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Abstract In lithium-ion battery, lithium rich layered transition metal oxides materials are the next generation of lithium ion
cathode materials with high practical specific capacity. The specific capacity and structural stability of cathode materials are
two important factors. In order to improve the overall performance of batteries, some strategies such as chemical modifica-
tions, surface coating and material composite are used. Among them element doping is an effectively method to improve the
electrochemical stability of lithium-rich cathode materials. Li(Lio.17Nio.17Alo.04F€0.13Mno.49)O2 (LNAFMO) as a layered co-
balt-free cathode material was selected as the research object. Geometrical structures including the lattice parameters, M—O
bond length (where M stands for transition metal) and O —O bond length, electronic structures including oxidation processes
of transition metal and oxygen ion, oxygen release enthalpies, delithium formation energies, delithium voltage and the effect
of doping element Al are investigated by a GGA (generalized gradient approximation)+U (Hubbard U value) method. Cal-
culated results show that Ni?* ions in the LNAFMO system are first oxidized, then Fe*" and finally O>" during the charging.
Oxygen ions with linear Al-O-Li configurations in the LNAFMO system participate in charge compensation besides those
with linear Li-O-Li and Fe-O-Li configurations, different from the Li(Lio.17Nio.17Fe0.17Mno.49)O2 (LNFMO) system without Al
doping. The doping of Al can suppress the release of oxygen, improving the structural stability of the system and the cycling
performance of the battery. The doping of Al increases the special capacity of LNFMO system (246 mAheg™!), in which the
contribution of Ni/Fe transition metal and oxygen ions to the capacity is equal. The internal mechanism between the oxidation
of transition metals and oxygen ions and the geometrical structures in the system has been revealed from a microscopic per-
spective. This work would provide a theoretical basis for the design of a low cost, high energy density and high cycle perfor-
mance lithium-ion battery cathode material.

Keywords lithium-ion battery; lithium-rich cathode material; doping; anionic oxidation; first-principles calculation
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Bl 1 Lix.NisAlFe;sMn ;045 (0Sx<24) R I a2 B 5 4, x=0~24 (a)~(1)
Figure 1 The most stable structures of Liss ,\NigAlFe;Mn 2045 (0<x<24) system, x=0~24 (a)~(1)

#1 Lix.NiAlFesMn ;04 (0<x<24)A RS H. 0—0 ZEEE(d). WAl S HFBMEAY). K75 AHy M BE(E)FIT 35 LA AT (Vave)
Table 1 Unit cell parameters, O—O layer spacing (d), volume change before and after delithiation (AV), enthalpy change AH,;, twisting energy (Eq) and
average delithiation potential (V) of the Lix.NisAlFesMn;;043 (0<<x<24) system

x alA b/A c/A BIC) d/A AVI% AHy;/eV EgeV VeIV
0 5.04 436 5.10 109.19 2.05 — 0 — —
2 5.02 437 5.10 108.79 2.81 0.00 —1.87 —0.73 3.39
4 5.00 438 5.10 108.43 2.85 0.01 —3.91 —0.69 3.30
6 5.01 436 5.12 108.61 2.89 0.07 —5.36 —0.68 3.60
8 5.02 435 5.13 108.35 2.93 0.48 —7.14 —0.66 3.43
10 5.01 434 5.17 107.96 3.00 1.23 —7.83 —0.64 3.98
12 5.01 434 521 108.33 3.06 0.82 —17.77 —0.60 436
14 4.99 434 5.25 109.71 3.08 0.96 —7.45 —0.56 4.48
16 4.99 433 5.28 109.61 3.13 1.34 —7.00 —0.51 455
18 4.99 433 5.31 110.77 3.18 1.48 —5.88 —0.46 4.88
20 5.02 436 5.36 112.51 3.21 1.45 —4.50 —0.43 5.02
22 4.99 430 5.30 112.20 3.13 —0.65 —5.20 —0.51 3.97
24 5.01 4.30 5.03 110.22 2.98 —1.87 —1.32 —0.38 6.27

* B FE AR 25 Li/Lit L3135 V)B3),

T BEERSAE AHL BITHEUR I, 5 x=10 BHE R
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Li(Lio.17Nio.17Fe0.17Mno.49) O, & R B384k, LNAFMO
AR I A e Eq 2 0UE BIZHETIE K, 1X R WI7E A
715 b AR 5L 2 A E 1.
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Figure 2 Variation curves of Ni—O (a), Fe—O (b) and Mn—O (c) bond lengthes and oxygen vacancy formation enthalpy AHo (d) as x in the

Lizg_XNi4AlF63Mn1204g (0 <X<24) system
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Table 2 Binding energy E, and average binding energy Eb of M—O
bonds in LNAFMO and LNFMO systems

System M E/eV Eb eV
Fe 1.28
Ni 1.26
LNAFMO Mn 130 1.29
Al 1.30
Fe 1.15
LNFMO Ni 1.18 1.19
Mn 1.25
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B3 Lix.Ni;AlFesMn ;045 (0Sx<24)A % Ni (a). Fe (0)FIPU3 O (o) KIITH O (d)A% FERE AR i x AU, Hh @B 2KAES N 0
Figure 3 Evolution of density of states of Ni (a), Fe (b), four kinds of O (c) and all O (d) as x in the Lisg ,NigAlFe;Mn;,045 (0<<x<24) system, and Fermi

level is set to 0
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SEEETE, XREA Al BANEEE d B, Kt
Al-O-Li 589 O W4T AT 2% Li-O-Li 54 i
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Dos of Fe and O

Energy/eV

B 4 Liy.NijAlFe;Mn ;045 (0Sx<24)/K & x=10 fl 12 i Fe fl1 O &
‘%‘fg, EP;@%?%E‘%’I\ Lizs. NigAlFesMn204s ﬁi}'%%f 2 /[\ EE%N
X RLRE UL E, &R TR HIRE N 0

Figure 4 Density of states for Fe and O in the Liys NisAlFe;Mn ;045
(0<x=<24) system at x=10 and 12. The solid line shows the energy
cutoff for every LigNisAlFe;Mn;,045 molecule losing two electrons, and
the dotted line is the Fermi energy level and set to 0
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Bl5  Lix.NisAIFesMn;0us (0Sx<<24)fK 5 x=0 (a)« 10 (b)F1 12 (c) Y FRLfif 85 5L 1K1, 405 ] P M B €0, 200 0 4 I B s it ot B 77,
EURLMAR R R O2p B, Hd i ¢ B8 T2 5B FEMIIPIR o ki

Figure 5 The charge densities of the Liyg.NigAlFe;Mn 5045 (0<x<24) system at x=0 (a), 10 (b)F1 12 (c). The charge density around oxygen is yellow,
the red dotted circle represents the removed lithium ions, and the black dotted line ellipse represents the O2p orbital. Two local structures containing oxi-

dized oxygen ions are presented in figure 6¢
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Figure 6 Crystal structures of monoclinic LNFMO (a) and LNAFMO
(b) systems
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