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Abstract: First-principle calculation based on the density functional theory was employed to investigate the reaction
pathway of NiSi, with Li. Li-intercalation formation energy, specific capacity and volume expansion ratio of NiSi, as
well as its lithiated products were calculated. Then, the energy band structure, density of states and deformation charge
density of Li,NigSi4 (x=0, 1, 4) phases were discussed to study their electronic structures. The results show that the most
possible reaction pathway for Li-insertion into NiSi, is as follows: firstly, Li reacts with NiSi, to form Li;,Si; and NiSi,
then Li reacts with NiSi to produce Li;;Siy and 6-Ni,Si, and finally ternary compound LiNi,Si is formed by further
lithiation of &-Ni,Si. LiNigSiy reveals metallic feature, and there exists strong covalent bond between Ni and Si.
Moreover, the strong Ni-Si covalent bond can provide a stable framework during Li intercalation process, which benefits
the cyclic stability.

Key words: lithium-ion batteries; anode material; Ni-Si alloys; first-principle

WS EE: 2017-03-12; 2R HHE: 2017-05-16
£ &7 B (Foundation item): [¥ 5% 19 AXFF4 54 L BY I H (51201146): W FE 44 H0H T 055 75 4F U RE 42 % B) I H (15B230)(Project(51201146) supported
by the National Natural Science Foundation of China; Project(15B230) supported by Science Foundation for the Excellent Youth Scholars of

Educational Commission of Hunan Province)

BIEEE: LW, WL, B, MBS B T R SR PR S AE TS E-mail: zhlong@xtu.edu.cn



324 R AREER)

o5 49 4

BT R R R A R S BRI R R
A MBS RS, O 2N T
WA AR . Har, m A s 2
b7 2k R A BE SRR EME S AL, RIS B Ak
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BtizE Li gk8ir N, LiKgkal 5-NiSi V. #
5 FionoA Li BN 8-NipSi JE % LiNiSi Wk Li JE
BehE s BS EEA AR IR . 3R 5 WA Li fik
A 8-NipSi JE % LiNi,Si e W ¥k Li JE e 4 0.373 eV,
RS AR 28.99%. 1% [ W I B8 L 2 B A
184.30 mA-h/g. IXAER A&V AT 14 Li%,
HAUZ Li HRN NiSi, R AR I—24, B, 1&%x
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ZE BT, Li kA NiSiy ST BEN 3 2 RV g1
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F1 HHREILF L, Sife Li-Si #8895 (E)FARRD)
Table 1 Total energy (E,) and cell volume (V) of Li, Si and Li-Si phases calculated by first-principles

Js %

73 BT S) T - TS Ei/eV V/10"*nm?
Li Im3m (229 =) 2 0 DR TES -3.806 40.53
Si Fd3ms (227 %) 0 8 RV RTER —43.399 163.53

LiSi 14,/aZ(88 5) 16 16 e -123.630 501.60

Li»Sis Pnma(62 3) 96 56 EAT R —523.698 2399.04

Li,Si Cl2/m1(12 5) 8 4 RN R -39.511 201.39

Li;Si; R3mH (166 ) 14 6 =& —-64.313 301.48

Li;3Sis Pbam(55 5) 26 8 EAT R -101.408 529.45

Li;Si, Pbam(55 5) 28 8 IEAZ R —-104.353 537.68

Li;sSiy 143d (220 5) 60 16 AT TES -218.907 1193.50

Liy; Sis F43m (216 5) 84 20 AT TES —-291.658 1596.05

Liy,Sis F23(196 5) 88 20 RV RTES -297.326 1 625.31

K2 H—MHBEIEIHAN NI, LiNiSi f= Ni-Si 4869 868 E FehkR v

Table 2 Total energy (E,,) and cell volume (¥7) of Ni, LiNi,Si and Ni-Si phases calculated by first-principles
2513k T ETT D) : ﬁ%/l\%z : R EleV V/10 *nm®
Li Ni Si

Ni Fm3m (225 5) 0 4 0 VAT EES —-22.280 43.59

NiSi, Fm3m (225 %) 0 4 8 ATTER —69.870 161.48

NiSi Pnma(62 5) 0 4 4 IEXC R —48.002 97.83

3-Ni,Si Pbnm(62 ) 0 8 4 EAARR —72.959 132.61

LiNi,Si Fm3m (225 %) 4 8 4 AT ES —82.062 171.06




326 H R AR (L RRE AR 549 %
%3 LiL NiSi RE AR Li,Si, #2 Ni 490 F Con # Li HAAE AE Ak ARIBIKE 5
Table 3  Specific capacity (C.,), Li-intercalation formation energy (AE) and volume expansion
ratio (#) of lithiation reaction that Li reacts with NiSi to produce Li,Si, and Ni
Hr Li W Cea/(mAh-g ™) /% AE/eV
(DLi*+e +NiSi—LiSi+Ni 308.82 28.18 —0.607
@12Li"+12¢ +7NiSi—Li ,Si;+Ni 529.42 75.16 —0.199
(®2Li"+2e +NiSi—Li,Si+Ni 617.65 105.86 —0.180
@7Li"+7e +3NiSi—Li;Si;+3Ni 720.60 105.44 —0.065
®13Li"+13e +4NiSi—Li;;Si,+4Ni 1003.69 170.60 0.019
®7Li"+7e +2NiSi—Li;Si,+2Ni 1080.89 174.80 -0.014
(D15Li"+15¢ +4NiSi—Li;sSi;+4Ni 1158.10 204.99 0.031
(®21Li"+21e +5NiSi—Li,;Sis+5Ni 1297.07 226.29 0.038
©22Li"+22e +5NiSi—Li,,Sis+5Ni 1358.84 232.27 0.014
F4 Li5 NiSi A A & Li,Si, #= 5-Ni,Si 4915 F Con # Li AR AE b BRIBIE 4
Table 4 Specific capacity (C,), Li-intercalation formation energy (AE) and volume expansion ratio (1) for
lithiation reaction that Li reacts with NiSi to produce Li,Si, and §-Ni,Si
W Li 5N Co/(mAh-g ") % AE/eV
i'+e +2NiSi—LiSi+6-Ni,Si . . .

OLi* 2NiSi—LiSi+3-Ni,S 154.41 31.87 0.062
@14Li"+14e +14NiSi—Li,Si;+78-Ni,Si 264.71 55.36 0.191
®2Li"+2e +2NiSi—Li,Si+8-Ni,Si 308.83 70.70 0.155
@7Li"+7¢ +6NiSi—Li,Sis+358-Ni,Si 360.30 70.50 0.220
®13Li"+13e +8NiSi—Li;;Si;+45-Ni,Si 501.84 103.07 0.224
®7Li"+7¢ +4NiSi—Li;Si,+25-Ni,Si 540.84 105.18 0.178
(M15Li"+15¢ +8NiSi—Li;sSi;+45-Ni,Si 579.05 120.27 0.209
®21Li"+21e +10NiSi—Li,, Sis+58-Ni,Si 648.54 130.92 0.197
(©22Li"+22¢ +10NiSi—Liy,Sis+58-Ni,Si 679.42 133.91 0.166

%5 Lib 5-NipSi K A & LiNi,Si #9
WBZ Cean # Li B AAE AE FRARIZIRE 5
Table 5 Specific capacity (C.,), Li-intercalation
formation energy (AE) and volume expansion ratio (1) of

lithiation reaction for 6-Ni,Si

itk Li W Ca/(mAhg™") 5/% AE/V

Li'+e +8-Ni,Si— LiNi,Si 184.30 28.99 0.373
12Li"+12e +7NiSi,—Li;»Si;+7NiSi 4)
13Li"+13e +8NiSi—Li3Si,+48-Ni,Si %)

Li*+e +8-Ni,Si—LiNi,Si (6)

2.2 8-Ni,Si A9#% Li 1372

NiSi, 156 3 ik Li MVRD Li'+e + 8-Ni,Si—
LiNi,Si, JLrt §-Ni,Si (25 [FI A Ponm, A 4h Fa A
AL MgSrSi ff1—%L; 17 LiNiSi 25BN Fm3m ,
PR Eh R 55 BiF; IRAH A, A\ 8-NipSi #IJE % LiNiSi

B2 R AR GE R IR AR . ik, RBE Li kN 8-Ni,Si
MIRILRBY B, 8-NipSi I— 5 M Rt Jo vl RESE 36 A8 4
R AR, SRR 13.656%. Rt
Li JhELIR N, Li Bhal 5 A 45010 NipSi RV,
T4 B LiNDSTe SO AT 45 R 1K NSt i 675
8 /N Ni JU T H1 4 A Si J2 7. & 1 i A Li,NigSiy(x=0,
1, 4SS, thE, (R Li A3 S
£ S5 NipSi(NigSig) di e, A ik Li & 44
Li,NigSi, Il M gh it i Li 2R
S A AE .
xLi" +xe” +NigSi;—Li,NisSis(0<x<4) (7
HiE— ST NigSiy MK Li 8, THE &M
Li &aAM =25, Wik 6 . k6 nl 4l
itk Li JERRERE Li R K, HorsfH
214 0.76 eV, fEHT%: E, ik Li JEREERO, ik Li
SN Ty A, AR AR e . A, BE
NigSiy JTA (1) \HAR I BRASHE Li B4, SRR
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(a) NigSig; (b) LiNigSis; (c) LigNigSiy
1 Li,NigSiy #9 dh ik 254
Fig. 1 Crystal structures of Li,NigSiy

F 6 Li,NigSiy A069 ShIRAR V. IREBRIBIKE 5. B8 Egn
# Li R EE AE A B Coa
Table 6 Cell volume (V), volume expansion ratio (), total
energy (Eyo), Li-intercalation formation energy (AE) and

specific capacity (C.,) for Li,NigSi, phases

N 4 Ccal /
ZRiEN , 1% Eg/eV  AEV .
(mA-h-g )

10nm
=71.124 — —

3490 -73.724 0.697 46.075
6.748 —76.441 0.756 92.150
10.131 —=79.208 0.792  138.225
13.495 —82.062 0.832  184.300

NigSi,  150.72 —
LiNigSi,  155.98
Li,NigSi,  160.89
Li;NigSi;  165.99
Li,NigSi;  171.06

KRBT 13.495%, L, Li GEBSIR 7 5 Hidk A
NisSiy /& LisNigSiso
2.3 LiNigSis(x=0, 1, 4)898FL#

Bl 2 oo [ AT S5 R IR NioSi A5 ik f 2k
R 3 Fh R A 4 M LiNigSiy(x=0, 1, 4)[KHEH 4544
EH ] 2 WA = IR e Ay 4 1 R ARAHALL, BEAIY 2/ Fermi
RES P I AR ELAT #9128 Bk Fermi 2%, HIGRIH &
JEPETT, IXULH Li N NigSiy B 5 VA KA S HtE i
MIAHAS o

Kl 3 il LiNigSis(x=0, 1, 4)&aHnAs
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Fig.2 Energy band structures of typical alloy phases
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£ (TDOS) Al 3% 455 £ (PDOS) &l . Fermi BEZ ALY
BEEAN 0 eV, WIELFULH T e R H 4 E
JU, XL RE A T A R 8. B 3@ fE
Fermi AEZLL FEI-12~—8 eV Z A% F 3 i
Si-3s HL 7 Daik; £E—6~0 eV IR A% B 32 35ty Ni-3d
ML oTik, 1 Si-3p HLF I DTERAIAT AR /N, Fermi BEZ
WA BEE N(Ep) ol 4.855 eV e JEH, Ni-Si J5i1[A]
AN VER 2 Ni-3d 5 Si-3p S 24 L]
o HHIE ()R A Li Ji 7 A% IR ik 1 258
7€ Fermi BEZ T, 2o Ax 5 NigSiy (A% E(DOS)HA
AL, FHF Li (RN, Si AT ) Ni #64, H Si-3p
5 Li-2s W AHEAER], A4S Si i1 R &% I sk
NF#. LiNigSiy /£ Fermi AEZALMASEIE, MEDN
4483 eV, RAZRTEIEMEEART . HE 3(c)
AL 2 Li b4 NigSiy FrA 1)\ 44 m] B A EE R
Li,NigSi, I, Li F1 Si J&7X Fermi BB AL 5 A% 1

BRAE BTG 0, 1 Ni 1 IR ot kA i, N(Ep) A 3.950
eV !, XKWL AR R K& B AT BT R o N(Ep)Z7DN,
JEPRN B Li kN, 552 7 E N NigSiy 451,
Hrp—se iy Si BT Ni b, IFEEEZN
Ni-3d #il, 1753 Ni-3d AFF 2 EAR M E R X I, 1t
Ab, NER)I/N, SR IIAEHEER 2P N(ER) A8 /M B
W NigSiy £ LiNigSiy 21 LiyNigSiy [FEE MEAT BT i,
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Fo RIMTHEZ, B NE)H PN, H8RERT
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Fig.3 Density of states of typical alloy phases
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Fig. 4 Charge differential density of (1 1 0) plane in typical alloy phases
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