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B 1 EEAT N AE SRR LA Rt 45 8 O B 2
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FORL B IRE— 2 R R it T BB 4R SIS

2 WHITEAAER

SR FH 2 T P22 B 3R (1) B8 — 1t R B 7 9, AR
SCHTA BT SR E AR 7 &L VASP (vienna ab ini-
tio simulation package)[lg’u] RSP, Ak
FH 48 o~ T 38 T 35 (PAW)[15:16] 3 b J7& 34 ) 45
TAR 2 STk BT B, H T TR A e SR IR e
FH Perdew-Wang (PWO D)7 [ SUHE FE VT AL (gen-
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Hig i EA R ST RE o = 104717 A,
b= 6.6015 A, ¢ = 6.5983 A (11 1). LiP5 [ 41k
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—Pys B Py AIHAS Py JEFZHEL. Py 1 Ps A
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BT, IXUEE Li 1) s BT R EEFE R T Ps 10 p, 31
. HESEER @K 2) vl A, LiPs fE S B
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Z, X YLIAREE Li (RN, B BT SRR
KT,
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T, /NER () Dy Li R
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T B 22N U OB 5. O T IR TTIXAS ),

BAE IR Li B 1€ LiPs, LisP; Al LiP rf & fib
A REEE R MY 1 R T Li PNy ECA 2 Ry
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AR T L1052 71T 0.05 e VAN IE, FH4EIX
PR VE RIES, FRIFER 73277 4 — M40 1) Li
AL ARE. e R R T iETHE Li
BTN REZ MY BULf e

K1 B/R T Li B 77 LiPs P a] e 9 BuT
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LizP7-6. B 7 7R T Li 8 F1EIX 6 K2 AT
Ferefa sk, 1T H SRR W, #8412 LigP7-1—LisP7-6
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Kl 5 &8 T Li BF7E LiP ] gE Y UL #2
PRAE. LiP 8L R A S 1 Li, 2350l € SN L,
Lio (A1 5), TEAT-4H 73 # &b 25 0 DA S5 -7 B 1)
Bt b, FATEICT 6 P A vl fe w4
ATEA ON R 55 R AR I A 5 1), 0 i An id o 2%
#% LiP-1, LiP-2, LiP-3, LiP-4, LiP-5, LiP-6. [ 8(a)—
(f) 7 A& Li B 1 7E #48 LiP-1—LiP-6 [ i LT
T e 22 h £, B 42 LiP-5 X B (1 S IR IE 2 BE 22 K
Y152 0.139 eV, 1 4% LiP-6 X B ) 5% i A 22 K4
J& 0.813 eV. (&% 4% LiP-5 LAk, 845 LiP-1, LiP-2
XTI e 22 9 LU (351 0.247 eV, 0.329 eV),

2 0.2 :
W i
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0.0 L
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e T — A =4y HomiE, ik, Li % F/E LiP
I B A2 =i, RN, R E R T8
BRI 46 42 2 LiP-1 A1 LiP-5, @i g2 FeA 1 4 R
KW KEAES X MM AIR/DN, X Li &7 5E
RS X 7 AT R, T E SR AL AR B LiP 1)
REAR, Li 8RN RAE X G5 I T S
{10 2% 18] 7S B0 4 48, AT TR i LiP 14 2 ] U 34 &85 44,
X5 Park £ Bl $f3ER X #5104 R T Li &7
BRI 4 AR — 3

L (b)

> 0.3
<
g 02}
glg 0.1}
0.0}
0 1 2 3
iﬂ%&%ﬁé/,&
>
[}
S~
He
i
=2
0 1 2 3 4
EBEHE /A
o 081 (f) ;
()
HF !
0.4}
i 1
Fviv) .
© 0.813 eV
0.0l v
0 1 2 3 4

B /A

8 Li &11ELiP Iy #kA 2 ih4k  (a) 42 LiP-1; (b) #6142 LiP-2; (c) #4% LiP-3; (d) #4% LiP-4; (e) 1% LiP-5; (f) ¥

1% LiP-6

K25 T Li B AE & PR B A
KL i #Es 22 DL G B BUR 2L Persson
2 23 RIS — M R 5 T L B T AR A
BHA B iy 8, AT S SRR Li A
S XY P RIEFE A8 22 K24 2 0.308—0.400 eV
(Fe 22 B Li,Co H o MIE A 1h), XF R # R £
F£1077—10"% cm?/s. Li &£ — 2L 2 MM IE
WAL B Bt A T8, Ceder 25 P4 5T Li
B Liy,CoOo H K B34 22, AT 25] A1 Morgan
2 26 {507 Li BT LiFePOy T Hidh &2 (W

K 2). MW ACTHE LR, Li 57 7E LiPs, LisPr
FTLiP (9 8 22 # LL B, Fo 3 R A0 si T #k
o 5 LU A AR A4 RHIE B . 7E LiPs BB, B4R
OB E 4R, EY R EGAF] 107 cm? /s,
BEE Li 3 TN, 7€ LisPy BB B R B0l
T BEAR, AH 4 HOE 18 M — gE A8 Sy = 4, 75 ik 4
() f Ja B B (LiP B BY), 7 B R B 15 ik 3] 1078 —
107° em?/s, Hy BUBE & =410, A T E Tt
WAFMEOY #A 2, B9 % H T =FH LiPs,
LisP; Ml LiP # Li & FiE# % 204 0HE. WK
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] DL R A H, Li B 52 = RO A I B o
LR A RO, R T R F AR R O
HL AN TR G A, TS AT T
[E1) ] AR 7 1, 3K T LA 25 50K (28], AR 2 s
I HBOR BAG SE, SEPr EAUDGRRE B AA
P T IER A ERTH S ORI, R, B
J& B SERRY BULRE o A2 21 1 3 AT NI 2. A
AR R, 3R 2 gy e, A S I R
R — 2 X . % 2 MEdE E R TS 1
(B HCR B, TS a6 B R R s A R AL
CafE 17T 3BT AR BRI ZR G .

®2
1.2
s s
. 6
~ Y
@ 038
S 6
% °5 *3
0.4 o4
3 [ ] 2
. o1
o1 5 *5
0.0 ol
LiP, Li, P, LiP

9 Li B T1E LiPs, LisP7, LiP T HIY B8 & i 1—
6) BRI, S 5E 1, B3, B S fan e
AR )

# 2 Li fEA F AR 8 B LR R D ~ d?vg exp(—Ea/ksT), vo = 1013 Hz, T = 300 K

% Vs E,/eV T REE YEAE D/cm?.s~1
Li, CoOR* 0.23 2 106
LiFePO 220! 0.27 1 10-7
B-LigPO?" 0.9/0.55/0.7 3 10-17/10-12 /1014
Li,C2? 0.308—0.400 2 10-7—10-6 (23]
LiPs 0.10 1 10~
LisP; 0.03/0.28/0.21 3 10—3/10-7/10-6
LiP 0.25/0.33/0.14 3 10-7/10-8/10~5

4 % b

AN FH T2 B v bR B AR 9 5 — R B O
S5 9%, it 23 LiPs, LisPr, LiP H & ks 45 #) A1
HL 45 0 DL SRR Li 3 7 763X = A R R i g
B BRTT T BB TAER B T3 S ke TR
R, LiPs, LisPy, LiP (I 7 B2 5 1.13,
1.74, 0.80 €V, ix L& 7y Bl B 378 178 KT+ B Ml i 2 A 11
R 0.19 eV, Ui B BB R fE, HoA 1 i 3R

BEAR 7. B2 2 WA, Li 78 LiPs I3 8 & %
N 1074 em?/s, I HIGEIE & —4E/); Li 7F LigP, (3
BLRBON 1077—1076 em?/s, ¥ BOEIE & = 4E1; Li
7E LiP [ B R ECH 1078—107° cm?/s, ¥ HUEIE
Je = 4ER). [RIUL, Li 55775 S0 1 25 Rl i A S R
R e LU DT (9 1. S8 At F AR A R
P, WHELIR ERTLTI S, BEA RIS T 5
L PEfE.
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Abstract

Electronic and atomic structures of LiPs, LizPrand LiP, which are formed in the process of lithium intercalation into black phos-

phorus, are systematically studied and analyzed using first-principles ultrasoft pseudopotential method based on the density functional

theory (DFT). By caculating the electronic strucrures of these products, we find that the three products are all of semiconductor band

structure, of which band gaps are larger than those of black phosphorus, indicating that the electronic conductivity of the black phos-

phorus is reduced after lithium has been intercalated into it. We simulate the diffusion of lithium ions in the LiPs, LisP7 and LiP

materials using nudged elastic band (NEB) method, and the diffusion activation energy of lithium ions is obtained firstly through the

theoretical calculation. Compare with the results of other electrode materials, our results show that the migration energy barriers of

lithium ions in LiPs, LisP7 and LiP are all low. The diffusion coefficient of lithium ions in LiP5 is about 10~* m?/s and the diffusion

channel is one-dimensional. The diffusion coefficient of lithium ions in LizP7 is approximately 10~"~107% cm? /s and the diffusion

channel is three-dimensional. The diffusion coefficient of lithium ions in LiP is approximately 10~~107° cm? /s and the diffusion

channel is three-dimensional.

Keywords: lithium ion batteries, black phosphorus, elastic band method, diffusion energy barriers

PACS: 71.15.Mb, 82.47.Aa, 66.30.Ny

* Project supported by the National Natural Science Foundation of China (Grant No. 11064004).

1 E-mail: xmzengl @126.com

247101-8



