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Abstract The first principles density functional calculation method was used to calculate the index of low surface proper-
ties of LiMn204 spinel. Comparing with the bulk phase structures of LiMn2O4 crystals calculated by generalized gradient
approximation (GGA) and generalized gradient approximation+on-site coulombic (GGA-+U), it is found that the lattice
parameters are obviously larger when the effective U value for the d orbital of Mn. However, the structural parameters of
charge order and Jahn-Teller distortion are not found in own calculation. The results show that the Li terminal surface energy
is lower when the (001), (010) and (100) surfaces of LiMn20Oa4 spinel in the state of lacking Li. The surface energy of (110)
Mn/O terminal is lower than that of Li/Mn/O terminal in the state of lacking Li. The surface energy of (111) is the lowest in
the low index surfaces. The surface energy of (111) after surface reconstruction is as low as 0.270 J/m?, which is the most
stable section of spinel structure in this work. Considering antiferromagnetism, the surface energies of Mn/O terminal on
(110) surface are lower than those of Li/Mn/O terminal, which Mn/O terminal surface energies are 1.050 J/m? in the [11]]]
magnetic order and 1.061 J/m? in [1|1]] magnetic order, respectively. The antiferromagnetic (110) surface is more stable in
the spin configuration than in the magnetic order. We found that the structure of undercoordinated manganese ions on the
surface are more stable by position exchange with the fully coordinated lithium ions by the observation of the surface recon-
struction of (111). The Jahn-Teller effect is reduced when the average manganese oxidation state of the reconstructed surface
is reduced. Except for (111) surface, the surface energies of other surfaces in the ferromagnetic state are similar to those in the
antiferromagnetic state. Among them, the surface structures of (001)T3, (100)T1, (110)T1 and (111)T2 have the least surface
energy among their own different surface terminals. This study provides theoretical calculation reference for understanding
the capacity attenuation problem of LiMn20O4 materials and related experiments. It is also helpful to promote the research of
high-performance lithium battery materials.
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Figurel LiMn,O4 cubic spinel structure, indicating the positions of
atoms Li (green), Mn (magenta), and O (red)
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Table 1 Non-stoichiometric plate composition as summarized by
three-phase diagram
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Figure 2 Ternary phase diagram, indicating stable compound complex
Li-Mn-O
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Table 2 Experimental and computational lattice parameters a, b and ¢
values of LiMn,0; spinel

LiMn,0, 525 {f(nm) GGA GGA+U GGA GGA+U
(nm) (nm) (nm) (nm)
a 0.82381271  0.8146 0.8419 0.809!12! 0.8430121
b 0.82381271  0.8146 0.8419 0.809!12! 0.843012
c 0.823812"1  0.8146 0.8419 0.809!!2! 0.843112
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Figure 3 (001) Surface and (010) surface structure, atomic structure of
spinel LiMn,04(001) surface: T1: Asymmetric Li- and Mn/O-terminal
LigMn, 03, surface (eight layers); T2: LigMn,;4Os; surface (nine layers) of
symmetrical Li terminal; T3: symmetrical Li terminal, non-stoichiometric
Li;oMn,;¢03, surface (nine layers). Li (green), Mn (magenta) and O (red)
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Table 3 Surface structure and top view of LiMn,04(100)

Terminated Atomic structure Top view
Li terminated o 5=
o
9 —=o=
I i
1. Fas¥as
T1
Mn/O terminated [ | q "I%
A A
Q ]
T2

© 2021 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

323 (110)& @

K 4 & LiMnOy(110) RS H), FEMT T
Mn/O Fl Li/Mn/O 2 um P AE L. Z R TR JZ PL Mn, Oy,
F1 Li,Mn, Oy, FIL 225 e A2

(@) (b)

T1 T2

o0

‘00-

B4 (110)FHETFEHE: (a) Mn/O &I LisMn; 0, R (TL2);
(b) Li/Mn/O 5 [f) LigMn, 605, R HE(HJZ). Li(5E 1) Mn(2R40)F1 O(LL
)

Figure 4  (110) Surface structure diagram: (a) Mn/O terminal
LisMn;0s, surface (five layers); (b) Li/Mn/O terminal LisMn;sO;, sur-
face (five layers). Li (green), Mn (magenta), and O (red)
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Figure 5 Atomic structure of spinel LiMn,04(111) surface: (a) asym-
metric Li/Mn/O and Li/O terminal Li;sMnusOyg surface; (b) LizaMnsgOos
with symmetrical equivalent Li/Mn/O terminal; (c) Non-stoichiometric
laminae Li;sMns;Og¢ with 4Mn atoms added in the bottom layer. Surface
Li (green), Mn (magenta) and O (red)
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Figure 6 Atomic structure diagram of reconstructed (111) surface of
LiMn,O4 T1: (a) surface of LigMn,s03, reconstructed at the top surface
(T1-1); (b) Li;sMn;,Og4 surface (T1-2); (c) LisMnysOos surface (T1-3)
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- S - J L
B7 ETFREEMMI) LiMnO, T2 A1 T3 LR FEME: (2)
Li](,Ml’l320(,4 ?%ﬁ(T}l), (b) Li24Ml’l4309(, ?EE(TZ—Z), (C) Lil(,Mn3<,O(,4§
E(T3-1) (d) Li24Mn52095 ﬁﬁ(T?:-Z)

Figure 7 Atomic structure diagram of (111) LiMn,O4 T2 and T3 sur-
faces reconstructed from upper and lower surfaces: (a) Li;¢Mns;Ogs sur-
face (T2-1); (b) LigMnysOos surface (T2-2); (¢) Lij¢Mn;sOgs surface
(T3-1), (d) Li24Mn52096 Surface (T3-2)

#£4 HH GGA+U #5(100), (010), (001), (110)FA(111EFEETT I
ff) LiMn, O, R TH GE(FRAZ: J/m?)

Table 4 The surface energies of LiMn,0O; in the low index directions of
(100), (010), (001), (110) and (111) are calculated using GGA+U (unit:
J/m?)

Surface structure Surface Surface energy Literature
energy (FM) (AFM) reference
(001) T1 0.598 0.628 0.86013¢!
T2 0.600 0.626 0.84013¢!
T3 0.597 0.615 0.7208¢
(100) T1 0.606 0.654 0.870112
T2 1.127 1.195 1.28011%
(110) T1 1.026 1.050 1.41002
T2 1.971 1.969 1.76012!
(010) T1 0.599 0.668 1.30012!
T2 0.603 0.667 0.9601'%
T3 0.651 0.644 N/A
(111) T1 1.005 1.299 1.2901
T2 0.812 0.896 0.850!
T3 1.458 1.588 N/A
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Mn JEF2 23 4. EHEZREMM R R =
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Figure 8 Surface energy diagrams of LiMn,04(001) and LiMn,04(010)
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K6 LiMn,Oy(110)1R I e #R (AL J/m?)
Table 6 Surface energy scale for LiMn,O4(110) (unit: J/m?)

Surface energy ~ Surface energy

Terminated Total energy
[1111] [141]
Mn/O terminated —364.243 1.050 1.061
eV
Li/Mn/O terminated — —352.375 1.969 1.998
eV
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Figure 9 The surface energy of the DFT with the increase of plate
thickness was calculated: (a) unconstructed (111) surface energy of T1,
T2 and T3; (b) reconstructed surface energy (T1R, T2R and T3R)
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