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Fig. 1. Pristine antimonene: (a) The top view; (b) the side
view; (c) the band structure; (d) the density of states.
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Fig. 2. The antimonene structure of Li adsorbed on
vacancy site: (a) The top view before optimization; (b) the
top view after optimization; (c) the side view before

optimization; (d) the side view after optimization.
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Fig. 3. The antimonene structure of Li adsorbed on top
site: (a) The top view before optimization; (b) the top view
after optimization; (c) the side view before optimization;

(d) the side view after optimization.
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Table 1.  Properties of two Li adsorbed antimonene configura-

tions.
E,/eV  Sb—Li/A Barder(Sb)/Aq Barder(Li)/Aq
i 1.67 2.83 0.31 —1.00
i 1.69 2.81 0.32 —0.99

B FRWIRE, Sb—Ligern7EMLItE ASh—Lift.
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Fig. 4. The band structure and density of Li adsorbed
antimonene: (a) The band structure; (b) the total density
of states; (c) the partial density of states of Sb atom;
(d) the partial density of states view of Li atom.
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Fig. 5. The density of states of the Li adsorbed structure:
(a) The total density of states; (b) the partial density of
states of Sb atom; (c) the partial density of states view of
Li atom.
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Fig. 6. The differential charge density of the Li adsorbed

structure.
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Fig. 7. The configurations of antimonene adsorbing three
lithium atoms: (a) The top view before optimization;
(b) the top view after optimization; (c) the side view

before optimization; (d) the side view after optimization.
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Fig. 9. The density of states of antimonene adsorbing three
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lithium atoms: (a) The total density of states of the
structure; (b) the partial density of states of Sb atom;

(c) the partial density of states view of Li atom.

& 10 45 1 T B MR JLAS Li B 0 A% B
K, Al 5 AH L, BRI LA Li i r 285 B A
AR . I 10(a) A 10(b) AT AE H 86
S A BE B Sh R I S B R R A T
AR REARTEINSE-2Z. A, A B A LTIE R, 2
PR Y Y 4 B M. B 10(c) AT LE 1, RSk
Li Ji 0 s R IEAR KRR FIH R, A8 ik 2L
ST AT RERT , Ul B Rl W B B i3, B
LT~ 25 49 A 12 T A AIRST S - I B R A 1) & & Ak
R S5 UL T LA, B W Li 5
FHCE BN, — 7 TR B B A S R 1 A K
YL, 73— mi & R H A5 R 1 AR . X5
TN SuN RSN el i =Sl c S VA s

e 25 TR H E N R SEPR R, S5 A NS E
1 2 JE B AR BN I BEA & SEPIR L, A 15 T — 2
e,

- 80
> (a)
> 40 ww M
o}
A 0 LA
—5 0 5
Energy/eV
- 2
Lo [ () s
L1t —D
g M d
2 oL AN
-5 0 5
Energy/eV
- 0.30
% (c) s
’ L —
g " AMM/\M ‘
A 0 b= - y
-5 0 5
Energy/eV

B 10 B WA LA Li R B EE (a) WHHAR
MR (b) AR T ShEF 1A EE; (o) KR
WL T IS

Fig. 10. The density of states of antimonene adsorbing nine
lithium atoms: (a) The total density of states of the
structure ; (b) the partial density of states of Sb atom;

(c) the partial density of states view of Li atom.

3.4 WRBH Li R FRER

Li J5 75 B 2 i s F AR B N B 4 O &)
L R ) H L Y FE R R AT 5 I A R
Li B F7EB A R T A BOT R F2, BIERE K
R A7 3 B SR 3T 1 ) — D RRE AL B B AR, R
H VASP B s it (NEB) o S &R 1
LT TR, B e e WIS LS MR
FENLE, SR IEBEBUGE SR A, TR E
MBS BB AR LA RS IRES B g
ARk,

Bl 11 5 E R g kR S R+, SRR
Lii+. B 11 hng 54 Li i FFRm T Li s
TP BT B AR, 2 fcA Y Li i1 5 3R
TR AS TS B R W A7 L 1D RIRAS 1 AR
A5, HrE AR TP HUR PR 2, 3, 4, Horp

FErf AR BIA SR R BB AZ L. AT IR
& 3 e R, W EHAS AL T B AR, AR
XFFRPE T, IRAS 3 W 1206 T Be 5, FR ol
RS W UE A AR A Y RE R 22 Y B
&, P EGE T BUR A BIMES I, 1K,
I — AR IR B ) — MR E A 5, SN

026802-6


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 Z 3R Acta Phys. Sin. Vol. 68, No. 2 (2019)

026802

L) 25 PF T TR e At bR, sz 2 DU ) e A2
WA 11 Bl iT LR B B 2w B, =
0.07 eV, $5 HL 1t ST HL 9 DA A o A7
Rtk iR, KGR NERZ AR E
2L A RO T 9 BRI ST
HURA— N E RN R, A 2RV BURE
P BTV, B/ N 4 22 g BE R B, B A FEL A

POBHE I T R s S
00000000
°°°ﬁ°° o dF%eo o
00000000
00000000

(a) (b)

B 11 LR Ty BB (a) IHELIEL; (b) MIRLE
Fig. 11. The Li diffusion path on antimonene: (a) The top

view; (b) the side view.

—130.46
3_130.49 1
e
2
L
5]
—130.52 F
—130.55 : : \\—
1 2 3 4 5
States
K12 Lif Ty Bargdis
Fig. 12. The diffusion energy barrier of Li atom.
4 % #®

BRI AR SRR R 2 05, SEIe T EoR i &
PARI e SR B, i T HA TR AR PR
TVRRAY L 22, A6 RS I B - H e S 43
BH AT Z 48R, AR SCR FH S — 1 Jr 3
R4 BEYZ PR 32, st BRI, R GL RS
T Li JRF7E SR 2B LA BRIk
(T A L2007, WEBHBEN 1.69 eV, TR BT ES Ny
2.81 A. HFLEMITTHEL IR, BRI P BRGERE 1.08 eV
) [ BT B SR, IR B L JR 7 B oK ARG L T
Eit AR, IR A E T B W Li R A

TAYIEIN, BRI RS R 25 AR R I T
BRMAR. LR Y, RAZZS S E A
SER (A S50 JER ), AR s M DT AR A
B R AR AR R i NEB i3 9 SR E T
HEWFSE Li SR e psit, &3 Li i el
0.07 eV. Li JiF7E8hk L riER 28N, AH]T
ST W RO = W U ) I (oK e
AR R T, AR SCIFFE 25 S AT AR OGS
ARSI 5%

W

2 STk

Tarascon J M, Armand M 2001 Nature 414 6861

LiY,MiY, Sun G 2015 J. Mater. Chem. 03 12

Geim A K 2009 Science 324 5934

Geim A K, Novoselov K S 2007 Nature Mat. 6 3

Yao Q, Huang C, Yuan Y 2015 J. Phys. Chem. C 119 12
Hussain A, Ullah S, Farhan M A 2017 J. Mater. Chem. 41 19
Sun J P, Zhou K L, Liang X D 2016 Acta Phys. Sin. 65
018201 (in Chinese) [FMEEF, JIRIR, BHEAR 2016 WP~k
65 018201]

[8] Sun J P, Miu Y M, Cao X C 2013 Acta Phys. Sin. 62 036301
(in Chinese) [fMEEF, BNi5E, W AHA 2013 Py 2= 62
036301]

9] Gao Y L, Zhao D L, Bai L Z, Zhang J M, Kong Y 2012 China
Sciencepaper T 413 (in Chinese) [H =, BARM, AL, 5K
SEHY, LA 2012 HEBHE IS SC 7 413)

[10] Zhu J X, Liu X D, Xue M Z, Chen C X 2017 Acta Physico-
Chimica Sinica 33 2153 (in Chinese) /R, XIBEZAR, BEML
A, BRI #E 2017 Prsifbaa2adi 33 2153)

[11] Peng B, Xu Y L, Fokko M M 2017 Acta Physico-Chimica
Sinica 33 2127

[12) LILK,YuYJ,YeGJ,Ge Q Q, OuX D, WuH, Feng D L,
Chen X H, Zhang Y B 2014 J. Nat. Nano 9 372

[13] Liu H, Neal A T, Zhu Z, Luo Z, Xu X F, Tomanek D, Ye P
D 2017 ACS Nano 8 4033

[14] Yao Q, Huang C, Yuan Y 2015 J. Phys. Chem. C' 119 12

[15] Qiao J S, Kong X H, Hu Z X, Yang F, Ji W 2014 Nat. Com.
5 128

[16] HeY, Xia F, Shao Z 2015 J. Phys. Chem. C. Lett. 6 23

[17] Haldar S, Mukherjee S, Ahmed F 2017 J. Hyd. Ene. 42 36

[18] Wang G, Pandey R, Karna S P 2015 ACS Appl. Mat. Int. 6
21

[19] Zhang S L, Yan Z, Li Y F, Chen Z F, Zeng H B 2015 Ang.
Chem. Int. Edi. 54 3112

[20] Ji J P, Song X F, Liu J Z, Yan Z, Huo C X , Zhang S L, Su
M, Liao L, Wang W H, Ni Z H, Hao Y F, Zeng H B 2016
Nat. Com. 6 133

[21] Ares P, Aguilar-Galindo F, Rodriguez-San-Miguel D, Aldave
D A, Diaz-Tendero S, Alcami M, Martin F, Gomez-Herrero J,
Zamora F 2016 Adv. Mat. 28 30

[22] Gibaja C, Rodriguez-San-Miguel D, Ares P 2016 Ang. Chem.

55 46

Uzengi Aktiirk O, Aktiirk E, Ciraci S 2016 Phys. Rev. 93 3

]

[24] Zhao M W, Zhang X M, Li L Y 2015 Sci. Rep. 5 161
]
]

OO

-3

Zhou'Y G, Lin X D 2018 Appl. Sur. Sci. 458 572
Xie M, Zhang S, Cai B 2016 RSC Adv. 6 18

026802-7


http://doi.org/10.1038/nmat1817
http://doi.org/10.1038/nmat1817
http://doi.org/10.1038/nmat1817
http://doi.org/10.1038/nmat1817
http://doi.org/10.1038/nmat1817
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1002/anie.201411246
http://doi.org/10.1002/anie.201411246
http://doi.org/10.1002/anie.201411246
http://doi.org/10.1002/anie.201411246
http://doi.org/10.1002/anie.201411246
http://doi.org/10.1016/j.apsusc.2018.07.126
http://doi.org/10.1016/j.apsusc.2018.07.126
http://doi.org/10.1016/j.apsusc.2018.07.126
http://doi.org/10.1016/j.apsusc.2018.07.126
http://doi.org/10.1016/j.apsusc.2018.07.126
http://doi.org/10.1039/C5RA21311H
http://doi.org/10.1039/C5RA21311H
http://doi.org/10.1039/C5RA21311H
http://doi.org/10.1039/C5RA21311H
http://doi.org/10.1039/C5RA21311H
http://doi.org/10.1038/nmat1817
http://doi.org/10.1038/nmat1817
http://doi.org/10.1038/nmat1817
http://doi.org/10.1038/nmat1817
http://doi.org/10.1038/nmat1817
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1002/anie.201411246
http://doi.org/10.1002/anie.201411246
http://doi.org/10.1002/anie.201411246
http://doi.org/10.1002/anie.201411246
http://doi.org/10.1002/anie.201411246
http://doi.org/10.1016/j.apsusc.2018.07.126
http://doi.org/10.1016/j.apsusc.2018.07.126
http://doi.org/10.1016/j.apsusc.2018.07.126
http://doi.org/10.1016/j.apsusc.2018.07.126
http://doi.org/10.1016/j.apsusc.2018.07.126
http://doi.org/10.1039/C5RA21311H
http://doi.org/10.1039/C5RA21311H
http://doi.org/10.1039/C5RA21311H
http://doi.org/10.1039/C5RA21311H
http://doi.org/10.1039/C5RA21311H
http://doi.org/10.1038/nmat1817
http://doi.org/10.1038/nmat1817
http://doi.org/10.1038/nmat1817
http://doi.org/10.1038/nmat1817
http://doi.org/10.1038/nmat1817
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1002/anie.201411246
http://doi.org/10.1002/anie.201411246
http://doi.org/10.1002/anie.201411246
http://doi.org/10.1002/anie.201411246
http://doi.org/10.1002/anie.201411246
http://doi.org/10.1016/j.apsusc.2018.07.126
http://doi.org/10.1016/j.apsusc.2018.07.126
http://doi.org/10.1016/j.apsusc.2018.07.126
http://doi.org/10.1016/j.apsusc.2018.07.126
http://doi.org/10.1016/j.apsusc.2018.07.126
http://doi.org/10.1039/C5RA21311H
http://doi.org/10.1039/C5RA21311H
http://doi.org/10.1039/C5RA21311H
http://doi.org/10.1039/C5RA21311H
http://doi.org/10.1039/C5RA21311H
http://doi.org/10.1038/nmat1817
http://doi.org/10.1038/nmat1817
http://doi.org/10.1038/nmat1817
http://doi.org/10.1038/nmat1817
http://doi.org/10.1038/nmat1817
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.3866/PKU.WHXB201705313
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1038/nnano.2014.35
http://doi.org/10.1002/anie.201411246
http://doi.org/10.1002/anie.201411246
http://doi.org/10.1002/anie.201411246
http://doi.org/10.1002/anie.201411246
http://doi.org/10.1002/anie.201411246
http://doi.org/10.1016/j.apsusc.2018.07.126
http://doi.org/10.1016/j.apsusc.2018.07.126
http://doi.org/10.1016/j.apsusc.2018.07.126
http://doi.org/10.1016/j.apsusc.2018.07.126
http://doi.org/10.1016/j.apsusc.2018.07.126
http://doi.org/10.1039/C5RA21311H
http://doi.org/10.1039/C5RA21311H
http://doi.org/10.1039/C5RA21311H
http://doi.org/10.1039/C5RA21311H
http://doi.org/10.1039/C5RA21311H
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. 68, No. 2 (2019) 026802

Density functional study of metal lithium atom adsorption
on antimonene’

Luan Xiao-Wei  Sun Jian-Ping' Wang Fan-Song Wei Hui-Lan  Hu Yi-Fan

(School of Electrical and FElectronic Engineering, North China Electric Power University, Beijing 102206, China)
( Received 3 September 2018; revised manuscript received 23 November 2018 )

Abstract

Since the discovery of graphene, researchers have been being increasingly attracted by the emerging of a
bunch of two-dimensional (2D) materials, such as BN, MoS, and black phosphorene. These materials possess
outstanding physical and chemical properties, which could find great potential applications in nanoelectronics,
energy conversion or storage, photocatalysts, etc. Recently, a theoretically predicted pucker layered material
consisting of Sb atoms, antimonene, has been prepared, and is attracting the attention in the field of lithium ion
batteries.

In this paper, based on first-principle density functional theory, the adsorption characteristics of Li atoms
on antimony are studied, including the most stable adsorption configuration, the adsorption density and the
diffusion path of Li atom on antimonene. The results show that the most stable adsorption configuration of Li
atom is in the valley site, i.e. the center of the three Sb atoms in the top layer and one Sb in the bottom layer.
The adsorption energy is 1.69 eV and the adsorption distance is 2.81 A. The band structure shows that
antimony is an indirect band gap semiconductor with a band gap of 1.08 eV. After the absorption of Li atom,
the Fermi level enters into the conduction band, which shows an electronic property similar to metal. The
analysis of density of states shows that the p-electronic state of Sb atom and the p and s electronic state of Li
atom possess distinct resonance peaks, showing hybrid bonding characteristics. With the increase of the number
of Li atoms adsorbed, the lattice structure and electronic structure of antimonene change greatly. The nudged
elastic band calculation shows that the diffusion barrier of Li atom on antimony surface is 0.07 eV, and a
smaller barrier height is beneficial to the rapid charge-discharge process. To sum up, antimony has a good

potential as an anode material for lithium ion batteries.

Keywords: antimonene, two-dimensional materials, lithium atom adsorption, density functional theory
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