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How does Li migrate in solid ?
— A case study for lithium manganese spinel —

Nobuo Ishizawa and Kenji Tateishi

Ceramics Research Laboratory, Nagoya Institute of Technology
10-6-29, Asahigaoka, Tajimi, 507-0071

An answer to the titled question has been given in the light of systematic studies on lithium manganese spinel
which is known as an attractive candidate for cathode materials of rechargeable lithium-ion batteries. LiMn,O,
presents a first order structural phase transition at 310 K on heating and 294 K on cooling. The crystal adopts a
high temperature (HT) ideal spinel phase (cubic a=8.2468 A ) above the transition and a low temperature (LT)
orthorhombic phase (3aX3aXa) below. This material is believed to be a mixed valence compound comprised of
distinct Mn™ and Mn'" ions and the phase transition is considered to arise from partial charge ordering of the Mn
ions. In the HT phase a single site of Wychoff 16d symmetry is populated by Mn in the ratioc Mn™ : Mn" =1:1,
whereas there are five independent Mn sites in the LT phase, two having Mn' character with three other Mn™-like
sites. The Li-ion dynamics in the HT and LT phases are also different. Self-diffusion of Li ions is only observed
in the HT phase where Li ions diffuse along 8a-16c-8a diffusion pathways, changing from tetrahedral to octahedral
O atom coordinations. The molecular dynamics (MD) simulations have suggested that Li and O atoms vibrate
harmonically about mean positions displaced from the ideal HT phase, and that the local structural disorder is
strongly dependent on the local distribution of Mn"/Mn'" at 16d sites. The experimentally observed self-diffusion
of Li ions was shown to occur only for a discrete, mixed Mn valence model. The MD studies have been extended,
demonstrating that periodical switching of Mn valence states, reflecting an electron hopping model, greatly
facilitates the Li-ion self-diffusion. The interaction is mediated by the O atoms which coordinate both cations, and
temporarily adopt local distortions based on the three coordinatng Mn valences. Although the O atoms continue
to vibrate harmonically about a displaced mean, permitting the Li atoms to migrate, the time and spatial average
remains that of the ideal spinel with distributed Li. The Li ions cannot migrate solely in the crystal even under the
presence of chemical potential gradient caused by the difference in Li concentration. The migration can only be
enabled as a result of localized e, electron hopping among Mn atoms in the neighbor. In other words, a lithium
cation diffuses through crystal in association with a small polaron.

Keywords: diffusion, solid state ionics, localized e, electron, small polaron, charge ordering, lithium manganese
spinel, lithium-ion battery.
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Fig. 1. The (110) slice of the LiMn.0: spinel structure
composed of edge-shared MnOs octahedra and
LiO: tetrahedra. The diffusion pathway con-
necting 8a and 16¢ sites are shown in broken line.
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Fig. 2. The difference electron density distribution of Li
(Mg1sMnus)Os on (110) section with contour
interval of 0.5 e,/ A%"
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Fig. 3. The (110) section of the high- {(up) and low-
(down) temperature modification of LiMn.O.
The MnO: octahedra enriched with Mn™ and
Mn" are shown in different color in the low
form.”
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Fig. 4. Spatially superimposed distribution of Li atoms
in LiMn:Os obtained by the molecular dynamics
calculation.”
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Fig. 5. Distribution of Li atoms on (110) obtained from
the MD calculation (model I). The inset shows
the experimentally obtained difference electron
density distribution.”
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Fig. 6. Probability density distribution P(x), P(y) and
P(z) of Li3561 and Li3297 atoms along the
orthogonal axes.”
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Fig. 7. Changes of the mean square displacements of Li
atoms with time: model I (random and time-
independent distribution of Mn valences), model
II (random and time-dependent [every 40 ps]
distribution of Mn valences) and model III (fixed
distribution of Mn valences as in the low
form).*
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Fig. 8. Distribution of Li atoms on (110) using model
II.
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Fig. 9.

Fig. 10.

Second nearest coordination of Mn atoms
around 8a and 16¢ sites in lithium manganese
spinel. White spheres show oxygen atoms.
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Fig. 12. Schematic view of tunnels connecting 8¢ and 16¢
sites in spinel structure.
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