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Table 1.  Optimized lattice contests and cell volume of

LiFePO, without doping and with rare-earth doping.

(L3R a/A 2b/A c/A V/A3
LiFePO,(ATAE) 10422 12137 4753  601.42
LiFePO, (Exp.)P¥ 10332  12.022  4.692  616.34
LiFePO, (Cal.)  10.487 11.830  4.748  589.04
LiFeygrsLag10POy  10.594  12.399  4.796  630.05
LiFeyg75Cep105P0y  10.585  12.370  4.789  627.11

LiFes7sPro125P0s  10.581  12.362  4.786  626.03

RS T LiFePO, JF B R A28 0 5, A
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Mp L8 (RE) BUG, RE-O Z By #K
HROH BB R THB 4N Fe—O K, I H La—0,
Ce—O Hil Pr—O MK AHIE, =& 0T34
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1 =P 1 R AR — BB . 7ESELAL Y
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H2Z0E, LS La—O By F 3 8 K ok, T
Pr—O AARX /N, ML HL, i + B F 4B 40 4R
Fe—O #EKALA —E MmN, SBARH L, i+
BT HHERY Fe—O X8 AR A 35 . b nT
UL, 24 LiFePO, H ARG LR G, 76/ 5T
YERT , B 424500 1) A H B Aa T, I 5
ESQT NN AR SN N

# 2 KRB LiFePO, Y Fe—O #E KT 11

ik RE-O K
Table 2. Bond lengths between Fe atoms and O
atoms, rare-earth atoms and O atoms in LiFePO,

without doping and with rare-earth doping structure,

respectively.

R dyo (M = Fe, La, Ce)/A

Fe—O 2.225 2.080 2.132 2.268
La—0O 2.524 2.401 2.419 2.523
Ce—0O 2.455 2.334 2.343 2.471
Pr—O 2.442 2.319 2.331 2.454

4 EREMRE R BN

FEL SRR ik B A P AR B A R —
W HEL L PP RE RO EE BN R S0 T Bk

B 1 (a) LiFePO, il (b) FePO, Wi + 15 4= i = 5 &
Fig. 1. Crystal structure of (a) LiFePO, and (b) FePO, with rare-earth doping sites.

158203-3


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 2 3R Acta Phys. Sin. Vol. 70, No. 15 (2021) 158203

S AR AR e R FRAR IR R AV Ve, Hodr V(R R
RIEAR Y LiFePO, 8 LiFe g5 REy 15PO, (RE =
La, Ce, Pr) dhfIIARL, AV FRR V, 5584l
Jo SRR 2 22 R TR S S AR IS AR
Al AR, Ak T 58 4 R 25 X B 1Y FeP Oy 1Y
m S E, S HEU R o = 9.924 A, 2b =
11.767 A, ¢ = 4.867 A, 5B B FIs 6 39 48
T ERBL. R I, 5 LiFe) s75REq 105P 0,
(RE = La, Ce, Pr) 251, #EFG +4B45 11 Feg grs
RE,15:PO, (RE = La, Ce, Pr) Z5#y, W& 1(b) fr
IR BRI AL G S, ISR R
RRVARfE R BRI 2(a) iR, B1E 2(a)
A M, 7B AR BV LR B/ N T R B4
R, LA UL, 3 B4 AR R B L T
WARLE A R T R RS AL, TR ARG
WHERERIFETE. LA, N 2(a) W] LLE—25 B3R,
43 iE Tt La, Ce #l Pr $824)5 i LiFePO, HIARFN
AR T W, XA AL F=A: FT RE S La, Ce
I Pr BB LM RE—O K MARS . |
2 WM, RE—O KA X R E La—O > Ce—O >
Pr—O, £ =M 5 752", Pr—O ik,
1M La—O #5559, B, £ REOg /\THRY, =&
fFaETE 2 2N LaOg < CeOg < PrOg, HILAIfE
R Li fi 5 La 382400 LiFePO, R FIAR bR K,
Pr MiXHR/N, i Ce /- F . F 2 1Al

J T AR R B 2R R R R AR AR AL
KRR, S0 T Fe 5104 2 ] i g1 LA
FeFfis £ 0 R SRS 2 18] (1 R A M R A 0o 7
ARk, KRB AT, TR R, Fe—O
H—AH A A s RE, H2E(E R 0.118 A; i %f
FTBEREWERR, e, RE-O(RE =

La, Ce, Pr) SRS AZ IR, 2207 0.049—‘

‘7:

E(Li,, FePO4) — E(Li,,FePOy) + (z2 — x1) E(Li)

0.068 AJEIF. HILEI, BAHT FeOq /\TH AR
SERARARAR A, P EE R AL AR I AR
AR AR A RS, 48245, T RE—O
FLARREE, FIT LA RE — o i J3E L 300 44 b e A g A
b, IR GE ARG FEAREEH , Sof 4 R T4 RHIG
HPEREAYHE 5.

6.0
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System

3.6 (b)

Undoped La-doped Ce-doped Pr-doped

System

2 LiFePO, (a) 58 & WA E R BB (b) T
it 4 H Az

Fig. 2. (a) Volume variations and (b) intercalation poten-
tials of LiFePOy.
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fb. BRI, AW 8 F )5, LiFePO, ¥ F
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L HL R,

6 -t th LiFePO, W 4 ¥ MR

FL b TE AR A AU A PEAEAR KRR 15
M LA PR RE . BRE TR 25 2 S EUE R AR S

w
o

(b)

Density of states/(states-eV—1.f.u.~1)
| |
[ =
S o o o o

—— Total
—— Fe-d
—_— O_p
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—30 : :
— —6 —4 -2 0 2 4

Energy/eV

T30

j (d) —— Total
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g 1op Prf /\/\/\/,/
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S Vg

3 Y

i \/

g ~10

o

o

5 —20f

z

§ —30 : : :

A — —6 —4 -2 0 2 4
Energy/eV

K 3 LiFePO, MHEFAEFER (a) £1B24; (b) Latsdy; (c) Ce B, (d) PrBde
Fig. 3. Density of states of LiFePO,: (a) Without doping; (b) La doping; (¢) Ce doping; (d) Pr doping.
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£3  LiFcPO, KIEZBH 1184 (RE = La, Ce, Pr) fUHERH (AL GPa)
Table 3.  Elastic constants (in GPa) of LiFePO, without doping and with rare earth (RE = La, Ce, Pr) doping.

Cll 022 G}‘J C/M 055 Cﬁ()' CIQ 023 013

LiFePO, 138 182 174 41 49 43 67 46 54

Ref. [38] 139 198 173 37 51 48 73 46 53
LiFe) g75Lag105P 04 113 153 142 27 35 35 84 61 65
LiFeq g75Ceq.195P 04 106 169 158 31 33 35 76 19 47
LiFe s75Pr).125P 04 119 108 172 35 31 28 66 95 40

RISk, DTS2 M v, b 19 S 7550 P P . PRt T Lt H 2% 3 AT, AR SO LiFePO, SfPE #4105 3¢
UL, FE ek AR P MU R 1 S R PR RE 2 TR A FRH (B — 2,

EEREMN LR, £ 35 T RBARD LiFePO, FRAE Born #EI, 1E A2 & 28 AOHLIER & M H1 3
5 La, Ce, Pr #2451 LiFePO, HY3PER % (Cﬁ)i g 189

Ci1 >0, Cyu>0, C33>0, Cyy >0, Cs5 >0, Cgg >0,

[C11 + Caz + C33 +2(Chra + C13 + Ca3)] > 0,

(C11 + Cag —2C12) > 0, (C11+ Cs3 —2C13) >0, (Cag + C33 — 2C3) > 0. (3)

HRAER 3 5 AR E E0T LTS, La, Ce, Pr #8241 /5 LiFePO, ¥iff R AUMER & A1, X R
TBAIRBIA RN E 1, iR T2 AT 174

TEFAS T AW EUS , 5 FORITEB AT A LiFePO, MR s AR . Mg Voigt JT{LLFT Reuss it
oL, X T IEAS AR, (AR ST DI 5 S o R C R AT A0 KR T

By = (1/9)[C11 + Ca2 + C33 + 2(C12 + C13 + Cas)], (4)
Gv = (1/15)[Ci1 + Ca2 + C33 + 3(Caa + Cs5 + Cgs) — (Cr2 + Cr3 + Cas)l, (5)
Br = A[C11(Caz + Cs3 — 2Ca3) + Ca(Cs3 — 2C12) — 2C53C12 + C12(2C23 — C12)
+ C13(2012 — C13) + C23(2C13 — Ca3)] 7, (6)
Gr = 15{4[C11(Ca2 + C33 + Ca3) + C22(Cs3 + Ci3) + C33C12 — C12(Caz + C12)
— C13(Cra + C13) — Ca3(Cis + Ca3)]/ A + 3[(1/Cuaa) + (1/Cs5) + (1/Ce)1} 1, (7)
A = C13(C12Ca3 — C13032) + Ca3(C12C15 — Ca3C11) + C33(C11C20 — Cfy), (8)
|
. . 9BG

K By, By Ml Gy, Gg 714137~ Voigt Hl Reuss E= BB+ G) (11)

PERL T FORFRAR 5 AN BT PIAR & . Voigt A1 Reuss it 3B _ 2C
U J3 SBRAS A S PR S Y FRFTTS R 101, Y= 3BB1G) (12)
X2 fap L, il Voigt-Reuss-Hill (VRH) J7 FIF R —RHIE R, A T R B2
RHI R A RARTE AR PR IRBURAL (B) M [ipepo, A1 La, Ce, Pr #5785 1 LiFePO, HIfKEL
FRBTIIER (G): B (B). WYIBE (G). B/ G W IRBLE (B). JH
oo Gv+Gr () e (v), THEGE AT 4 b, X F LiFePO,, A3
2 BT 5 R 5 A i T R e — B R AR
B By + BR. (10) B WA B SR 2R TR XA B — 1 e 4 A 4R
2 bieeJ1; By UIRLE G RVIN 1 S5 UIN AR e,
SRJE, AR iy 5 R 3 0n] DLk — 222 1 1R KR RSB VI A B RE T, G#K, SRt
B (B) FIARALL (v)1: AR I R A ERE R B Rl s [ A M B HT
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ICHe . 3 4 A, La, Ce, Pr 524
J&, LiFePO, 1) B, G Fl E#SH WA/, KM +
BF1B2%)5, LiFePO, AR5 A B2 AR A AN [F]
FREER TR, TRARRR I A I de . I L (v) B2 )
WK BT UIIEAZ B9 RE 1. JaRA LU, AR
SYUIE AR 55 F T 7 2 IR FERRE . La, Ce, Pr
BZ=J5 1Y LiFePO, HIARA LA BT RGN, FBHAH Eb
TARBIN LiFePO, WA Y K AEBYIABIE, X5
HITTH Y 25 50— 20 FRl B e, RN T
TR AR SE X T AR PR BE R AT R
BEA BRI . ALY Pugh I 1420 A4 4 i) 4E f2
PRI E PR T O B/ G R/ R FIWT, 4 B/G >
1.75 B, DA AR EAT B0 S Je 1, 75 DAL )
HA W, IR 4 A HMELZBL, 84200, LiFePO,
MR B/G A 1.92, KT 1.75, Ui LiFePO, #1
BHEUA B WU EE e 24 La, Ce, Pr 4¢G5,
LiFePO, 1) B/ G {E#MAT S, 23510 2.872, 2.15
F1°3.00. FHILAT UL, #HEE TARB 220 LiFePO,, La,
Ce, Pr $B4%)5, LiFePO, ¥k} 1Y 4E REPEFS 3 T 3F
— .

£ 4 KBRGW LB (RE = La, Ce, Pr)

LiFePO, MM (B). iYL (G). B/G. K

it (B) AL (v)

Table 4.  Bulk modulus (B), shear modulus (G),

B/G, Young’s modulus (E), Poisson’s ratio (v) for

LiFePO, without doping and with rare earth (RE =
La, Ce, Pr) doping.

B/GPa G/GPa B/G E/GPa v

LiFePO, 92 48 1.92 122 0.2782
Ref. [38] 94 48 1.92 124 0.2800
LiFeygsLag 2sP0, 91 32 287 85 0.3440

LiFeys75Cep155P0; 79 37 215 95  0.2987
LiFegg75Pr10:P0s 87 29 3.00 78 0.3502

7 M tP 4 LiFePO, F 8 Li B F
T

TN, Li 2578 Bl Ak} b i 32 8
Xof R R LA R BE 1 R ) 2 G TR B 191, AR
K 1MFE 2, T Ce Ml Pr434%J5 #) LiFePO, HY
s B B2 Ce—O F1 Pr—O i K HBIE H HE30
VEHH Ce 1 Pr 8424 LiFePO, 45k 7 5 (1 e
HARRL. B, b TR A A BB AR AR A
PEHUEA R EYER La il Ce TR BRI LiFePO,

KRR, PR Li 288 1. A T HE2m
HBFFE R 158 748445 LiFePO, W Li B T80
o, AR 1 x 3 x 19 LiFePO, #8 M
W 1A Fe 20 B S + 5T La 5% Ce (4115 4
Bz ), BB E A 1/12. % & 3 5256 Fn 35
L EESAE LiFePO, fb AW, Li B TR AE
Wy b 5 ) B — 4 T8 RS AL R fRT AR DL, A
SRR B IR R D Li B FAE b 7 W BT R,
PG b AN - LS5 e
B S, LSRRI b ) A e B A, BB L BT
TETE 4 X RRIMIER IS, 002 12, 23, 3—
4, 45, 1M 56 5 34 FEM AR, WA 4 B,

N T HEM B4t LiFePO, b Li B 7124
MISEIR, ESETHR T Li B F7ERBAM 1 x 3 x 1
) LiFePO, MR T ERRE 4. RIA W, fERB 2
) LiFePO, # i rh 1—5 f 45 1) 4 AR5 4
Ay, R, RAHET 12 B8 | Li B FRYIT
HEZ2, T 0.493 eV, W&l 5 Fi7s,  Ouyang 45 149
H S — PR AL RNT 0.1 eV 24

0% » 6% »Q
018419
TIXLIX,
olyedlyo
: 1 O Li
@0
JA'NARE:
© Fe
bc:) o C;)QRE(La,Ce)
I---o-é-g-o

4 M £ICHE (La, Ce) % J5 1) LiFePO, ' A [F] Y
Li g T f e

Fig. 4. Different Li ion migration paths of LiFePO, with
rare-earth (La, Ce) doping.

o0.40 | 0.493 eV

Energy difference/eV

—0.5 0 0.5 1.0 15 20 25 3.0 3.5
Migration path
B 5 A tBARE LiFePO, F1 Li & F1E B M HE & 1

Fig. 5. Energy profile of the Li ion migration in LiFePO,
without rare-earth doping.
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Xt F Li B T7E La Fll Ce $82% LiFePO, H Y
T, AR T Li B4 Bk 4 R iE
a2, wE 6 s, iR4EE 6 inrfEs, KM
Ce Ml La 2%t LiFePO, " Li & T 1T B A
WAL . 5ARB24M L, 7€ La Fl Ce #5244
WRT, Li gAML (1-2) iR
RER2EAEH A, 209k 1.429 1 1.255 eV, & AB
IR 2 5. BATHERT AL R A RE 2L 576 +5
FRZ W R BEE AL KA . DL La 84 i,
WEWER 2 3, La B 747245, LaOg /\ T H& H
La—O VP K K 2.467 A, HRIBAI T Fe—O
BER (2,176 A) BN T 13% 4, BIRESH La
BT A BRI AL 52 B R 46, Mnisgn Li &1
EHF I BAMERE. X T Ce BT, Ce—0 F
P 2,401 A, BU/NF La—O 8K, £ Ce 55
FJE R IE AL 20K T La BRI, Tl s
H Ce BRIEKRT 12 RMAERE/NT Latt
ZARFR. 5 La fil Ce JE 2R Li &5 FE AN, Xt
TFIEES La Fl Ce B T4k Li 8 FRIITRBIHMN, A
L0, HATFBHRE 2 F 535178 0.041—0.276 eV F
0.061—0.454 eV, W& 6(a) AE 6(b) fias, 5&
BRR T Li BT, A TR
FEAG. SXATHSR A2 3] Li 3 T Bl i K/ N2
RIER 18], SHRBIHE, La fl Ce B245 5
TR SRR ER A TS KA, o 7 Ta Y A A
BB 3G, AmdioR T Li B b M iE
Bosia), Wb TR RE S, fifS Li B FHEB S
SR AN, TR LB T B AR R R A 1
PEAERE A REIR (i R A A P AR AR, ph 5]
PRET R KB B, I T8 Li 3 it hE
AL R K.

M T RS AT — T, B B A
& LT IR Li BB, 1 mE B aR,
F—Jr i, BT A SRR T JRikEs i, i
RSB R AR E R, AFIT Li 8 Fr9iEs8. it
Ah, HE 6 BIRE BRI, Li B 15 58
PR IAT R, XN A BE R A 42 5 1R R S 4 1)
Pk, B SRS+ Y Lif (15 2 540%) Mt
BB TR LA (3, 4 f1 5 547 iR, fEf
AR, WA L 1) 58 B AR 1 B T T i
B, B2t oR. LR, B a R Li &
A ) ) S B T RS, 1R R SCPR
FRH, Li 8 A58 LB a0 i i .

i bl M LR T B AT LS T IE A E
HEMFEW, T LiFePO, iH, T LiEFH
A 07 1 — 4R HOEE, 2R Li B 1l
BT BRE TR T, 2 BRI AR £ R
fE, NI, 7ESCPRM L8280, Fi 8 T IR
S e B L, i L B AT RE )t B
R Ip AP R

151@) 1429 ev

1.0

0.5
0.224 eV

Energy difference/eV

23
0.041 eV 576 ov

—0.5F

0 2 4 6 8 10 12 14
Migration path
1.4
1‘2 _(b)
1.0}
0.8}
0.6
0.4
0.2 1

1.255 eV

0.288 eV

273\ 0.062 eV

Energy difference/eV

-02f
—04f
—06F

0.454 eV

Migration path

Kl 6 LiB§ 71k La Ml Ce 5% LiFePO, 1T 85 B 42 F1l
W (a) Latsy; (b) Ce B2t

Fig. 6. Diffusion paths and energy barriers of Li ions in La-
and Ce-doped LiFePOy: (a) La-doped;(b) Ce-doped.

8 %

AR SR A — 1k SRR 4 07 P9 T e 1 (La,
Ce, Pr) B2+« 0 8 &+ B M ER B BE LiFePO, 1Y
ShRE LR LA FR AR R | A5 | )2
TR B TR sh Ji2g v . 5 R R M, BAIT%
JERIAR HICEBIIIIIN T LiFePO, 1 Sk 4k
AT, B242)a s AR S58B40t 25
TR —8 fER B R T, B B AR R
PRBUAE AL R U S /N, B} 0 0 A R 4 1 3] 4
T+, HRER % T F%. La, Ce, Pr #84:ff LiFePO,
FJFOR I 2 SRR PR AR R 4 JB b, W £ B 2u i
g AR S, i £ T LiFePO,
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FEREAYAE . M La Fil Ce 8419 LiFePO, 1 Li
B IEBWIENESE, TSR -8 eir#ise
ISR BE B/, RS 1 5 i %
P BARE K, FeARTEM T & 7 i ik B AL Y
Li B FiFA 2B K. 5 Ce BAAHIL, La$t
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Abstract

Doping is one of the most important methods to improve the electronic conductivity and modify its
electrochemical performance of LiFePO,. Rare earth elements have become an effective selection for doping
modification due to their high electronic charges, large ion radii and strong self-polarization ability. In this
work, we study the structural, electronic and ionic diffusion properties of LiFePO, with rare earth (RE) doping
(La, Ce, Pr) by using first-principles calculation based on density functional theory. The calculated results show
that the lattice constant and cell volume of LiFePO, increase to a different degree after RE doping. In the
delithiation process, the volume change rate of the material after RE doping is significantly reduced, indicating
the cycle performance of the material is improved, on the other hand, the energy density is reduced. The
calculated density of states suggests that RE-doped LiFePO, exhibits metallic characteristics, which is different
from the undoped one with semiconductor characteristics. As a result, the RE-doping can increase the electronic
conductivity of the material. The calculation of elastic modulus demonstrates the increase of ductility for RE-
doped LiFePO,, and it can be predicted that the cycle performance and the rate performance of the RE-doped
battery have great improvement. In addition, La and Ce doped LiFePO, materials exhibit that the complex
energy barrier can change during the Li ion migration, and the migration barriers vary considerably, depending
on different paths, which is related to the variation of potential energy surface caused by the doping of rare-
earth elements. The Li-ions are far from the RE ions, the migration barriers are obviously lower than the
undoped one, while the Li-ions are closest to RE ions, the migration barriers increase essentially. Compared
with Ce doping, the change of the Li-ion migration barrier caused by La doping is great, indicating that RE ion
doping has a greater influence on the local structure of the system.

Keywords: first-principles calculations, rare-earth doped, lithium-ion battery, LiFePO,
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