applications", John Wiley & Sons, New
York (1984); Chap.13.
For example, D. F. Shriver, P. W. Atkins and C.
H. Langford, "Inorganic Chemistry", 2nd ed. Oxford
University Press, New York (1994); Chap.18.
10) E. J. Wu, P. D. Tepesch, and G. Ceder, Philosophical
Magazine B 77, 1039 (1998).
11) M. Nakayama, K. Imaki, H. Ikuta, Y. Uchimoto,
and M. Wakihara, J. Phys. Chem. B 106, 6437 (2002).
12) M. Nakayama, Y. Uchimoto, and M. Wakihara, in
'Recent Research Developments in Solid State lonics),
Transworld Research Network, 2, 367 (2005).
13) M. Nakayama, H. lkuta, Y. Uchimoto, and M.
Wakihara, J. Mater. Chem. 12, 1500 (2002).
14) Y. Inaguma, L. Chen, M. Itoh, and T. Nakamura,
Solid State Commun. 86, 689 (1993).
15) A. G. Belous, G. N. Noviskaya, and S. V.
Polyanetskaya, 1zv. Akad. Nauk. SSSR. Neorg. Mater
23, 1330 (1987).
16) L. Pauling, "The Nature of the Chemical Bond",
Cornell University Press, New York (1960).
17) T. Katsumata, Y. Inaguma, M. Itoh, and K.
Kawamura, Solid State lonics 108, 175 (1998).
18) T. Katsumata, Y. Inaguma, M. Itoh, and K.
Kawamura, J. Ceram. Soc. Jpn. 107, 615 (1999).
19) T. Katsumata, Y. Inaguma, M. Itoh, and K.
Kawamura, Chem. Mater. 14, 3930 (2002).
20) C. Tubandt, Z. Anorg. Allgem. Chem. 115, 105
(1921).
21) M. Aniya, J. Phys. Soc. Jpn. 61, 4474 (1992).
22) Y. Kowada, H. Adachi, M. Tatsumisago, and T.
Minami, J. Non-Cryst. Solids 232-234, 497 (1998).

8

=

9

~



23)

24)
25)
26)
27)
28)
29)
30)
31)
32)

33)

34)

35)

36)

37)

38)

39)

40)

41)

gooo

Y. Kowada, Y. Yamada, M. Tatsumisago, T. Minami,
and H. Adachi, Solid State lonics 136-137, 393
(2000).

F. Shimojo, T. Okabe, F. Tachibana, M. Kobayashi,
and H. Okazaki, J. Phys. Soc. Japan 61, 2848 (1992).
M. Nakayama, H. lkuta, Y. Uchimoto, and M.
Wakihara, Appl. Phys. Lett. 81, 2977 (2002).

M. Nakayama, H. lkuta, Y. Uchimoto, and M.
Wakihara, Appl. Phys.Lett. 84, 4227 (2004).

M. Nakayama, unpublished

M. Nakayama, H. Ikuta, Y. Uchimoto, M. Wakihara,
Y. Terada, T. Miyanaga, and |. Watanabe, J. Phys.
Chem. B 107, 10715 (2003).

M. Yashima, M. Itoh, Y. Inaguma, and Y. Morii,
J. Am. Chem. Soc. 127, 3491 (2005).

M. Sakata and M. Sato, Acta Cryst. A 46, 263 (1990).
I. Kishida, Osaka City Univ., (private communication).
A. Van der Ven, G. Ceder, M. Asta, and P. D.
Tepesch., Phys. Rev. B 64, 184307 (2001).

R. Kanno and M. Murayama, J. Electrochem. Soc.
148, A742 (2001).

M. Murayama, R. Kanno, M. Irie, S. Ito, T. Hata,
N. Sonoyama, and Y. Kawamoto, J. Solid State
Chem. 168, 140 (2002).

M. Murayama, N. Sonoyama, A. Yamada, and R.
Kanno, Solid State lonics 170, 173 (2004).

V. Thangadurai and W. Weppner, Adv. Funct. Mater.
15, 107 (2005).

V. Thangadurai, S. Adams, and W. Weppner, Chem.
Mater. 16, 2998 (2004).

V. Thangadurai, H. Kaack, and W. Weppner, J. Am.
Ceram. Soc. 86, 437 (2003).

H. Morimoto, H. Yamashita, M. Tatsumisago, and
T. Minami, J. Am. Ceram. Soc. 82, 1352 (1999).
A. Hayashi, S. Hama, H. Morimoto, M. Tatsumisago,
and T. Minami, J. Am. Ceram. Soc. 84, 477 (2001).
F. Mizuno, S. Hama, A. Hayashi, K. Tadanaga, T.
Minami, and M. Tatsumisago, Chem. Lett. 31, 1244
(2002).

42) A. Hayashi, T. Ohtomo, F. Mizuno, K. Tdanaga,
and M. Tatsumisago, Electrochem. Commun. 5,
701 (2003).

43) W. Nernst, Z. Electrochem. 6, 41 (1899).

goog

gooooooooooooobbooooooboooog
goooooooooooobobooooooooboood
goooobooooooooobooOooooooobooo
goooooboooooooboboooooooooboboooo
gooooooooooooobooboooooooooooo
gooooooooooobooboooooooobooo
goooooooooooooboboooooobooobboooo
gooooooooooooboboooooooooooa
goooboooooooooooooo

go00d Masanobu Nakayama
gooooooooooooon, Dept.
of Applied Chemistry, Tokyo Institute
of Technology, TEL 03-5734-3037, FAX
03-5734-2146, e-mail: masanobu@o.cc.
titech.ac.jp
goooobobooboooooo
goooo

0000 Masataka Wakihara
000oooOoooOoooooog, Dept.
of Applied Chemistry, Tokyo Institute
of Technology, TEL 03-5734-3037, FAX
03-5734-2146, e-mail: mwakihar@o.cc.
titech.ac.jp

oooooooooooo
ooooooooo

194 Netsu Sokutei 320402005



