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Spinel LiMn,0, Crystal Structure and Lithium Ion-Sieve Property of H*/Li* Exchange

LIU Xiao-Li YANG Li-Xin* WU Sai-Xiang LI Fen
(Key Laboratory of Environmentally Friendly Chemistry and Applications of Ministry of Education,
College of Chemistry, Xiangtan University, Xiangtan, Hunan 411105, China)

Abstract: The crystal structures and properties of spinel-type LiMn,O, and lithium ion-sieve HMn,0, were
investigated by using the plane-wave ultrasoft pseudopotential and the generalized gradient approximation based
on density functional theory. The PWO91 functional was the most beneficial. HMn,0, unit cell contracted after Li*
was substituted by H*, the lattice constant decreased to 0.799 nm from 0.823 nm of LiMn,0,, and the XRD peaks
also obviously shifted toward high angle correspondingly. According to the XRD analyses of homologous lattice
atoms, we concluded that two elements Mn and O play a decisive role in the XRD mode and intensity. Among
them, Li presents +1 valence and is completely ionized, and can be exchanged by H* thoroughly; while H
displays the mutual connections of electron clouds with ambient O in the isoelectronic density map, and only
takes 0.42 positive charge. Atomic partial densities of states show that the strong covalent bonding between Mn-O
is mainly attributed to the orbital overlap of Mn-d and O-p between —7.3~-1.6 eV below the Fermi level, and
forms the hole tunnels of framework that are beneficial to ion exchange. The volumes of lattice point and hole
polyhedrons comply with the following sequences: Vg >V >V, Vie>Vie, Viee>Vag. Li* is most apt to migrate to an
adjacent 16¢ position, and alkali metal ion exchanges are subjected to the limitation of ionic radius and the size

of acting energy.
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Fig.1  Unit cell structure of spinel LiMn,O,
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Fig.2 Calculated XRD patterns of spinel LiMn,0,
and HMn,0,
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Table 1 Cell constants and binding energies of spinel LiMn,0, and HMn,O, in 4 Kinds of different GGA functionals

Method E(Li)/ eV EMn)/eV EQ©)/eV EMH)/eV ELMnO,)/ eV

a/nm AELiMn0,) / eV  EMHMn0,)/ eV a/nm AEMHMO,)/ eV

PBE -189.115  -651.537 -432.496 -13.569 -3 245.456
RPBE  -189.127 -651.549 -432.503 -13.572 -3 249.100
PW91  -189.145 -651.587 -432.622 -13.579 -3 251.061
wcC -187.751 -647.719 -431.088 -13.373 -3 238.881

0.821 -23.283 -3 069.421 0.791 -22.794
0.832 -26.863 -3070.213 0.790 -23.531
0.823 -28.254 -3 072.811 0.799 -25.570
0.814 -31.340 -3 061.754 0.784 -28.591
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Table 2 Atomic populations and net charges calculated from the Mulliken orbital populations

Electron occupation number of orbits

Spinel crystal Atom Atom population Charge
s P d S

LiMn,0, Li 1.96 0.00 0.00 0.00 1.96 +1.04
Mn 0.31 0.42 5.54 0.00 6.26 +0.74

(0] 1.87 4.75 0.00 0.00 6.63 -0.63

HMn,0, H 0.58 0.00 0.00 0.00 0.58 +0.42
Mn 0.29 0.28 5.62 0.00 6.19 +0.81

0 1.88 4.63 0.00 0.00 6.51 -0.51
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Table 3 Bond populations calculated from the
Mulliken orbital populations

Spinel crystal Bond Distance / nm Population

LiMn,0, Li-O 0.194 0.01
Mn-O 0.197 0.33

0-0 0.265, 0.291 -0.04, -0.02
Mn-Mn 0.291 -0.45
HMn,0, H-0 0.168 0.17
Mn-O 0.202 0.30

0-0 0.290, 0.282 -0.06, —-0.04
Mn-Mn 0.282 -0.47
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Fig4 Isoelectric densities of the (110) crystal plane in spinel LiMn,0, and HMn,0,
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Table 4 Cell constants of 5 kinds of spinel structures and acting energies between alkali metal

cation and framework structure of anion

Crystal r(M*) / nm™! a/nm E(MMny0y) / eV EMY) [ eV E(Mn0y) / eV AE* | eV
LiMn,0, 0.059(4) 0.823 -3 251.061 —-187.812 -3 051.391 —-11.858
NaMn,O, 0.099(4) 0.857 -4 364.692 -1 303.837 -3 052.408 -8.447
KMn,0, 0.137(4) 0.884 -3 838.166 -780.267 -3 052.530 -5.369
RbMn,0, 0.152(6) 0.898 -3 716.799 -661.343 -3 052.302 -3.154
CsMn,04 0.167(6) 0914 -3 605.213 -551.449 -3 051.119 -2.645
HMn,0, 0.000 0.799 -3 072.811 -0.000 -3 049.511 -23.300
HMn,0, 0.023" 0.799 -3 072.811 -12.769¢ -3055.969¢ -4.073
* Digits in parentheses are the ionic coordination number; * atomic radius of H; ©* values of H and Mn,0, uncharged,

respectively; © AE=E(MMn,0,)—[E(M*)+E(Mn,0,)].

®5 Lit.Na' KB 3MRBAELEHEFEIERENZN

Table 5 Effects of Li*,Na* ,K* substitutions on acting energies of 3 kinds of spinel structures between ions

M ;MMn 05, a/ nm EMyMgMn;0z) / eV EM,) / eV E(MsMn03) / eV EMy) / eV AE* [ eV
Li;NaMn;0x, 0.823 -27 121.587 -185.457 —-26 008.487 -1 301.290 2.733
Li;KMn;c0, 0.823 -26 591.940 -185.457 -26 008.487 =777.057 8.147
Na;LiMn,s05, 0.857 -33 806.125 -1 301.180 -34 917.539 -185.360 -4.406
Na;KMn,(05, 0.857 -34 388.741 -1 301.180 -34 917.539 -776.926 4.544
K7LiMn;e0x 0.884 -30 118.906 -776.831 -30 705.336 -185.282 -5.119
K;NaMn ;05 0.884 -31235.134 -776.831 -30 705.336 -1301.105 -5.524

* AE=E(M oMyMn (O )+ E. (M)~ E(MyMn Os)—E.(My?).
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