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Fig. 1. (color online) Schematic representation of
(a) LizCi2, LizCis and LigsCa4, (b) the correspond-

ing to calculated charge density difference in zy

plane for the region, the red and green colors repre-
sent charge accumulation and depletion, respectively;

(c) the charge density distribution of isolated cluster.
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Fig. 2. (color online) (a) The DOS of graphene (C12 Cig C24), and (b) Li cluster adsorbed on graphene
(Li2Ci2, LigCis and LigCas), corresponding to Fig. 1 (a), respectively; (c) the DOS of isolate Li atom, and

Lig, Lis, Lis clusters, corresponding to Fig. 1 (c), respectively.
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Fig. 3. (color online) (a)—(d) The DOS and PDOS of LiCg, LizCis, Li4Ca4, LisCso, and the DOS of isolated Li atom.
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AU J5 Hef B ARk, B AT A3 2 A SR R R 1
fif B, W 1 4, LiCg, LiaCha, LisCrs, LisCou,
Li5Cso, LigCae ™ Li J5 /A1 7% n) 7 55 4 4 7% 1) i
M7 48, HH Bader BT 70 79N, BRI HLfT AQ 7
524 0.6493e, 1.3405¢, 1.0664¢, 1.5102¢, 1.9128e,

2.7814e.

3.2 AEGKMEFZRNFMER
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—n - u(LiQLi, C), (1)
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F1 BWEA L E TR EAL (X,Y, Z) & Bader R HTER, AQ  Li J7 /HFR A 82 e R ) ra i 8. Li-b X
FARZ 010 Li JiF, Li-t (RETZ 0401 Li 5+
Table 1. The Li atom position coordinates (X,Y, Z) of every models, and the charge analysis results by Bader, AQ

is the charge of Li atom/cluster transferred to graphene. Li-b and Li-t is Li atom in the bottom and the top layer

of Li cluster adsorbed on graphene.

it T X Y Z H A 135 AT AQ/e
LiCg Li 3.1682 1.9944 10.6651 0.3507 0.6493 0.6493
Li 4.9893 4.2895 11.8121 0.3339 0.6661 1.3405
LioCia
Li 3.4656 1.7641 11.7726 0.3256 0.6744
Li-b 4.6361 3.7782 12.5353 0.188 0.812 1.0664
LizCis Li-b 6.0086 1.4008 12.5354 0.1884 0.8116
Li-t 5.3224 2.5897 15.1493 1.5572 -0.5572
Li-b 4.8694 4.719 8.4337 0.1931 0.8069 1.5102
Li-b 7.7081 4.7386 8.4445 0.2175 0.7825
LisCaq
Li-b 6.2644 2.2519 8.4443 0.2195 0.7805
Li-t 6.2933 3.8944 10.9649 1.8597 —0.8597
Li-b 4.881 5.5306 8.1156 0.2378 0.7622 1.9128
Li-t 6.4517 4.6385 10.3955 2.227 —1.227
LisCso Li-b 8.0335 3.816 8.1225 0.2323 0.7677
Li-b 7.948 7.1497 8.2459 0.1996 0.8004
Li-b 5.2098 2.5223 8.3623 0.1905 0.8095
Li 6.4681 6.9279 11.4222 0.2971 0.7029 2.7814
Li 3.4 3.7754 11.6553 0.6713 0.3287
Li 6.2818 3.7489 11.4528 0.2675 0.7325
LigCse
Li 9.3208 6.494 11.6513 0.4606 0.5394
Li 9.1175 3.8233 11.5964 1.0801 —0.0801
Li 12.2011 6.4422 11.5723 0.442 0.558

F2 SNSRI iy, FIREE A Li, FEAR R T HIEREE AG
Table 2. The energy of graphene and Li, adsorbed on graphene. AG is the formation energy of Li,, under

different temperature.

Model (graphene) Cg Ci2 Cis Cso Csg
E/eV —55.325 —110.652 —165.982 —221.308 —276.631 —331.966
Model (Lin@graphene) LiCg LioCqo LisCisg LisCso LigCse
E/eV —56.561 —112.919 —169.518 —226.237 —282.612 —338.461
AG-0 K/eV —0.1535 —0.101 —0.287 —0.566 —
AG-300 K/eV —0.203 —0.201 —0.437 —0.797 —0.816 —
AG-500 K/eV —0.236 —0.267 —0.536 —0.981 —
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Fig. 4. (color online) (a)-(c) The spin-up band and
spin-down band structures of LiaCja, LizCig LigCoy,
corresponding to Fig.1 (a).

p(LiQLi,C)=[E(Li,C)—E(C)]/z—TS(x), (2)
— S(z)=kp[In2z+(1-22)In(1-22)/2z]. (3)
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BT DFT 3 vh- 550 S50 T B4R P R 1k R
REE, FHOCHI TS I, (RS K/Nn] 20, s ge &b
n AR J5 28 Li TR 80or A 76 A0 28 R 1 (1)
SREE, B RBENL A, SEECKR, REE 2 EDE
1, 5n ook, et 5 TR A 75 A S0 b
I EE R, B(Li, C) I O8N Li AR IR T
MIRE R, AT, A Li /R 0] 582 B 4 A5 75 F 58
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N (sl e AR, LA ER, BEBAR), (151
BLEEXT YRR AR FRAAL T3, A SCIEEL T LigCas
fIRE RIS E(Li, C). i (1)— (3) R I A
R EERE, £ —E LURE T IHE TAR
TR IR AN ) K /DN ) A T A ) R R, LR 2 R
B 5 g misegk. M5 Al E H, B Li B 7 A0
b, FIE pae SR G THEE Sy, BHIEsRE v 7uE,
BERE R G R L H#%E. 2R 0, 300, 500 K i,
b L T, TR N, BRI A A
T BIFERI T K.
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w F
~ F
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K5 (MTRe) Scdpint 84, @ (1) X, B
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i (9) A5, BB ERE Yinterface, A 2 SELL T
M (z = 1/6)

Fig. 5. (color online) Cluster formation energies at
different temperature: symbols represent atomistic re-
sults, as given by Eq.(1); the dashed lines show the
fitting of Eq. (9) by modifying the interface energy
Tinterface; based on the macroscopic Wulff construc-

tion model.
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Vsurf = T 94 ()
AG(n) = Es + Epux — A(100) Vinterface — K1, (6)
Es = An3, (7)
Epuik = nFEatom, (8)
AG(n) = 1.269n3 — 2.348n5 v(100)

—2.281n + 1.033n. (9)

FH T (100) IR TEAN N 2.348 A2 MME N 1.269,
B DFTEH Wi HJE ML — AL 8+ 1se
BN —2.281 eV, 7E% 300 K F Rtk ufi A
—1.033 eV/mol. ¥ &P ZHAUN (6) X, 1§
th (9) 3, Horb yq00) REA, 7 E 0G5 — ML
TS, Y(100) 2979137 meV/mol. &5 1 i)
R 2% 2 F) ] Walff 2 BRI (9) AL & A sz 4675 1.
M5 oA LA H, MLk N 1/6 1, ££0, 300,
500 K, HIERAE T mi& s, B EA B KK
LiflfEm s, WHmLIKRE T, AEAMLI B
M, 2 A KA, 51 T 0 B A v v L, B
2 FH MR RN, 5 RS, Harris
2 1220 sty bR W S5 ) BEE Li vk B K7,
Li AR Li 5 A T B e 5 ORI I R ;- Taras-
con M Armand [ 1 % 28 F50 0 Li k% &% 5 18] B 7
AT R Li A ff RT3 R, 30 F 580 B B L 1)

Ko, DR RE R L. HOAl, A s 0a 2 B0 T
BRERE AR WA CEAR TR R 48, H2 2 U 3R 2 A S0
PSR T 5 e A2 AP W] AR Dy A7 At B, kT 43
3 L2 B AR, {H Pollak %5 B0 51256 2 B 76 5
R B B L 2 e AR ), BT SRAE R
PR . IR SO6IINAAT I 52 A SR RE Y
Ji% LiCoo HIZE &, JXRE B2 A S804 ) £ 2 8 B AR
PR, BATTER Ve U ) 78 R A s 0E B Li/C b
ER/NT1/6, Sh 8Os &, BT
SCIRME I ZZREAE T, H AT R 2 Rl 0 SR 44
B, I B sid s R A= A TR
KEFETF, (ERSANR DT i & A s8I o4 R S5 H 2
B AR E RE W] SRR 5T R 55 A R
Fer AL A Bk BE 1 Sk Z IR AT T, AL, AN [ 1
B D7 AT WA SR04 ) e R LA 2 B AR OK.

6 (MTPRM) i Walff & B 1 2 Tk
Fig. 6. (color online) A polyhedron truncated by the
Waulff theorem.

4 %

K2 — M R AT T RS A SR A
TERFPLE. 5 Li B AR 5 A 58 0 IR B TS 10
DOS K s &b R 1 rafar 25 5 0 A (e s
T Li g A SR e, BT LR S
AR EAE R, B S mIERE TE. JEar T
IR R B R A R T TR R AR I #1282
FA #3250 R T seig, ) FH Walff g 345
SR A, PG SEI0AE, 15 B0AE R I8
A, ML C=1: 60, FHKEKL BERE
G R LI R . A AN SR — e B T

SE3CH

[1] Yoo E, Kim J, Hosono E, Zhou H, Kudo T, Honma I
2008 Nano Lett. 8 2277

057301-7


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1021/nl800957b

) I8 % 3R Acta Phys. Sin.

Vol. 66, No. 5 (2017) 057301

Lian P C, Zhu X F, Liang S Z, Li Z, Yang W S, Wang
H H 2010 Electrochim. Acta 55 3909

Jaber-Ansari L, Puntambekar K P, Tavassol H, Yildirim
H, Kinaci A, Kumar R, Saldana S J, Gewirth A A, Gree-
ley J P, Chan M K, Hersam M C 2014 ACS Appl. Mater.
Interfaces 6 17626

Zhao X, Hayner C M, Kung M C, Kung H H 2011 ACS
Nano 5 8739

Jang B Z, Liu C G, Neff D, Yu Z N, Wang M C, Xiong
W, Zhamu A 2011 Nano Lett. 11 3785

Wang D, Choi D, Li J, Yang Z, Nie Z, Kou R, Hu D,
Wang C, Saraf L V, Zhang J, Aksay I A, Liu J 2009 ACS
Nano 3 907

Zheng J, Ren Z, Guo P, Fang L, Fan J 2011 Appl. Surf
Sci 258 1651

Lv W, Tang D M, He Y B, You C H, Shi Z Q, Chen X
C, Chen C M, Hou P X, Liu C, Yang Q H 2009 ACS
Nano 3 3730-6

Wang G X, Shen X D, Yao J, Park J 2009 Carbon 47
2049

Pan D, Wang S, Zhao B, Wu M, Zhang H, Wang Y, Jiao
Z 2009 Chem. Mater. 21 3136

Bhardwaj T, Antic A, Pavan B, Barone V, Fahlman B
D J 2010 Am. Chem. Soc. 132 12556

Ferre-Vilaplana A 2008 J. Phys. Chem. C 112 3998
Froudakis G E 2001 Nano Lett. 1 531

Garay-Tapia A M, Romero A H, Barone V 2012 J.
Chem. Theory Comput. 8 1064

Khantha M, Cordero N A, Molina L. M, Alonso J A,
Girifalco L A 2004 Phys. Rev. B 70 125422

[16]

27]

(28]

[29]

057301-8

Chan K T, Neaton J B, Cohen M L 2008 Phys. Rev. B
77 235430

Yang C K 2009 Appl. Phys. Lett. 94 163115

Medeiros P V C, Mota F D, Mascarenhas A J S, de
Castilho C M C 2010 Nanotechnology 21 115701
Klintenberg M, Lebegue S, Katsnelson M I, Eriksson O
2010 Phys. Rev. B 81 085433

Tarascon J M, Armand M 2001 Nature 414 359
Mayers M Z, Kaminski J W, Miller III T F 2012 J. Phys.
Chem. C 116 26214

Harris S J, Timmons A, Baker D R, Monroe C 2010
Chem. Phys. Lett. 485 265

Kresse G, Furthmiller J 1996 J. Comput. Mater. Sci. 6
15

Bloéchl P E 1994 Phys. Rev. B 50 17953

Perdew J P, Chevary J A, Vosko S H, Jackson K A,
Pederson M R, Singh D J, Fiolhais C 1992 Phys. Rewv.
B 46 6671

Yang G M, Zhang H Z, Fan X F, Zheng W T 2015 J.
Phys. Chem. C 119 6464

Fan X F, Liu L, Kuo J L, Shen Z X 2010 J. Phys. Chem.
C 114 14939

Henkelman R, Arnaldsson A, Jonsson H J 2006 Comput.
Mater. Sci. 36 354

Liu M, Kutana A, Liu Y, Yakobson B I 2014 J. Phys.
Chem. Lett. 5 1225

Pollak E, Geng B, Jeon K J, Lucas I T, Richardson T
J, Wang F, Kostecki R 2010 Nano Lett. 10 3386


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1016/j.electacta.2010.02.025
http://dx.doi.org/10.1021/am503715g
http://dx.doi.org/10.1021/am503715g
http://dx.doi.org/10.1021/nn202710s
http://dx.doi.org/10.1021/nn202710s
http://dx.doi.org/10.1021/nl2018492
http://dx.doi.org/10.1021/nn900150y
http://dx.doi.org/10.1021/nn900150y
http://dx.doi.org/10.1016/j.apsusc.2011.09.007
http://dx.doi.org/10.1016/j.apsusc.2011.09.007
http://dx.doi.org/10.1016/j.carbon.2009.03.053
http://dx.doi.org/10.1016/j.carbon.2009.03.053
http://dx.doi.org/10.1021/cm900395k
http://dx.doi.org/10.1021/ja106162f
http://dx.doi.org/10.1021/jp0768874
http://dx.doi.org/10.1021/nl0155983
http://dx.doi.org/10.1021/ct300042p
http://dx.doi.org/10.1021/ct300042p
http://dx.doi.org/10.1103/PhysRevB.70.125422
http://dx.doi.org/10.1103/PhysRevB.77.235430
http://dx.doi.org/10.1103/PhysRevB.77.235430
http://dx.doi.org/10.1063/1.3126008
http://dx.doi.org/10.1088/0957-4484/21/11/115701
http://dx.doi.org/10.1103/PhysRevB.81.085433
http://dx.doi.org/10.1038/35104644
http://dx.doi.org/10.1021/jp309321w
http://dx.doi.org/10.1021/jp309321w
http://dx.doi.org/10.1016/j.cplett.2009.12.033
http://dx.doi.org/10.1016/j.cplett.2009.12.033
http://dx.doi.org/10.1103/PhysRevB.50.17953
http://dx.doi.org/10.1103/PhysRevB.46.6671
http://dx.doi.org/10.1103/PhysRevB.46.6671
http://dx.doi.org/10.1021/jp512176r
http://dx.doi.org/10.1021/jp512176r
http://dx.doi.org/10.1021/jp1041537
http://dx.doi.org/10.1021/jp1041537
http://dx.doi.org/10.1016/j.commatsci.2005.04.010
http://dx.doi.org/10.1016/j.commatsci.2005.04.010
http://dx.doi.org/10.1021/jz500199d
http://dx.doi.org/10.1021/jz500199d
http://dx.doi.org/10.1021/nl101223k

32 % R  Acta Phys. Sin. Vol. 66, No. 5 (2017) 057301

The first-principle calculation on the Li cluster
adsorbed on graphene®

Yang Guang-Min"?" Liang Zhi-Cong? Huang Hai-Hua?

1) (College of Physics, Changchun Normal University, Changchun 130032, China)
2) (College of Materials Science, Jilin University, Changchun 130012, China)

( Received 17 September 2016; revised manuscript received 4 December 2016 )

Abstract

As a stable single sheet of carbon atoms with a honeycomb lattice, graphene has become attractive for its potential
applications in electrochemical storage devices, such as anodes for rechargeable Li batteries. Since both sides of it can
hold adsorbents, a graphene sheet is expected to have extra storage sites and therefore it has a possibly higher capacity
than graphite. However, certain shortcomings of Li battery, such as instability lead to battery failure under overcharging
or overvoltage conditions. The limit to capacity results in a short time of discharge. Thus, more attention should be paid
to the stabilities of electrode materials, such as Li cluster nucleation on graphene leading to dendrite formation and failure
of the Li-ion battery. In this work, we build a supercell model of single layer graphene with hexagonal structure, and then
change the size of Li cluster which is used to be adsorbed on graphene, with keeping Li : C ratio at 1 : 6. Using the first
principle based on density functional theory, we calculate the density of states, charge density difference and energy band
structure. The interaction between Li and pristine graphene is studied in detail by analyzing the electronic properties
and charge distribution of the isolated Li clusters and Li clusters adsorbed on graphene. It is found that the ionic bonding
can be formed at the interface between Li clusters and graphene, and the charge transfer controls the interaction of the
Li-carbon nanostructure. Combing thermodynamics method with the nucleation mechanism, the relationship between
the cluster size and nucleation probability is analyzed, and the nucleation on graphene of Li with a certain concentration
is also investigated. We estimate the nucleation barrier for Li on graphene and investigate the stability of Li adsorption
on graphene by considering the effects of Li concentration and temperature. The Li concentration of 16.7% is considered
for the formation of clusters with different sizes on graphene. With the size of Li cluster increasing, the cluster adsorbed
on the graphene begins to be more stable than the single Li atom. The formation energy for the cluster is found to
increase with the increase of temperature, and it is negative, meaning that Li cluster can be formed. It is expected that
the corresponding calculation results from this atomistic simulation will shed some light on the in-depth understanding of
Li-storage on graphene and the cycling stability and dendrite formation in Li-ion batteries with graphene-based materials

serving as the anode.
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