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MR BEASC AT DL — 25 32 5 X BSR4k
W, T HXS XA R BT B 5 B A7
AR L

2 WHEIE

A SCHY 5 T % B2 bR B (density
functional theory, DFT) f#) 2 — V£ J5 B J5 15 R
FH VASP #2740, S840 CHRRER FH ) OB B 3 o)
(generalized gradient approximation, GGA)!M)
KM T Perdew-Burke-Ernzerhof 33k 15, d1 7
55 8 18] B AR BLAE I I 28 (projected
augmented wave, PAW) Jy ik 34 06, H1 7
PRS- TR S 2H R T, P I T 3l BE 500 e V.
ARG SRR SRR 1 x 107 eV /atom. 4514
oAk A - 25 48 T35 A A B YR X R AR  T
Monkhorst-Pack 773 17, i T 8 x 8 x 8
I RrhaoReER kMg . 1 DFT + U 07
Qb BREL A R IR AC R IE IR B T d LT, SERK
B Uy IEEL 4.3 eVIOL JH5 Li B 7T B i 12
i 22 i, 32 H] CI-NEB (climbing image
nudged elastic band method) J7 % 2O i 47 41 5.
TR R TR T R SR A AT AR R
FZ EAFAEAH AR, NEB AR T 3 x 3 x 1
R IE I (F2 4% 18 4> LiyFeO, 20 TR HID), K
T ) A A B TT LAl AR 08 I B 1) i A L - 1] 1)
R REAES AL L, IF HAE T R 21T A
sf # T LR FH A 1 28 60 0 25, BDPR%F 35 4>
Li Fil—A~25 60 i LA B, PRI e AR UE 38 Ay ofe
k. X TR AR A AR, A NIRRT
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 37 3
LTHEIAR, GGA + U ETEI A S 7Tk
BN m S T2 (BA TR TITRN
#ap), R R GGA i, S 28
A B 221, DT/ FE - 23 5 ORE B AR FH OV R
AT, AR SCH TR ZE AR ST 43
Br. 6T d F IR AN U AR 4 5 A 1 1
DURGE, I Zhao 55 2= FEAR B Ph FEABERE" I H
T GGA 4b3 d W58 AT LIS 21 e i i 25
AR GGA LT LiyMO, (M = Fe, Co,
Ni, Cu) WA R EAR P B . HER T XL

GGA 1 GGA + U HER#H 202 m, JATER
FEKS BE 4 T W3 T Li,NiOy, 76 A [8 3T 55 1%
RTEY B2, gk 1o, NE 1A LLEH,

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

# 1 GGAMIGGA + UF Li,NiO, ¥ W2
Table 1. Li,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 B34 42 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 T LigFeO, JEH, {H 7R
B LB TR R ATE R An, RT3
3 x 1Y Li,FeO, @ JF Ml (2% T 18~ LiyFeO,
1473 HTt), W 1R, SRR A5 A ]
DA R 205 JE 30 P 1) o % 1 R S T ) B R R R A
8 ALL L. & 1 ByZE M RN FRME B, WY ¢ By i),
O JiF2 4 A B H, HEFE iy O Ji+
Y ¢ fbJy % AABB--HEFL Fe JR AL T O Ji
FAIR Y AA 5% BB [ 1], 1fi H Fe JA [l 2 >4
e 55 2 ANEAE F4LAL O JRFHIE K, Fe 5t
EHALOAL, BAEAHARAY AB o BA Z 8. Li 548
O MUY Ly, I AL FeO, IE 5 £ S LiO, MU iH
TR ¢ T 2 ARZS RS

B 1 Immm-Li,FeO, 1 3 x 3 x 1 M JF M K Li I8 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 L5 G 8 Immm-LiyFeO, #1
B HGE, T LSS o B T A P e Fh AR
MtEE M. THE T Immm-Li,FeO, BYF Tk, @& 2
Frs. ATLAE P R AR A, H I TT i
M Immm-Li,FeO, Z5 4 2 52 8 1Y, 78 AR ok 1Y 52 55
AT RE G AR

20
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Fig. 2. Phonon-dispersions of Immm-Li,FeO,.

AT b M A AR S EGA T 1 LAk I ELXT il
L) VA R W o O L R X G [
S EnZk 2 s, 55 2 5 R FE 45 R Y
LiyCuO, Al Li,NiO,M % H, LisFeO, H1 ) Fe2t
At (077 A) KT Cutig2EAE (0.71 A) i HoK
T N2 4R (0.69 A2, = Fh 4 )& B T Fe,
CutFl Ni2+#55 O Fei I8 sk IR 45 . [FIRERY
BLfi 7 SHFERE RS T, BT Rk, B
Xof 7 i MBI 2 WU Y, A ST
25 AT A X NI, T R K & B
Fe—O #K ¥4 2.010 A (Fe 5 O 41§, FeO, IEJ7
JE), i Li—O AP, 5 Fe [ 1EXHAY Li fr
R Li—O 8K 2.016 A, KT 5 Fe ANIEXT
M Lif Li-OMK (1.954 A). X RHE K L
O ZH B LiO, PUTH R ZEAE , Hy o By, Horr 24>
O7E AT, 2> O 7€ B, FrAE M T AREKN
Li—O %,

KT T % Immm-LigFeO, £18}F Hh ef, 7HEA LU
Ko o7 R (R ARAE 1 3 RIEL 4 45 T (111) 1T 1Y
ST B D e 25 4 B AT R B IR A AR L. 250 H
fir BB E LN Ap(r) = p(r) = X patom (r — Ry)
ot p (1) AR RS BTHIE, Y puom (r — R,) 12
VR P T S T ML R M 3 T
F i, Immm-Li,FeO, MRS FRIE RN 2+
PERILNPERR G, 1 H 2 YRS T s 2
R4 (AT B BRIE A0 A AR B T B 74k, i 25 B8R
AR BRI EE T LA ). NE 4 AT LI H ) Fe-
O [8] {4 |3 for 4% 4% L B0 BA I8 (O B WA 2 H1L 7)), 1
H. Fe J& [l o 1oy 25 B 5108 o0 A S TE AR & B . X
W UAREL T %M R i TR 0 R R
TN ERIR G, W4 W E/R T Li FRYHEF
SEATHR, XA T TR —E0.

H TR R 2 S IR ol S kv, PRIk
T TR SRR OL T Immm-LiyFeO,
AR BRE. TR R, BRI LT LigFeO,
BB RERSAIG T SR RETE O T B BB, L ER T
X} LigFeOy BRI THA i34 25 [RARRE IR 0L (5
FET ATEM AL ). A4 A AR S, S E 5B
Bz ) Fe B 11 d iR FREGC 240 (ki
FENIR) dyzye, dyy A2 F12 FERIIFW d,., d,, BESL.
Immm-Li,FeOy M8 48k Fet, F 6 SR
FIE 3d LT, BB F AN FHEA A = HIE .
A ERAEE FE 3 FhHEA 7. i B RS v 0,
BT Fe2t #AMY 6 1 d B F1E S H ER) /A0
A 5 AT i HE 5 2 BIE ) E e L
MIBELR, T 55— IIEAE d,, 50 d,, PUE R A e
THIREDL, ML) Fe (IREF N +4 (AN pg, T
IA]); 7EAR FBERE AL T, 4 A H - SeIEm d,, F d,,
W, 7 2 AT BIHERE d2 F d,, B e L
FIREL L, BLIT Fet i fisE R +2; dE ATER 0L T,
6 /> L F B d,., d,, A1 d2 (9 A BE ) 1R R L
I8, Mt Fe IREFE R 0. TR EC AL ERTR,

2 Immm-Li,FeO, L5 SH 51K
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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WESEE T dBTARARSRIHESITRE
S — & BRGE B AR SCRIT MR T7 ik, £ 3
FIH T X 3 F e AL A DL T RBEAEALERE, 1158
RS ABERS LT Fet BRI A 3.923, K F e
LT Fe RERE R 2.014, THH 45 RS L

Interval = 0.02 e/A3

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

Li Li
O O
Fe Fe
(0] (0]
Interval = 0.02 e/A3 1 Li

B 4 LiyFeO, (111) M HY 22 4 fif 25 BF &
Fig. 4. Deformation charge densities of LisFeO, (111).

F 3 AFHET EEASH Li,FeO, B B45 4 fiE
5 Fe* i
Table 3. Total cohesive energies and magnetic mo-

ments under different spin configurations of Li,FeO,.

HFABEHE LiFeOZEAHE(eV/TR) Fe* #i%E /up

= FE -3.29 3.92
KA iE -3.30 2.01
9k A g -3.22 0

SIRTHIARE. DT B a8 A ReEE RITLIE R, m A
BESE A BERB LT LisFeO, BRI R AERAIK, i H.
I FUBEAE B0 T By B St s (I (L =5 1 HE MY e i 3 1K
0.063 eV). STk A el S HA R BBE, BT
SER T EORER FIAIC A e v HE A

Pl 5(a) F1 &L 5(b) 43 5l 25 T 3H A B Y
Li,FeO, #1RHH [ ) AN BE R A9 REH 4544
K, 18 6 SR 2R LisFeO, BRI M A% K
LUK Oy, Oy HEFI Feyy, Feyg FEE M BER 11
FUEN) R B S . Ltk TR IR, F
BB/, BOLA G, Wl 25 KT UG
H, Immm-Li,FeO, #1 BF 2 A “2F & 8 7 19 F¢fiE
(half-metal, N IHFE—2E08). Ao A% B2 (K]
DIEH, ABEm FREH A M TEZEH Oy, Al Fegy
JRTTHER, Sl I 322 R Fesy, Oy, I Oy T THR.
Ty, RS R RN, HBER T B Pk
1 BT ARSI AE 2 - T A, T2 Fe-
3d HLF A1 O-2p LT RYZREZS. d2, dy, BIBETF 2

SN TSNS
@cﬁz;ify %§§
10 =~ AN LAY /\/\C
pegiREZan Y EgpS
. LR | T
& AN
) 4 T ol
O e e e e o O Y N Bt el
%ﬁ'izzx;/: =1\
A = AN, v
|~ T D L~ A
T X LrwRx, z T vS W/L, Y)Y\ Z
(a) LisFeO, spin_up band structure
S RN
IS A2 >
10 T/ AR ]
O T
> L\ ‘\7=\, TN
g 4§:££: P~
R e e e SE s e S
L] nd \i\,_/\ \
N T2 T
T e
—10

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 Y, T 2p,, 2p, BYRET W /N 43k
A Y, NS B e M R R RET R A E vERY, B
A FHUK A BES Y LisFeO, 24 @ TR (BD
half-metal).

8
—— Total up
rrrrrrr Total down
4 [\/\
0 FE—— T
— 4
O,? —0-2s up
a1 N 0O-2s down
0.0 V7
—0.1 Y
2 ] oab o
8 ,,,,,,, -2p down
0.2 —_—
Fe-4s up
o114 /N A\ i Fe-4s down
0.0 e N
—0.1 VS (
,0,‘21_ ——Fe-3d up
,,,,,,, Fe-3d down
0 e )
— 41
-5 0

E/eV

6  LiFeO, IS % BEH O, Fe 143 I 25 % B2 1A
Fig. 6. Total density of states (DOS) of Li,FeO, and par-
tial density of states of O and Fe.

XF LG B T A A E R B RE T S AL 1 AT L
KB, Immm-LiyFeO, F1FHE B 68 BYFFIE. 1X
&R A ) R R AR AR B, FRIA A e -
) LisFeO, I ARG, 1M1 FIER T 1R &
H SR OK RE S R i g, R PILIY LisFeO, 23
4@ WP, M A4S Immm-Li,FeO, A half-
metal AYFEIT (X 3] T semi-metal B 1Y 2 42 J& ¢
fiE). MREA A R, AT A 2K BEZ b B JiEm) I
AR % B (N1 (Bp)) 5 A BE M T AR S % B
(N | (Ep)) W22 R RAEMEHY A TEMRALTREE, BD A

B 2% _ NT (EF)_Ni (EF) 28 3@ F %
ek R P= N (Be) TN, (B | o X

LiyFeO, ML F 45 1 115, Li,FeO, H HEK fb 3R
P = 8.01%, Uil Li,FeO, 53 H H AL 55 1Y A e
k. (HJRNT e SR Y IE AL B, LigFeO, #4 %
A AT

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

o B L, 8] CI-NEB 751 29 % JL4& Liti
TR BARHEAT T, B 1 PAR il T Litar 5T a,
b, ¢ J7 A ab X F 7 19 () 4 45T RE P B A%
1) Path A: Li*W5 &l 1o ol J5 0] 3 78 19 P& 422
2) Path B: Lit¥F & 1+ b5l )5 ) i B 19 % 4%
Lit i@ U Ib oy miE it , 52—~ O JE-F Iy
TR ER ] T — AN AR . WX
PHOAE H BT FeO, W, AL LitHiE B4 %2
#| Fe & FHR 1 HE R /EH . Kang 55 M 7EAF 5%
LiyNiO, 7 Li* B FIR I EE AR R0, R am
FERUY o FER R IIING 5 £5 2%, I AATIA
i LitE I X AR B AR R N T B . XTIk, A<
SCRA TR AR IR . 3) Path C: iy
Bl 1 By 1 iE #8 1Y % 42 . 4) Path AB: ¥
ab §XF M7 AT RS R AR LIS AR R LitE R
ab 177 W 3ER, Lit g A —> DUt {4 oo Bk 21 A
A1 A4S (57 DY AR L.

G LI B4, BE8E T 3 4% Li B Tl BE 1L
B 42 (path A, path AB, path C) #4715 BR
T %18 Immm-Li,FeO, #18}, 38 XF L WF5Y T AR
() Immem 285 ¥4 1) Ho At 3o 3 4 T8 1E A A1 R} Li, MO,
(M = Co, Ni, Cu), XX 4 Fh#4 B FEITH Li &7
PHEA 2RI RS RN 4 K 7 PR, TR
i, LisFeO, TET A X SR R rh, 7E4 Y BUk 42
HBA foe/ N ERAT #4542

* 4 AFBRITEEFRAY Li,MO, (M = Fe, Co, Ni,
Cu) MERIT#H 2 5T LK

Table 4. Energy barriers and distance for different
Li* migration paths in LiyFeO,.

Li,FeOy LiyCo0, LigNiOy LisCuO,

BRiF#HL/eV 039 045 040  0.61
Path A .
WAk /A 360 298 298  3.32

BTz /eV 021 043 041 0.36
Path AB .
WK /A 304 276 270 2.84

Path C BRiF#%/eV 010 051 069  0.78

B 7(a) TSR A IR RS A4S FAR L A 3422
K. B 7(a) AT %, LigFeO, #4 8F H Lit g 7%
Path A TBE T —4 Lizsfiif, HT e h
0.39 eV, IEB KN 3.60 A. U ab HhpgXF M 77 1]
TERE, TR R MR ME L0 A2 WA 7(b)
fizs. AW 7(b) AT LA i, #T e J7 18] (Path AB)
TR, TRHRL N 0.21 eV, THAEK K 3.04 A.
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MW ¢ T AT (Path C), BAR Lites ¥k
it Fe29F H—EW ¢ iy i, B2 Lites
TS A A] fESe MW ZS P1 A BT # 2% I oK
& P2, ARSI HAD T I, I A 2
BV o s Li JEZ IR0 Lit B8, K 7(c)
AR RIS SHRRFENER, I
24 0.1 eV, BRI KN 4.32 A 28 LTk, XFF

0.7
(a) Path A ——
0.6 LisNiO,
7 TiFeo, (Es =0.40 V)
Ex=0.39 V)
0.54 (Ba=0. LiosCuOs
> — (Ex=0.61 V)
= 0.49 LixCoOq
& (Ea = 0.45 eV)
()
g 0.3
s3]
0.2
0.1
O_
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 ——
> e X Li,CuO,
o . ) —
2 039 15600, \ (Ex =0.36 eV)
& (Ba=0.43 eV
& 021
0.14
O_
T T T T
0 1 2 3
Distance/A
08 Path C (sit I
0.7 © Pdi to siib;;) Li;NiO,
: (Ex = 0.69¢V)
i
>0“ Li>CuOs
EpA=0.78 eV
2 051 (Ea V)
>
%)
§ 0.47 —
<3} LisFeOo
0.3 (Ex=0.10 V)
— \
0.2 LisCoO, \
Ejp=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*& ¥ A [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).

Immm-Li,FeO, #1 KL, W ¢ 75 M #HAB Y LiO, 2
ZIEW L 8 F i A R/ iEB e BR
Lit 8 TR 5 fE LU AHAB Y 2 RIE B, (R 4k Sl
¢ BT ) T R K T8 FeOy 2, LitE Tal Jork4k
SEUS cHYHL T ab BRSO Y L
(0.21 eV) /NTHF o Fl5 13542 (0.39 eV), FTLA
T ab JHXTA 5 B HUR A 2 KA1 Liteg 1
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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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P2, EIRMEE (300 K), W ab Bt 7 10 199"
BRBZ0 0 1.34 x 105 em?/s, Ty o BlJ7 m 09
BRSO R 1.81 x 10°° em?/s. B R 1Y
I, §ECR B I — g 1Y “Hg D (H 2 Y
AIRARK.

4 % W

ARICRFET DFT WS —PER 15 T
SIS T IEAR AR} LigFeO, 75 T3 | HLF4514
I Lit B F I B B AR K iR AL, I 5 A IR A
S5 1Y LiyCoOy, LisNiOy, LisCuO, #4171 X .
ER R I, Immm-Li,FeO, M B H A g5 Fa & P,
RERREYE, FetAh2 d P A S A TR A TER,
HBEW AL P =8.01%. Mg 45 7] LLE H
Immm-Li,FeO, AT 4 )77 MHRHAFRIE, 1T
FI € ] b gl 2 3k (a1 46l B ) 2 AR, 2 B
k1 2.61 eV, HEEM T BIREN B 4 8 ARk, B
W Li B U R AR s b A 4 8, AT 13RI
ST 4% LitB iRy i 2, 4500
R it FAE ¢ Bl 1) Li J2 2 Al A2 88 HLAT fe/ s
M2, R HL2 R 0.1 eV; T ab il M1
P82 0.21 eV My o BT ITRIFH A2 0.39 eV.
XA Y Li,CoO,, Li,NiO,, Li,CuO, #k it
B/, B E A HRIE P H A Fe 5 Lit B+
IEM AR Li R H2 AR, BWE XS Immm-
LiyFeO, M B BF 5 LA B2 MW E L. Loh, WH
Path AB BAZMY HRELH 1.34 x 107 cm?/s,
EIE K TS Path A BRAZHIY HLREL, 200 1.81 x

108 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.

Keywords: Immm-LiyFeO,, electronic structures, Li diffusion, first-principles method
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