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Abstract : As an electrolyte additive, the effects of lithium bis(oxalate)borate (LiBOB) on the
electrochemical properties of a carbon-coated silicon monoxide (C-coated SiO) negative elec-
trode are investigated. The used electrolyte is 1.3 M LiPFg that is dissolved in ethylene car-
bonate (EC), fluoroethylene carbonate (FEC), and diethyl carbonate (DEC) (5:25:70 v/v/v) with
or without 0.5 wt. % LiBOB. In the LiBOB-free electrolyte, the film resistance is not so high
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in the initial period of cycling that lithiation is facilitated to generate the crystalline Li;sSiy
phase. Due to repeated volume change that is caused by such a deep charge/discharge, cracks
form in the active material to cause a resistance increase, which eventually leads to capacity
fading. When LiBOB is added into the electrolyte, however, more resistive surface film is gen-
erated by decomposition of LiBOB in the initial period. The crystalline Li;sSiy phase does not
form, such that the volume change and crack formation are greatly mitigated. Consequently, the
C-coated SiO electrode exhibits a better cycle performance in the later cycles. At an elevated
temperature (45°C), wherein the effect of film resistance is less critical, the alloy (Li;sSis phase)
formation is comparable for the LiBOB-free and added cell to give a similar cycle performance.

Keywords : lithium-ion battery, silicon monoxide, surface film, volume change, electrolyte additive
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Fig. 1. Galvanostatic charge-discharge voltage profiles

obtained from Li/C-coated SiO cell: (a); in LiBOB-free

electrolyte, (b); in LiBOB-added electrolyte, and (c);
cycle performance in two electrolytes.
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Fig. 2. Nyquist plots obtained from Li/C-coated SiO cell.
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Fig. 4. XRD patterns of C-coated SiO electrode. The
samples were obtained after the 20th lithiation in two
electrolytes.

oA RolF e WE HAF FA HHES u|ws)
R LiBOB-free®] 7% 1004 Rfo)Zojx &z
o] AA HAA YA LiBOB-added?] 3¢ =2
F2do] vlwd 2 FREHZ )
¥ ol o) MEA FdHo| =aju x4
W I(SEDe] BAEH A= Ado] Frtst
H 37} 213E 3D B oA LiBOB-free
FHWdo] Y =HA AAslel & Fu W)
A 2EHEE ASWA O Bol] B3]
o] AlZ2& xHo] =3ual F71¥<Ql SEI
wol| dojd Zolt}. wahA| LiBOB-free
9 7ol Aol 27| wliel a3t 4%
7t EolA &FFo] AR MolF FutHox = B
g5do] AVAEAS 9A =W 15 W3R
Eal= & UYAH(dead particles)S FAsH Hol &
2 E3l7t 343 J8Er}. 9 LiBOB-added %71
A& C-coated SiO A= ¥WHo| #go] & mu}
FAEEA T3 AErt Bornz Molg x|
43| LiBOB-freethd] 22 &2o] Uepdt)
T8l Ax Gitel] T So WAE = 243}
2y W3l gotr AFos BEH] gdo]
BN, 7Tl AXAEEE 7] MolFeA 4
T2 Y EAE YElE AeZ & £
£ Halo] ZHAR ddo] He 2 YAk &
AE gelslr] 98l ex-situ XRDEAS 8s1sic).
Fig. 69 LiBOB-free$} LiBOB-added Z7Z1°14 100
HA w3} W3 & o] XRD 23S B39
t}. LiBOB-freedll A= 2782 LijsSiy ol gol J=

Lﬁ ofh
Jr ox
2 o offf

N, ol oo

o

Al
-

¢

BN oft g lo 1o @

A oX ox
o

b

(2

rlo (;FI) i)

9o & © fo

LiBOB-free_1st

LiBOB-free_100th

LiBOB-added_1st
()

Fig. 5. FE-SEM images of C-coated SiO electrodes. The
samples were obtained after the 1st and 100th de-
lithiation in two electrolytes.



54 J. Korean Electrochem. Soc., Vol. 17, No. 1, 2014

LisSi,
®  Be window

LiBOB-free

Intensity

LiBOB-added

20 22 24 26 28 30 32 34 36
Diffraction angle (26 / degree)

Fig. 6. XRD patterns of C-coated SiO electrode. The
samples were obtained after the 100th de-lithiation.

AL gel @ 4 YEd ol U BEAe ojHs
we o) PES A9 ool 94 LipSi, )
o F& YA Yolrks R Slvidh W

LiBOB-free?] 749 v A AEE §Asl= Zlo=
Hol ARA LijsSiy ﬁgaﬂsq Zo ARt A9 gl=

HOE AAT Y. 3 AelFe) wueU
LiBOB-freecl A& 4§}9} 53] wslel] ejg 7]
7:”7(—1 /\Egﬂj\y]. 7]"6‘511::]}‘1 x{j] E/K-] A]i o]{s}

& YAte] o] Trtstal &7 Halrt wEA g
A%k, LiBOB-added®] 7% Z7g3}le} Fujisit =t
ornz a3t §FE s delE Aotk & e
72 LIBOBE A8 Al A A3 7t o]k
W &3 Zold o A g EAdo] Wt
& 4 ok

aghd AE 2Fe g8l vheo] FE39
FojA Hl=d oz IFBF WPE AL 5
g EAo] of¥A S WA Gotrr] 98 A
ATt Aolre AeolA
Hkgo] © 9¥3t=E LiBOB-added,
LiBOB-free 271 BF F33] LisSiy 474 21882
I UL ez gt & ok FE Hrke 4500
Al FgstRen, 2 A3E Fig. 79 =AIEAT
LiBOB-added, LiBOB-free S Z71°] A3t A%%
Holm &) Hglsh=d], 25°Cete 22 27]o &
Fo] Svtske FHte] Aol g &3] #ishe ¢
o] Yehdth, 2|3l Fig. 7(b), (o)l SFE=
Ao mghFs) e HES B T 2A BF 6HA
AolF o] TREE AAstel og 3H FIE I

mlo
o o

il

[e2

& = ek ole F - 24 2F Z7] MolEHE 2
Zm LijsSi/d7HA S83] dasht Jddne As
omgitt A7E AEshd T 27 BT 45°Cox=
Sio] 2l FES H%o%ﬂ ] wskel 245t
ME v peoR WAs, & H3t 3 vl

2500

LiBOB-free_lithiation
LiBOB-free_de-lithiation
LiBOB-added_lithiation
LiBOB-added_de-lithiation

2000 4

Cenm

1500 458

1000 -

Specific capacity / mAh g

o
o
o

0 10 20 30 40 50 60 70 80 90 100
Cycle number

10000 A

5000 -

LiBOB-free_06"
——— LiBOB-free_15"
------ LiBOB-free_70"

-5000 -

Differential capacity / mAh(gV)"'

10000 o

5000 -

——— LiBOB-added_06"

Differential capacity / mAh(gV)”'

/ \ -

A\ ——— LiBOB-added_15"

500041/ V' e LiBOB-added_70"
00 02 04 06 08 10 12 14

Voltage/ V (vs. Li/Li")

Fig. 7. Cycle performance and differential capacity (dQ/
dV) plots obtained at 45°C.

§ pEom AWEL Lest FeolMe £o 54

A3%e SRR ALolH LBOBY 18 79 54

vske 71 43 hl e s A 4k F

2% 902 48349 T FAY F ek
.4 =

B AFor= C-coated SiO HAFoA Hsfjza A
7HZA LiBOBY 932 #9833t C-coated SiO

T =3t Aee dut el gest A=l w
£ 243t 3 Fupsiel e #do] 9o, o

gelskel st ek

(1) Asfdel LiBOBe] H7I=EA &2 A%, C-
coated SiO @Ef FHo Xiﬂo] 2r2 mjuto] A
3, A FEsl ko] FEd] ldEe] A4
L1158147]' Bk %EP ol & F3 ¥slE fEsH, ¢



A718)8tslA], Al 174,

W YgAre] #ge] WA, AVIHEN SR T
7¥eiA wo] §e] mEA Esh €t

(2) LiBOB7} dslid A7FA= AR 79 A o]
2 SEF F4€E. webd Aolg 2714 1 A=
7 Fasit A=A goernz AYs) A4t F
¥ W37 AA vepdt 2 A3 dAbe] i A
7= Edo] FolEA HER A7) MolFdlA &
F Esi7t sl

(3) LiBOB 79| 9&2 9t A3 F7H&

ek, weEbs A gt ofgh

gt sl A% Aol
o] Fol=E 45°CoAE LiBOB7} 7k
syt FE5 =] vt AolF A

ehlc),

o,
o
2
£ 1 o o

oL
off
tlo

m
o

k]

1. H. Li, X. Huang, L. Chen, Z. Wu and Y. Liang, 'A High
Capacity Nano-Si Composite Anode Material for
Lithium Rechargeable Batteries' Electrochem. Solid-State
Lett., 2, 547 (1999).

2. M. T. McDowell, S. W. Lee, 1. Ryu, H. Wu, W. D. Nix,
J. W. Choi and Y. Cui, 'Novel Size and Surface Oxide
Effects in Silicon Nanowires as Lithium Battery Anodes'
Nano Lett., 11, 4018 (2011).

3. S. Xun, X. Song, M. E. Grass, D. K. Roseguo, Z. Liu, V.
S. Battaglia and G Liu, 'Tmproved Initial Performance of
Si  Nanoparticles by Surface Oxide Reduction for
Lithium-lon Battery Application' Electrochem. Solid-
State Lett., 14, A61 (2011).

4. N. Dimov, S. Kugino and M. Yoshio, 'Carbon-coated
silicon as anode material for lithium ion batteries:
advantages and limitations' Electrochim. Acta, 48, 1579
(2003).

5. T. D. Hatchard, J. M. Topple, M. D. Fleischauer and J.
R. Dahn, 'Electrochemical Performance of SiAlSn Films
Prepared by Combinatorial Sputtering' Electrochem.
Solid-State Lett., 6, A129 (2003).

6. M. Miyachi, H. Yamamoto, H. Kawai, T. Ohta and M.
Shirakata, 'Analysis of SiO Anodes for Lithium-lon
Batteries' J. Electrochem. Soc., 152, A2089 (2005).

7. S-H. Ng, J. Wang, D. Wexler, K. Konstantinov, Z.-P.
Guo and H.-K. Liu, 'Highly Reversible Lithium Storage
in Spheroidal Carbon-Coated Silicon Nanocomposites as
Anodes for Lithium-lon Batteries' Angew. Chem. Int. Ed.,
45, 6896 (2006).

8. J. M. Yan, H. Z. Huang, J. Zhang and Y. Yang, 'The
study of Mg2Si/carbon composites as anode materials for
lithium ion batteries' J. Power Sources, 175, 547 (2008).

9. D. Mazouzi, B. Lestriez, L. Roué and D. Guyomard,
'Silicon Composite Electrode with High Capacity and
Long Cycle Life' Electrochem. Solid-State Lett., 12,
A215 (2009).

10. B. Lestriez, S. Bahri, I. Sandu, L. Roué and D.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

A 1=, 2014 55

Guyomard, 'On the binding mechanism of CMC in Si
negative electrodes for Li-ion batteries' Electrochem.
Commun., 9, 2801 (2007).
. A. Magasinski, B. Zdyrko, 1. Kovalenko, B. Hertzberg,
R. Burtovyy, C. F. Huebner, T. F. Fuller, I. Luzinov and
G. Yushin, 'Toward Efficient Binders for Li-lon Battery
Si-Based Anodes: Polyacrylic Acid' ACS Appl. Mater.
Inter., 2, 3004 (2010).
S. Komaba, K. Shimomura, N. Yabuuchi, T. Ozeki, H.
Yui and K. Konno, 'Study on Polymer Binders for High-
Capacity SiO Negative Electrode of Li-lon Batteries' The
Journal of Physical Chemistry C, 115, 13487 (2011).
I. Kovalenko, B. Zdyrko, A. Magasinski, B. Hertzberg,
Z. Milicev, R. Burtovyy, 1. Luzinov and G. Yushin, 'A
Major Constituent of Brown Algae for Use in High-
Capacity Li-lon Batteries' Science, 334, 75 (2011).
N.-S. Choi, K. H. Yew, H. Kim, S.-S. Kim and W.-U.
Choi, 'Surface layer formed on silicon thin-film electrode
in lithium bis(oxalato) borate-based electrolyte' J. Power
Sources, 172, 404 (2007).
G-B. Han, M.-H. Ryou, K. Y. Cho, Y. M. Lee and J.-K.
Park, 'Effect of succinic anhydride as an electrolyte
additive on electrochemical characteristics of silicon thin-
film electrode' J. Power Sources, 195, 3709 (2010).
V. Etacheri, O. Haik, Y. Goffer, G A. Roberts, 1. C.
Stefan, R. Fasching and D. Aurbach, 'Effect of
Fluoroethylene Carbonate (FEC) on the Performance and
Surface Chemistry of Si-Nanowire Li-lon Battery
Anodes' Langmuir, 28, 965 (2011).
J-W. Song, C. C. Nguyen and S.-W. Song, 'Stabilized
cycling performance of silicon oxide anode in ionic
liquid electrolyte for rechargeable lithium batteries' RSC
Advances, 2, 2003 (2012).
T. Kim, S. Park and S. M. Oh, 'Solid-State NMR and
Electrochemical Dilatometry Study on Li+ Uptake/
Extraction Mechanism in SiO Electrode' J. Electrochem.
Soc., 154, A1112 (2007).
J-H. Kim, C-M. Park, H. Kim, Y-J. Kim and H.-J.
Sohn, 'Electrochemical behavior of SiO anode for Li
secondary batteries' J. Electroanal. Chem., 661, 245
(2011).
L. Chen, K. Wang, X. Xie and J. Xie, 'Effect of vinylene
carbonate (VC) as electrolyte additive on electrochemical
performance of Si film anode for lithium ion batteries' J.
Power Sources, 174, 538 (2007).
S. Dalavi, P. Guduru and B. L. Lucht, 'Performance
Enhancing Electrolyte Additives for Lithium Ion
Batteries with Silicon Anodes' J. Electrochem. Soc., 159,
A642 (2012).
K. Xu, S. S. Zhang, U. Lee, J. L. Allen and T. R. Jow,
'LiBOB: Is it an alternative salt for lithium ion
chemistry?' J. Power Sources, 146, 79 (2005).
Z. Chen, W. Q. Lu, J. Liu and K. Amine, 'LiPF6/LiBOB
blend salt electrolyte for high-power lithium-ion batteries'
Electrochim. Acta, 51, 3322 (2006).
J.-C. Panitz, U. Wietelmann, M. Wachtler, S. Strébele



56

25.

26.

27.

J. Korean Electrochem. Soc., Vol. 17, No. 1, 2014

and M. Wohlfahrt-Mehrens, 'Film formation in LiBOB-
containing electrolytes' J Power Sources, 153, 396
(20006).

D.-T. Shieh, P-H. Hsiech and M.-H. Yang, 'Effect of
mixed LiBOB and LiPF6 salts on electrochemical and
thermal properties in LiMn204 batteries' J. Power
Sources, 174, 663 (2007).

D. Aurbach, 'Review of selected electrode—solution
interactions which determine the performance of Li and
Li ion batteries' J. Power Sources, 89, 206 (2000).

I. Choi, M. J. Lee, S. M. Oh and J. J. Kim, 'Fading
mechanisms of carbon-coated and disproportionated Si/
SiOx negative electrode (Si/SiOx/C) in Li-ion secondary
batteries: Dynamics and component analysis by TEM'
Electrochim. Acta, 85, 369 (2012).

28.

29.

30.

31.

T. D. Hatchard and J. R. Dahn, 'In Situ XRD and
Electrochemical Study of the Reaction of Lithium with
Amorphous Silicon' J. Electrochem. Soc., 151, A838
(2004).

M. N. Obrovac and L. Christensen, 'Structural Changes
in Silicon Anodes during Lithium Insertion/Extraction'
Electrochem. Solid-State Lett., 7, A93 (2004).

L. Y. Beaulieu, T. D. Hatchard, A. Bonakdarpour, M. D.
Fleischauer and J. R. Dahn, 'Reaction of Li with alloy
thin films studied by in situ AFM' J. Electrochem. Soc.,
150, A1457 (2003).

J. H. Ryu, J. W. Kim, Y.-E. Sung and S. M. Oh, 'Solid-
State NMR and Electrochemical Dilatometry Study on
Li+ Uptake/Extraction Mechanism in SiO Electrode'
Electrochem. Solid-State Lett., 7, A306 (2004).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


