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PR BEASC AT DL — 25 52 5 X B2 MR B A
W, T EXS SRR SR B T BA
AR L

2 WHEI®

A SCI T T % 2 R IR (density
functional theory, DFT) ¥ 5 — P Ji B U5 16 ) R
FH VASP F2 740, 240 CHRRER FH )™ SO B2 3 o)
(generalized gradient approximation, GGA)!)
KM T Perdew-Burke-Ernzerhof 33k 15, d1 7
558 18] B AH BLAE I 2 2N (projected
augmented wave, PAW) Jy ik i 06 H1 7
PRS- TR S 2H R T, - T T 8l e 500 e V.
ARG SRR SARER 1 x 107 eV /atom. 4514
Dok A 25 48 113 i A A BN X R T
Monkhorst-Pack 773 17, i T 8 x 8 x 8
I AP ReER kMg . HI DFT + UM 073
Qb BREL A SR IR AC R IE IR B T d BT, SERK
B U WMEEL 4.3 eV 18 Li B FRT B HKAE
i 2w, 32 ] CI-NEB (climbing image
nudged elastic band method) J5 % 20 i 47 4154
TR TR T R SR A AT RS R
FZ MAFAEA AR, NEB AR T 3 x 3 x 1
B IE I (24 18 4 LiyFeO, 20 TR HIL), K
A ) A B TT LA R 8 A B 1) i A L - 1] 11
R REAES AL L, IF HAEFTA B 21 TE
f # T LR FH A 41 2 60 1 25, BDPR %R 35 4>
Li Fll—A~25 60 i LAk B, DR b g DR e 3330 Ay 1
k. X TR AR A AR, A IR R T
Monkhorst-Pack k=AM 2 x 2 x 2L I' R
OIRRR kA, ST RRPEASESE d B
FHFP 22 A9, Morgan 45 21 X} Li 47 3
L2THEIAR, GGA + U FIEAE S i/
BN m A E T2 (BA TR TITRMN
#ap), R R GGA i, S 28
A B 221, DT/ HE -3 5 ORE B AR FH R R
AT, AR SCHY TR AR ST 43
Br. T d F IR AN U AR S B 1 1
DURGE, W Zhao &5 23-21 FEAR B Ph FEASERE™ I H
T GGA AP d AL 3T AT 21 LU R 4528
AR GGA I Li,MO, (M = Fe, Co,
Ni, Cu) WA R AR - B 2. B T XL

GGA 1 GGA + UXHEB#H2mm, JATER
FERS B 40 T W T Li,NiOy, 76 A [6 1T 55 1%
RTEmY a2, gk 1o, NE 1A LLEH,

KH GGA + UIHE MY ## 2t GGA 45537 K
— I

# 1 GGAMIGGA + UF Li,NiO, H¥ W2
Table 1. Liy,NiO, diffusion barriers under GGA and
GGA + U.

BRIT AR
Path A Path AB Path C
GGA 0.40 0.41 0.69
LipNiO,iF 3442 feV
GGA+ U 046 0.41 0.89

3 #R53

AT LigFeO, MRS TRIT R, 25 [H]
BER Immm, B8R Immm-LisFeO,. H, 2554l
H ey 2 FE TSI SR FH T LigFeO, JE, {H 7R
L TR R AR T RN, RT3 x
3 x 11 Li,FeO, 8l (2% T 18/~ LiyFeO,
)7 HT0), WA 1R, SR ORE A5 ]
DA R 205 JE 10 P 1) o S 1 R S T ) B AR R A
8 ALL L. & 1 ByZE M RN FRME B, WY ¢ Bl i),
O Ji+2 4 AL E%H, HEFE iy O Ji1
Y ¢ Bl7 5 AABB--HEFH. Fe T T O JR
FAIR Y AA 5% BB [ 1], 1fi H Fe J& [l 2 >4
E LS 2 8 P MAR O IR FIIE R IE, Fe 8l
AL, WAEFHAREY AB 3 BA Z (8. Li 54
O MR E L, K FeO, IEH 5 LiO, MU
TR ¢ il 2 AR 2R

B 1 Immm-Li,FeO, 1 3 x 3 x 1 M JF M K Li T8 i1z
REHE
Fig. 1. The 3 x 3 x 1 supercell and the Li migration paths

of Immm-Li,FeO,.
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o T H AR A 255 8 Immm-LiyFeO, #1
BHGHGE, T LSS o B T A P e Fh AR 2
MgEE M. THE T Immm-Li,FeO, BYF Tk, 1l 2
frs. ATLAE W R A AL, H AT i
M Immm-Li,FeO, Z5 4 2 52 8 1Y, 78 ARk 1Y 52 55
AT RE G AR

20
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& 2 Immm-Li,FeO, I 7 T3
Fig. 2. Phonon-dispersions of Immm-Li,FeO,.

AT b M A AR S HGEA T 1 LAk I ELXT it
L) VAT MR W o O LN R X G [
WS En e 2 s, 555 2 5 R FE 45 R Y
LiyCuO, Al Li,NiO,M % H, LisFeO, H1 Y Fe2t
A2 (077 A) KT Cu2tig2EA4E (0.71 A) i HoK
T N2 4R (0.69 AP0 = Fh 4 )& B T Fe?,
Cu?tFl Ni2+#55 O Fei I sk IR 454 . [FIRERY
BLfi SHFEE AT, BT R, i
Xof L i LA BB . AR 2 TR Y, A SGHH R
25 AT A X S T R K & B
Fe—O #K ¥ 2.010 A (Fe 5 O 41§, FeO, IEJ7
JE), i Li—O AP, 5 Fe i 1EXHAY Li fr
R Li—O 84 2.016 A, KT 5 Fe ANIEXT
M Lif Li-OMK (1.954 A). X EH K L
O ZH B LiO, PUTH R ZEAE , Wy o By, Hirr 24>
OFE ATh, 2~ O7E Bifi, FrAJE L T R K
Li—O %,

AT TH#E Immm-LisFeO, £ KB B T HEAR L)
Ko o 7 R (R ARAE, P 3 AR 4 45 T (111) 1T 1Y
ST DL e 22 4 B AT FE IR A AR AR L. 250 H
8 BEAE U Ap (1) = (1) = 5 paom (v = Ry),
ot p (1) AR RS BTHIE, 3 puom (r — R,) 12
VR P T S T ML R, P 3 T
F i, Immm-Li,FeO, MRS FRIE RN 2+
PERILNPERR G, W H RS T aisn 2
R4 (F AT B BRTE A3 A R B T 85 74k, i 25 BRTE
AR BRI EE T LA ). NE 4 AT LR Y Fe-
O [8] {4 H3 for 4% 4% L B0 BA I8 (O B A5 2 HL 7)), 1
H. Fe J& [l o 1oy 25 B 5108 40 A A TE AR & B . X
W UAREL T 20 R TR 0 e R
TN ERIR G, W4 E/R T Li FRYHEF
SEAIH A, X HIRA T I 0.

FH TR R 2 S IR ol S kv, PRIk
BT TR A SR TS BT Immam-LiyFeO,
AR BRE. TSR R, BRI F LigFeO,
BB RERSAIL T SR ETE DL T B B RE, L ER T
X} LigFeOy BRI T ih 34 H 25 [RAERRE I IR 0L (F5
F&T B AR ). MRYE S A BRIE , SFif e
Bz ) Fe B 11 d i FREGUCE 240 (R
FENIR) dyzye, dyy A2 F12 FERIIFY d,., d,, BESL.
Immm-Li,FeOy M8 48k Fet, F 6 SR
FIE) 3d LT, BRI FHEA A = FIE .
A EREE FE 3 FhHEA 7. i B RS vT 0,
BT Fe?t BAMY 6 4 d WL T7E 5 A ER) 43 A
A 5 AT i HE 5 A BIE ) H e L
MIRELR, T 53— IIEAE dp, 50 d,, BUE R A e
THIRES, M) Fe AURER R +4 (AN pg, T
[71); EAR RO T, 44N e d,. 1 d, 5
W, 7 2 AT ARHEATE 2 F d,, B B L
MIRE _E, ML Fet O fEAE R +2; dE A e 0L T,
6 L T L, d, A d e 0 B HER AT T
iE, M) Fe IREFE R 0. TR EALI S ERTR,

2 Immm-Li,FeO, [HZ5F S5 HEK
Table 2. Structural parameters and the bond lengths of Immm-Li,FeO,.
Bond length/A
a/A b/A c/A

Fe—O Li—Oy Li—Op
LiyFeO, 2.923 3.713 9.514 2.010 2.016 1.954

Li,NiQ,M 2.808 3.803 8.936 — — —

LiyCu0,! 2.789 3.662 9.573 — — —
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AT d BTAR H S WIHE SR D
A7 —E W RE P, AR SR R ik, 23
FIH T X 3 B T AL IE LT M REEFLEEE, 115
SRR H e N R FeXtUREFE N 3.923, 1K H i€
TEOLT FeBmEH H 2.014, HHE ML RS F

fi

“‘- \
r"‘ \. \
v B

B 3 LiyFeO, (111) ] .5 o 7 4 i &
Fig. 3. Total charge densities of Li,FeO, (111).
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Fig. 4. Deformation charge densities of LisFeO, (111).

£ 3 RIFEHETF ABRIEN LiFeO, I AL A ik
5 Fe* i

Table 3. Total cohesive energies and magnetic mo-
ments under different spin configurations of Li,FeO,.

P HBEAA  LigFeOZ5 &R (eV/ATFR) FeX Bk /uy

= FE -3.29 3.92
X A iE -3.30 2.01
1k A jiE -3.22 0

SIS TR B B RESS R AT LU, & A
BESR eI T LisFeO, ARG S RERAK, i H
fICEBERS B0 T 1Y AR i dc % (e A BERY BE 5 ik ik
0.063 eV). 4TIk H el B AR A RE, BT
SERATHRLRER AR B BE R L A

Kl 5(a) A1 EL 5(b) 43 5 45 i T 3545 2 1Y
Li,FeO, AR FJE 0] 1 A1 [ B 1T 1 REHY 2544
K, K 6 21T BEA 31 Li,FeO, BHBHR R % K
B Ope, Oy BN Foy, Fegy B0 F1 R A1
H e T i R, Litdh T IRE, i+
AN, B A a0 i Rer &5 18 T IR
H, Immm-Li,FeO, #1 B B AT “2f 4 J& 7 1Y R Ak
(half-metal, N IFE—2E0 ). Ao A% B2 K]
IEH, AlEm EREw o T2l Oy, Fl Feyq
R R, AR ) Fegy, Oy Al Oy, BT
F— 5, AR R, HBER TR B 2ok
T BT AR S TR AE 22 A T3S, 2 Fe-
3d ML O-2p ML TRy ZR LA, d 2, d,, RUREF 2

SN\
@%Zii%@fi
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ST e <
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= /NN L
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(a) LisFeOs spin_up band structure
_& V1 A L ™
NS TEAZATRNZN
BN aa WA
s i 2
RIS T [

0 _><z;;;_,&?f Tyéz
1 \—\_,_ N
N T T e
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I' XLTWRX, Z I' YS W/L, Y)Y, Z
(b) LizFeO, spin_down band structure
Kl 5  Li;FeO, HIEM I (a) FlHBEM T (b) M RE 45 &

Fig. 5. (a) Spin-up and (b) spin-down band structures of
Li,FeO,.
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NSRS R, T 2p,, 2p, BYRETE /N 43k
A, TR A BE ) T A e 2 a R PRy,
2T EUR A BES I LigFeO, &2 4 @ v 4 (AP
half-metal).

8
——Total up
rrrrrrr Total down
41 [\&
— 4 RV |
O_ 51; ] ——0O-2s up
) /\ rrrrr 0-2s down
0.0 —_— - ]
—0.1
z ] R
g ,,,,,,, O-2p down
0.2
—— Fe-4s up
o014 /N A\ i Fe-4s down
0.0 e Y AR Vi -
o1 ‘..‘.. Y
_Oi_ ——Fe-3d up
,,,,,,, Fe-3d down
0T+——= r— Tl N
— 4

E/eV

6 LijFeO, MR AREM O, Fe 70 P 455 B K
Fig. 6. Total density of states (DOS) of LiyFeO, and par-
tial density of states of O and Fe.

XF He e ) b i 1) R R 4l R P T L
BRI, Immm-Li;FeOy #18FHE 2 4 )8 B FRHE. X
Je Ny A e m) L A REH AE AR B, SR B e ) b
() LiyFeO, R IR BT, 10 A BEm T iy RE 5
T 2R BB 2 i BT, SR LI A LisFeO, &2 3
& B M, I AS Immm-Li,FeOy A half-
metal i %F T (X 5] F semi-metal B 1) 2 4 J& 4F
k). MRE=A I FAEE, AT LA % oK R I F iém) I
MRS E (Ny(Bp) 5 ABEM T MRS %E
(N | (Ep)) MZERBAEM B A R AR, BT A

vp 2% _ NT(EF)*NJ, (EF) 28] 3@ F %

LiyFeO, ML F 45 1 115, Li,FeO, H E K fb 3R
P = 8.01%, Ui Li,FeO, 53 H F A8 55 10 A etk
k. (EJEXT 2 SR 9 IEAR AL B LigFeO, #4 %1
A AR L

R TR F LitHE Immm-LiFeO, #1 K}

o B L, ] CI-NEB 7715 200 % JL4% Lithd
ERBARIEAT T, B 1 PR T Litar 5T a,
b, ¢ 7 [ Fl ab XA 710 () 4 55 T RE M9 LK AR
1) Path A: LitWy &l 1o o %l J5 0] i 78 19 P& 422
2) Path B: Lit¥iy 81 1o b8l J5 o] i 7% 9 B% 42 .
Lit & T Iy iR it , 52—~ O J T Iy
TR B T — A PR . WA
P HOAE H B FeO, T, AL LitHY T RK 2
F| Fe B F 8w M HE R 7E M. Kang 4 M 7E0F 52
LiyNiO, 7 Li* B FIR I EE R BE0T, R am
JEREY o HER ALK/ 5 £ %, FILATIA
g LitE FUTX A AR T R R AR AT Ry, Xtk AR
SCEA TR T 10 B AR iR 3) Path C: WY
Bl 1 cBhJy ) i % ) B 42 . 4) Path AB: W
ab X F 5 AT RS M B4R ISR, LivE U
ab 77 M ER, Lit g1 A —A DUt {4 oo B 2 AH
A4S (57 DY T AR L

MRYELL A0 0T, 38 T 3 4% Li B FrlREd 1
B 4% (path A, path AB, path C) #4715 BR
T % Immm-Li,FeO, #1 8L, I8 XF HEWFFE T R4
() Immm 2574 B Ho A1 8 4 J8 1E A A1 R} Li, MO,
(M = Co, Ni, Cu), XX 4 Fi#4 B FE1TH Li &+
PR R 4 ME TR, ATUE
i, LiyFeO, fEIT A X SER R, R4 9 WU 42 1
HBA /N BT 422

# 4 AWK HKEM Li,MO, (M = Fe, Co, Ni,
Cu) WERITH B 5ERITA K

Table 4. Energy barriers and distance for different Lit
migration paths in LisFeO,.

Li,FeOy TiCo0, Li,NiOy LisCuO,

BRiF#H L2 /eV 039 0.45 0.40 0.61
Path A .

Bt K /A 3.60 2.98 2.98 3.32

BRITH A eV 021 0.43 0.41 0.36
Path AB \

BaEE K /A 3.04 2.76 2.70 2.84
Path C ERiF#H&/eV  0.10 0.51 0.69 0.78

K7 (a) TR 2 I RS A FRH I Y 35 42
KL E 7(a) AT %0, LisFeO, # KE i LitEs F
Path A EB BT —4 Li = fiht, HiFg#Heh
0.39 eV, T KK 3.60 A. W ab HAXT A 1)
TR, THE TR AR MR R S R UNE 7(b)
B . AN 7(b) 7T LLFE ) W 0L U5 [ (Path
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AB) T #n}, iE B H AN 021 eV, TBLKN
3.04 A, MUY By M B B (Path €), R
Lit® F Ik ot Fe 21 H— B cflir T
B, (B2 Lit & ik 2 A Al Re S WIS P17 BT
R BN T R P2 (08, SR P LA Ty 10 i,
Rt A B ¢ iy 1) Li J2 Z [ Lit g
TiE#, B 7(c) SERITE IR NTH kR 54

0.7
(a) Path A ——
064 —— LisNiO,
7 TiFeo, (Ea = 0.40 eV)
Gl
0.54 (Ea=0.39 eV) Li,CuO,
> — (Ex = 0.61 eV)
= 0.449 LixCoOq
& (Ea = 0.45 eV)
()
g 0.3
53|
0.2
0.1
0_
T T T T
0 1 2 3 4
Distance/A
0.5
(b) Path AB .
. LisNiO,
0.4 LisFeO, (Ex =0.41 eV)
(Ex=0.21 eV) N ——
> —_—— \\ Li20u02
o . ) -
2 039 15000, \ (Ex =0.36 eV)
& (Ba=0.43 eV
& 021
0.14
O_
T T T T
0 1 2 3
Distance/A
0.8 Path G (s —
© Pditto siibg;) Li;NiO,
0.71 (Ea = 0.69eV)
=
>0“ Li;CuO,
Ex=0.78 eV
2 051 (Ea V)
>
5
g 0.47 J—
= LisFeOo
0.3 (Ex=0.10 V)
— \
0.21 Li,CoO, LY
Ep=0.51¢eV
0.1 (Ea )
O- T T T T T
0 1 2 3 4
Distance/A

B 7 Li,MO, (M = Fe, Co, Ni, Cu) ' Li*& ¥R [T #%
AR HE 4 (a) Path A; (b) path AB; (c¢) path C
(P1—P2)

Fig. 7. Energy barriers for different Li* migration paths in
LiyMO, (M = Fe, Co, Ni, Cu): (a) Path A; (b) path AB;
(c) path C (P1-P2).
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B P B R (0.21 eV) /NT U o fili 7 18] 3 2
(0.39 eV), FrLATY ab XA 5 014 HUR A 2
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BUAH—F A, R EE B 19 Bk Ae B A
KLt FIEBH AL (0.39 eV), BIHLE A K Fe
Lit# 1 1E W # K} Li,FePO,230 1 Li,FeSiO, 3!
HAEBMMY BHEL2. XBEKRE LiFeO, H1 1Y
LitB) 78 A B @ i8R AL, X6 T LisFeO, #1
BMER IER AT B A B2 E . I Live i
AR DR K AT B B )B4, v LAk
B LIYE P R B ANY RS D= d
exp (—Ea/ k)23 X d iR HIIE R, v 54
AR (H A SRS AR, — AT HCh 10 Hz),
Ey WAL, kg HPIREZHE, T HIRE. R
PEA SRS R, AT LUA S Lit s 120 5 ab Bl
Xt £ 7 T RN a B J7 T 3T RS IS B AR BB TR
AR AL, 25 R anE 8 k. I 8 T LIAE Y, LitEs
T ab S A 7 1) 94 BUCRBGE K T o Bl 77 )

76

0 a

%5j)

3} Path AB
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i

S 31

~

£ 2]
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I

5‘5‘ LI I m e s e e s B B
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< 25
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v 1.5 — Path A

=)

< 1.0+

>4

=

2 0.5

E

=

EO'I'I'I'I'I'I'I'I'I'
260 270 280 290 300 310 320 330 340 350 360

Temperature/K

Kl 8 Li,FeO, " (a) path AB Al (b) path A J5[f] Litg ¥
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Fig. 8. Temperature dependence of Li ion diffusion coeffi-
cients along (a) path AB and (b) path A in Li,FeO,.
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P HCR A (KU o S5 e 32 KT
ab O A 7 ) I R4 ). IR E (300 K),
W ab XS AT I Y R 1.34 x 1070
cm?/s, MV ol 77 W 094 BUREON A 1.81 x
10°® cm?/s. Bl N, 9 BCRERE nf —
TE Y HEER ERSE A RIR K.

4 # #

ARICRHZET DFT 55—t EH 5 a HA T
B B TE AR B R LigFeO, RO T35 | L F-4544
I LitES T IR B B AR K iR B, I 5 HAB R AE
ZER Y LisCoOs, LioNiO,, Li,CuO, #E4T T Xt 1.
ZER K, Immm-Li,FeO, #18} HA 45 My Fa s 1
EEREETE, Fe N2 d TP AL AL FL A TER,
HBEW AL P =8.01%. Mg 45 v LLE
Immm-LiyFeOy HAT P4 J&” MR FRIE, T8/
FI T ] ) e A 22 30 A [R) #t Bi g s A4 A Bt
S 2.61 eV, FJEN T RBEH R &R FEME. )
W Li B Fal 48 ny 2 b A5 ik, AT
ST T 455 Lt FERB B Y wEh e, 450
N LV ¢l ) Li )2 2 18l B A e/
& TR 0.1 eV; W ab Bl 01T R 1)
Pl 0.21 eV My o BT TEEREIFEH 0.39 eV.
X AR [ Li,CoO,, Li,NiO,, Li,CuO, ## 1
R AN, AL O A HE 1 FLA Fe 36 LitEg+
TEMR AR Li B H 2 TR, BWRE X Immm-
Li,FeO, #4 B} B 58 HAT B 2 2 L. IAh, W
Path AB BRI HER AL N 1.34 x 10 cm?/s,
LI KT Path A BRI HLREL, 40 1.81 x

10® cm?/s.
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Electronic structures and Li diffusion in cathode material
Li,FeO, of Li-ion batteries’
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Abstract

The electronic structures and lithium diffusion in the cathode material Immm-Li,FeOy of lithium-ion
batteries are calculated by the first-principles method based on the density functional theory. The calculated
results show that Immm-Li,FeO, is ferromagnetic, and the band structure indicates a semi-metal character. The
d-electrons of Fe ions are in the low spin state, with a spin polarization of 8.01%. The spin-up and spin-down
band structure are also analyzed by using the Idecomposed electronic density of states. Furthermore, the
energy barriers for the lithium ion diffusion in different directions are calculated by the nudged elastic band
method. For comparison, the potential barriers for the Li,MO, (M = Co, Ni, Cu) are also calculated. The
results suggest that it is easier for Li ion to diffuse in the c-axis directionof LiyFeO,, with an energy barrier of only
0.1 eV. The energy barrier is 0.21 eV for Li to diffuse in the ab-axis direction, while the diffusion barrier is
0.39 eV along the a-axis direction of LisFeO,. All these values of energy barriers are lower than those in other
Fe-based cathodes mentioned, indicating that the Li diffusion coefficient in Immm-Li,FeO, should be larger

than those of other materials, which also indicates that the Li,FeO, is of great importance as cathode material.
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