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ABSTRACT

Lithium diffusivity of fluorine-free and -doped tin-nickel (Sn-Ni) film model electrodes with improved interfacial (solid

electrolyte interphase (SEI)) stability has been determined, utilizing variable rate cyclic voltammetry (CV). The method

for interfacial stabilization comprises fluorine-doping on the electrode together with the use of electrolyte including flu-

orinated ethylene carbonate (FEC) solvent and trimethyl phosphite additive. It is found that lithium diffusivity of Sn is

largely dependent on the fluorine-doping on the Sn-Ni electrode and interfacial stability. Lithium diffusivity of fluorine-

doped electrode is one order higher than that of fluorine-free electrode, which is ascribed to the enhanced electrical con-

ductivity and interfacial stabilization effect.
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1. Introduction

Tin (Sn)-based materials have been recognized as

one of the attractive anode materials, which can replace

the commercialized graphite, primarily because of the

larger theoretical capacity (~994 mAhg-1) of Sn than

that of graphite (~372 mAhg-1) [1]. In addition, the Sn

appeal its merits of appropriate operating voltage above

lithium (Li) that prevents dendrite formation, high elec-

tric conductivity as metallic, ductile property that is

convenient for a handy fabrication of the batteries in

diverse architectures [2], and a different reaction mech-

anism, which is based on Li-Sn alloy formation [1],

from Li+-intercalation mechanism of graphite.

Improved battery safety and rate capability are then

expected. Sn-based anode materials, however, suffer

from a rapid performance fade due to a large volume

change followed by particle cracking event during lithi-

ation/delithiation and the loss of electrical contact

between individual particles and between particles and

current collector [1]. It has been established that interfa-

cial instability of Sn electrode with electrolyte is due to

the attack of LiPF6-derived acidic species (PF5, PF3O,

HF) and this additionally deteriorates the electrical dis-

integration [3-5]. Interfacial stabilization and the for-

mation of stable solid electrolyte interphase (SEI) have

been suggested as one of the most effective approaches

for enhancing the cycling performance of Sn-based
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anodes. Our earlier work showed that the use of trime-

thyl phosphite (P(OCH3)3, TMP) as a Lewis base elec-

trolyte additive, which captures the LiPF6-derived

Lewis acids (PF5 and PF3O), and fluorine (F)-doping

on Sn, which produces positively charged Sn and

induces to capture F- ions from HF that is always

present in LiPF6-contaiing carbonate-based electrolyte,

were effective in enhancing the interfacial and SEI sta-

bility and cycling performance [5,6].

Lithium diffusivity is an intrinsic property of Li+

ion-conducting electrode material. It is generally pro-

posed that the rate of lithiation process of electrode is

controlled by lithium diffusivity [7]. Determination

of lithium diffusivity and understanding of lithium

diffusion behavior are crucial in controlling the

charge-discharge cycling behavior and performance,

and rate capability. Various methods have been used

to determine the lithium diffusivity of Sn and silicon

(Si) alloy anodes, such as galvanostatic intermittent

titration technique (GITT) [8], potentiostatic inter-

mittent titration technique (PITT) [9], electrochemi-

cal impedance spectroscopy (EIS) [10,11] and cyclic

voltammetry (CV) [11-14]. However, the reported

diffusivities of Sn are not consistent with each other

being in the range of 10-8 - 10-7 cm2s-1 [1,8], since the

measurements were conducted under the condition of

no control of interfacial stability to electrolyte. Then,

electrolyte continued to be electrochemically reduced

and decomposed with cycling, consuming an extra

charge and resulting in irreversible electrochemical

signals. In addition, since conductive material (e.g.,

graphite) was necessary for the bulk Sn-based anodes

to accommodate the volume change [15,16], lithium

diffusivity of Sn alone was not able to be measured.

Studies of dense film model electrode can give a

clearer insight into the intrinsic properties of elec-

trode material without complications from carbon

and polymeric binder additives that are necessary in

bulk electrodes for enhanced electric conductivity

and particle connection [3-5,17-23]. Film electrode

homogeneously deposited on a conductive substrate

can have a robust structure and strong adherence to

the substrate, yielding a good model system for the

study of lithium diffusion kinetics during electro-

chemical charge and discharge cycling. Our earlier

work showed that interfacial stabilization of pulsed

laser deposited (PLD) Si film model electrodes on Cu

substrate by constructing the surface protective silox-

ane network at the electrode surface using silane

additive provides the lithium diffusivity in the order

of 10-13 cm2s-1 [19,22]. There is no prior record of

lithium diffusivity study for Sn-based film model

electrodes prepared by PLD.

Here, we report the determination of lithium diffu-

sivity of F-free and F-doped Sn-Ni PLD film model

electrodes under the condition of interfacial stabiliza-

tion, utilizing variable rate CV. The influences of F-

doping on the lithium diffusivity and electrolyte com-

position are discussed.

2. Experimental

The 500 - 550 nm thick film model electrodes of flu-

orine (F)-free and F-doped Sn-Ni were deposited on

stainless steel substrates by PLD at 40oC in 0.9 mtorr

of Ar back pressure, using a KrF excimer laser with an

energy density of ~3 - 4 mJcm-2 at 10 Hz impinging on

the targets which consisted of Sn and Ni (65:35 in

mol%) or Sn, Ni and SnF2 (64.35:34.65:1in mol%),

respectively. Targets were prepared by ball-milling of

Sn and Ni (and SnF2) powders and then pressing at

200 kgcm-2. The crystal structure, relative atomic

ration of Sn to Ni, the thickness and surface morphol-

ogy of as-deposited films were determined and con-

firmed as described in our earlier works [5].

Proto-type three-electrodes lithium cells were

assembled with the as-deposited F-free or F-doped Sn-

Ni film electrode as a working electrode, lithium metal

foils as a reference and a counter electrodes, and the

electrolytes of 1M LiPF6 /ethylene carbonate

(EC):ethyl methyl carbonate (EMC) (30:70 volume%

ratio, Panax E-Tec, H2O content < 10 ppm) and 1M

LiPF6/fluoroethylene carbonate (FEC):diethyl carbon-

ate (DEC) (50:50 volume% ratio, Panax E-Tec, H2O

content < 10 ppm) with 3 wt% trimethyl phosphite

(P(OCH3)3, TMP, 99%, Aldrich) as an additive. Lith-

ium cell assembly and electrochemical measurement

were made in Ar-filled glove box at room temperature.

Variable rate CV was carried out at a sweep rate

from 100 to 0.1 mVs-1 between 0.05 and 1.5 V vs. Li/

Li+, using a potentiostat (VSP SP-150, Bio-Logic).

The lithium diffusivity was calculated from the plot

of peak current (Ip) vs. the square-root of sweep rate

(n1/2) using the least square method.

3. Results and Discussion

Fig. 1a-b show the CVs of the F-free Sn-Ni film
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electrodes in 1M LiPF6/EC:EMC and 1M LiPF6/

FEC:DEC, respectively, with 3 wt% TMP additive.

The y axes are expressed as pseudo capacitances (I/ν)

by normalizing the current I with the sweep rate n

that varied from 100 to 0.1 mV/s. While the peak cur-

rents of both cathodic and anodic processes in the

EC-based electrolyte (Fig. 1a) are broad and small in

all sweep rates, those in the FEC-based electrolyte

(Fig. 1b) are at a much higher peak resolution. This

indicates that FEC is effective in improving the inter-

facial stability and consequently providing the

increased electrochemical charge-discharge capacity

and cycling reversibility of Sn. As decreasing the

sweep rate (Fig. 1b), the pseudo capacitance of both

cathodic and anodic peaks increases and peaks

becomes sharper, then, they are separated into indi-

vidual peaks. Thus, in Fig. 1b, the peak currents at

the slowest sweep rate of 0.1 mVs-1 enable to be

assigned; the cathodic peaks at 0.7, 0.53 and 0.37 V,

due to lithiation process of Sn, correspond to the for-

mation of Li0.4Sn, Li2.33Sn and Li4.4Sn, respectively

[1,24]. The anodic peaks near 0.5, 0.61, 0.71 and

0.8 V, by delithiation from Li4.4Sn, are due to subse-

quent regeneration of Li3.5Sn, Li2.33Sn, LiSn and Sn,

respectively [1,24]. In this study, we take the anodic

peak at 0.61 V, which corresponds to the removal of

2.33 Li+ from Li2.33Sn (Li7Sn3), for determining the

lithium diffusivity, as it is observed in common

regardless of sweep rate.

Fig. 1c-d reveal that the anodic peak current (Ip) at

0.61 V is linearly proportional to the square-root of

sweep rate (ν1/2) in the sweep rate region of 0.1 -

10 mVs-1, rather than to the sweep rate (ν). This is

characteristic of semi-infinite lithium diffusion pro-

cess [25], which may include the lithium diffusion to

the SEI layer to Sn electrode. The slope of Ip vs. ν
1/2

was used for the determination of lithium diffusivity

using Randles-Sevcik equation.25)

Ip = (2.69×10
5)× A

The determined diffusivities are 1.01 × 10-7 cm2s-1

in the EC-based electrolyte and 8.12 × 10-7 cm2s-1 in

the FEC-based electrolyte respectively, as listed in

Table 1. The use of FEC-based electrolyte for F-free

electrode results in an increase in the lithium diffusiv-

ity, which is ascribed to its effectiveness of interfacial

stabilization.

Fig. 2a-b exhibit the variable rate CVs of F-doped

Sn-Ni electrode in 1M LiPF6/EC:EMC and 1M

n
3 2⁄

D
Li

+

1 2⁄
C
Li

+

*
ν
1 2⁄

+

Fig. 1. Cyclic voltammograms of the lithium cells with F-free Sn-Ni film electrodes in the electrolytes of (a) 1M LiPF6/

EC:EMC with 3wt% TMP additive and (b) 1M LiPF6/FEC:DEC with 3wt% TMP at a variable sweep rate (n) from 100 to

0.1 mVs-1, and (c-d) the dependence of peak current (IP) on the square-root of sweep rate (ν
1/2).
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LiPF6/FEC:DEC, respectively, with 3 wt% TMP

additive. Compared to the broad CVs of F-free elec-

trodes (Fig. 1a-b), peaks resolution in the CVs of F-

doped electrode (Fig. 2a-b) is significantly improved

and a higher pseudo capacitance of cathodic and

anodic peak are obtained. Fig. 2c-d show the plots of

the anodic peak current (Ip) at 0.61 V vs. the square-

root of sweep rate (ν1/2) in the sweep rate region of

0.1 - 10 mVs-1. The determined lithium diffusivities

of F-doped Sn-Ni electrodes are 2.21×106 cm2s-1 in

the EC-based electrolyte and 1.22×106 cm2s-1, as

listed in Table 1. These are one order higher than

those of F-free electrodes. Recollect that the surface

of both F-free and –doped Sn-Ni film electrodes pos-

sess a plenty of surface tin oxide, and the surface of

F-doped electrode includes SnF2 and O-Sn-F bond,

as described in the earlier work [5,26]. This implies

that F-doping occurs on not only Sn but also SnO2

forming SnO2yFy type material, which contributes to

an increase in the electrical conductivity [5,26]. In

general, lithium diffusivity is dependent on the elec-

trical conductivity of electrode materials. Also recol-

lect that the important role of F-doping on Sn is to

capture F- ions from HF present in the LiPF6-contain-

ing carbonate-based electrolyte while producing a

surface protective SEI layer and providing a better

preservation of electrode structure and composition

[5]. It is thus determined that the higher lithium diffu-

sivity of F-doped Sn-Ni electrodes than that of F-free

electrodes is believed to be due to enhanced electrical

conductivity and interfacial stability to electrolyte.

4. Conclusions

Lithium diffusivity of F-free and F-doped Sn-Ni

film model electrodes in the EC-based and FEC-

based electrolytes with trimethyl phosphite additive

has been determined using cyclic voltammetry.

Table 1. Lithium diffusivity of F-free and F-doped Sn-Ni film electrodes in 1M LiPF6/EC:EMC (EC-based) and 1M LiPF6/

FEC:DEC (FEC-based) electrolytes (EL) with 3wt% TMP additive.

F-free electrode,

EC-based EL

F-free electrode,

FEC-based EL

F-doped electrode,

EC-based EL

F-doped electrode,

FEC-based EL

Lithium 

diffusivity (cm2s-1)
1.01×10-7 8.12×10-7 2.21×10-6 1.22×10-6

Fig. 2. Cyclic voltammograms of the lithium cells with F-doped Sn-Ni film electrodes in the electrolytes of (a) 1M LiPF6/

EC:EMC with 3wt% TMP and (b) 1M LiPF6/FEC:DEC with 3wt% TMP at a variable sweep rate (n) from 100 to 0.1 mVs-1,

and (c-d) the dependence of peak current (IP) on the square-root of sweep rate (ν
1/2).
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While the lithium diffusivity of F-free Sn-Ni elec-

trodes is in the order of 10-7 cm2s-1, it increases to one

order higher level of 10-6 cm2s-1 upon F-doping. The

F-doping on the Sn-Ni film electrode is believed to

promote lithium diffusivity by the enhancement of

electrical conductivity and interfacial stability to

electrolyte. 

Acknowledgements

This work was supported by the Korean Ministry

of Science, ICT & Future Planning (2013K000214),

and Ministry of Education and National Research

Foundation (2012026203).

References

[1] M. Winter and J. O. Besenhard, Electrochim. Acta, 45,

31 (1999). 

[2] Y. H. Kwon, S.-W. Woo, H.-R. Jung, H. K. Yu, K. Kim,

B. H. Oh, S. Ahn, S.-Y. Lee, S.-W. Song, J. Cho, H.-C.

Shin, and J. Y. Kim, Adv. Mater., 24, 5192 (2012). 

[3] S.-W. Song and S.-W. Baek, Electrochim. Acta, 54,

1312 (2009).

[4] S.-W. Baek, S.-J. Hong, D.-W. Kim, and S.-W. Song, J.

Power Sources, 189, 660 (2009).

[5] M.-H. Choo, C. C. Nguyen, S. Hong, Y. H. Kwon, S.-

W. Woo, J. Y. Kim, and S.-W. Song, Electrochim. Acta,

112, 252 (2013).

[6] S. Hong, M.-H. Choo, Y. H. Kwon, J. Y. Kim, and S.-

W. Song, J. Electrochem. Soc., 161, A1851 (2014).

[7] M. Park, X. Zhang, M. Chung, G. B. Less, and A. M.

Sastry, J. Power Sources, 195. 7904 (2010). 

[8] J. Wang, I. D. Raistrick, and R. A. Huggins, J.

Electrochem. Soc., 133, 457 (1986).

[9] J. Xie, N. Imanishi, T. Zhang, A. Hirano, and Y. Takeda,

and O. Yamamoto, Mater. Chem. Phys., 120, 421

(2010).

[10] A. V. Churikov, K. I. Pridatko, A. V. Ivanishchev, I. A.

Ivanishcheva, I. M. Gamayunova, K. V. Zapsis, and V.

O. Sycheva, Russian J. Electrochem., 44, 550 (2008)

[11] T. Zhang, H. P. Zhang, L. C. Yang, B. Wang, Y. P. Wu,

and T. Takamura, Electrochim. Acta., 53, 5660 (2008).

[12] S. H. Nguyen, J. C. Lim, and J. K. Lee, Electrochim.

Acta, 74, 53 (2012).

[13] H. Li, F. Cheng, Z. Zhu, H. Bai, Z. Tao, and J. Chen, J.

Alloys & Compds., 509, 2919 (2011).

[14] K. Tasaki, A. Goldberg, J.-J. Lian, M. Walker, A.

Timmons, and S. J. Harris, J. Electrochem. Soc., 156,

A1019 (2009).

[15] W.-M. Zhang, J.-S. Hu, Y.-G. Guo, S.-F. Zheng, L.-S.

Zhong, W.-G. Song, and L.-J. Wan, Adv. Mater., 20,

1160 (2008). 

[16] C.-J. Liu, H. Hang, G.-Z. Cao, F.-H. Xue, R. A. P.

Camacho, and X.-L. Dong, Electrochim. Acta, 144, 376

(2014). 

[17] S.-W. Song, R. P. Reade, R. Kostecki, and K. A.

Striebel, J. Electrochem. Soc., 153, A12 (2006)

[18] S.-W. Song and S.-W. Baek, Electrochem. Solid-State

Lett, 12, A23 (2009). 

[19] C. C. Nguyen and S.-W. Song, Electrochim. Acta, 55,

3026 (2010).

[20] C. C. Nguyen, D.-W. Kim, and S.-W. Song, J.

Electrochem. Sci. & Tech., 2, 8 (2011).

[21] C. C. Nguyen, S.-W. Woo, and S.-W. Song, J. Phys.

Chem. C, 116, 14764 (2012).

[22] C. C. Nguyen and S.-W. Song, J. Electrochem. Sci. &

Tech, 4, 108 (2013).

[23] C. C. Nguyen, H. Choi, and S.-W. Song, J. Electrochem.

Soc., 160, A906 (2013).

[24] I. A. Courtney, J. S. Tse, O Mao, J. Hafner, and J. R.

Dahn, Phys. Rev. B, 58, 583 (1998). 

[25] A. J. Bard and L. R. Faulkner, Electrochemical

Methods: Fundamentals and Applications, 2nd ed., John

Wiley & Sons, Inc., New York (2001).

[26] R. Mientus and K. Ellmer, Surf. Coat. Technol., 98,

1267 (1998).



<<
  /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


