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Fig. 1. Comparison of the structures for two Li-rich Mn-based ternary cathode materials. Crystal structures of (a) LijoNigsy
Cog.04Mng 4405 and (b) Lij 147Nig 167C00.167Mng 505. The octahedra are denoted by different colors: NiOg gray, CoOg blue, and MnOyg

purple. Oxygen is given by red balls, lithium is shown by green balls.

078201-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 72, No. 7 (2023) 078201

Hoa=289 A, ¢ =14.30A, X GH M HEE o
=287 A, ¢ = 1427 A RAEWHF G H
2x1x1 1Y U R 3153 Liy oNi 3,Cog 04Mng 440,
Hh ) 4 25 TP BCRE . DR A 25 R — A~ SR T
i, s IR/ M B R 11.49 AL B 1(b) IR
IS (A E N C2/m B L) 16;Nig 167C0p 167Mng 504
=TT B AR G5 L 021 3 AZE A8 Y 20 43 AT LAk
I HER R ZE AR TR (e /NKEIE 6 A5 0120, B J
ML A 24 ANET). HBS R HEECRN o = 5.0 A,
b=28.70 A, c = 5.07 A. XEEFEHES Nakamura
S PUAS 3 g 22 | BE S C2/m B9 Lig oNig 13C0o013
Mg 5,05 = 76 K9 5B (a = 4.94 A, b =
8.55 A, ¢ =5.03 A ) Fr&iely. Aas it
T 2x1x2 By, 45 O — N4
JEFIE 12 st 48028 (7 ] 1 Fe /M i ok 8.71 AL

3.2 EBEHEEESTMBRETAENREEE
AR L oo R AR S AR AR
ZEF T IR ELEEAR G, SRl LT R ¢ AR
BAEGE Er(O9) W LMRIELLT AR P2
Ei (09 =E(0%)—E(0)+Anu,+q(Eyem ter), (1)
Hordr B(O9) J&47 ML g 1Y 4025 7 1Y) Jist i g o
E(0) Ao iR s iuae s (RIAEA); An®
7N NS B LR TR RS R 1 A B ep S PR REEL;
Exypy ol 0, 723X L IOCR g 5 7% i1 (R
Eypy = 0). HTPASCHEAWEEEATE, Btk ¢ =0,
A NFERIE e 5 Pk e TE . 7E (1) 2, po
72 O JFFifbaed, A b2E e po AT 3L
po(P.T) = pio(Po. ) + hol(PuuT) + 5haTin( 5 ),
(2)

Hort po(Py, To) FmEFE (Py = 0) MIZFRE (T, =
0) TR Ef, ©H DFT itE4A 3], Boh—14
IS Oy FrF Bfm i —2F; (2) 2y s o,
po(Pr,T) SRR T 925808 P, KoRAE Py (HLrp L
P = 1.01x10° Pa) T, I 8 0 %4k 24 3 ) 5Tk ;
(2) By 5E =00, 3R A g3 R AR Ak 2

wo(P, T) WITTHR; ky BHRIEE MR

TEVHE = Jor B A s LR IR IUBEZ 11T, T
BT LR PR R AR SR A B AR S 6 BT AR E
(ABIEIRBERAIIER). 7E Liy 5Nig 5Cop.04Mng 440,
Hh, ST/ AN SRS R RS A, (DR (1) T
FIT A A\ TR AS S5 68 T 1 402 2 RO T I RE N6 1,
AL B RV B/ IME N 2.0 eV, JE URE AT B R
{H4.43 V. 7E Liy 147Ny 167C0p,167Mn 505 BRI, 45
FAAEDIRA M I RS 60 (W3R 1), 8038 00 i AE
HIE/IMER 2.3 eV, S KH 3.2 eV XL LiCoO,,
LiNiO, #4 K v i 548 25 (0 L RE (B AT 53 0l o2
4.11 eV 1 1.08 V), AT L& B, LiINiO, H 4
ZNIERE AR/, 75 5 I AR A5 A0

PER R =Ry VR OB S i e 2 [ Y S Ay L
JUbH RS A (AT, BlE SO RT— 1R
SARGER) BIERLRE. B 7% 18 A = A Y
PRI IT 2, S — i S R K R A 4w i 1
A3 b (BB, e A8 SR i I < s ) T i L2
AT PR Z Z NHYAA), TETTHR T i e m
N EREEBNL (Vo) —HAEAL (Vo) FIPUEZS L
(Vao) FITEIEE. I3 — i D0 R S8 25 (i A A= e
BT RRTE (X — 1R 00T AL ).

AT (1) 2, EAER T RIRE T h A s
PERERIEIEE. (1) 2T REAn AR I 2
DL P 2(a) 4 Ly 9Nig 39C0g,04Mng 4404 MLy 167
Nig, 167C0g 167Mn 5Oy AR AL I 8 101 Y XU
ZZL (Voo) s AL (Vo) FIPUEAZNFE (Vo)
AT RCAE. MR 2(a) Hn] LI H, BEA I 25 1Y S840
A L (RIS ALK, TE AN AR e, Hyad
W4 Jm TR I b A LAY S R R TE I RE 2
BRI, SR B Ly 167Nip.167C00.167M119 504
IEMRAT R P R A AR IS R RE B 8 T & B 4R
T B4 Liy oNi 30Co 04Mng 440 1E A4 K} il 48 25
PIFERIERLRE. X UL 1, & B A m A AR A A
TR NEERDIE . E 2(a) 4G T RSN
i A SR A S — S — > it i 2 I ) AR A

# 1 Lij 5Nig33C00,0sMng 4405 H Liy 16;Nig 167C00 167Mng 500 = ITCAT R SE M BL4A 25 (37 Y I AE
Table 1. Formation energy of a single oxygen vacancy in Li; ,Nig 30Cog0sMng 4409 and Li; 16;Nig 167C0g 167Mng 50, ternary

materials.

HANEENIBINAE [eV

Li; 5Nig 35Coq g4Mng 440

Liy 167Nig.167C00.167Mng 504

Vou Voo Vos Vou Vos Vos Vor
2.0 3.31 2.17 4.43 4.15 3.03 2.86

Vos Vou Voo Vos Vou
4.27 2.3 2.80 3.12 3.20
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Fig. 2. Formation energies of oxygen of (a) bivacancy, trivacancy and quadruvacancy (V,g, Vo and V,0) in two materials. The

dashed line represents the vacancy formation energy of n oxygens detached at the same time, and the solid line represents the form-

ation energy of oxygen detached one by one. (b) The formation energies of the double, triple and quadruple vacancy averaged to a

single oxygen.
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Table 2.
invacancy clustersin Li; 9Nij 30Cog 04Mng 440oand Li; 167

Formation energy of an oxygen vacancy

Nij 167C00.167Mn 505 ternary materials, when the

oxygen atoms are extracted one by one, respectively.
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Fig. 3. Formation energy of oxygen vacancy clusters versus temperatures in (a) Li; yNij 30CogsMng 4405 and (b) Li; 167Nig 167C0.167

Mn, 50, (oxygen partial pressure is P = 0.2 bar(1 bar=1x10° Pa).
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Fig. 4. Formation energy of oxygen vacancy clusters versus oxygen partial pressure in (a) Li; 9Nij3,Cop0sMng 44,05 and (b) Lij 147

Nig 167Co0g.167Mng 50, (temperature is T = 300 K).
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Fig. 5. Formation energy of oxygen vacancy clusters versus oxygen partial pressure in (a) Li; 9Nij3,CopsMng 440, and (b) Lij 47

Nig.167C0g.167Mng 505 (temperature is 7= 1000 K).
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Formation of oxygen vacancy clusters in Li-rich Mn-based
cathode Materials of lithium-ion batteries:
First-principles calculations”
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Abstract

Using the first-principles method, the formation energy values of O-vacancy clusters of two Li-rich Mn-
based ternary cathode materials of lithium ion battery with different amounts of nickel , i.e. Li;5Nigsy
Coy.uMng 440, (space group R3m) and Li; 147Nij 167C0¢ 167Mng 50, (space group C2/m), are calculated. Results
show that the formation energy of oxygen vacancy cluster of the material with less nickel content Li; 147Nig 147
Cog.167Mny 50, can be always higher than that of the material Lij oNij30Cog ¢sMng44Os with higher nickel
content. This indicates that the oxygen vacancy clusters are more likely to form in cathode material with higher
nickel content. The formation energy of the oxygen vacancy cluster near the transition metal is always greater
than that near the lithium ion, indicating that the removal of oxygen tends to occur near the Li ion. Lower
temperature and higher partial pressure can increase the formation energy of oxygen vacancy cluster, and
therefore inhibit the formation of oxygen vacancy cluster. In addition, the formation energy values of oxygen
vacancy clusters with the transition metals in the materials replaced by other transition metals (i.e., Ti and
Mo) are also calculated. The results show that, in addition to the case of Ni replaced by Ti near the double
oxygen vacancies near the Li-ion in Li; ,Nij 30Cop g4Mng 4404, all the remaining cases of the transition metals Ni
or Mn replaced by Ti or Mo always increase the formation energy of the O-vacancy cluster. Therefore, the

doping should be able to inhibit the loss of oxygen and improve the structural stability of material.

Keywords: Li-rich Mn-based ternary materials, oxygen vacancy cluster, formation energy, first-principles

calculations
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