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Abstract

In this paper we report results of a novel synthesis methodnofiliini composite
Sn/C anodes for lithium batteries. Thin layers of graphitic cartbecorated with
uniformly distributed Sn nanoparticles were synthesized from € ealjanic precursor
Sn(lV) tert-butoxide by a one step microwave plasma chemical vapor deposition
(MPCVD). The thin-film Sn/C electrodes were electrochenycisted in lithium half
cells and produced a reversible capacity of 440 and 297 hah@/25 and 5C discharge
rates, respectively. A long term cycling of the Sn/C nanocongasibdes showed 40%

capacity loss after 500 cycles at 1C rate.
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1. Introduction

The development of new cathode and anode materials meets anvexteasiet
demand for an advanced generation of lithium batteries wethtgr energy densities and
improved cycle life properties. In most of the conventional Li-ionesyst graphitic
anodes are used as an intercalation host for lithium to forr) Wikich corresponds to a
charge capacity of 372 mAfgAn extensive number of experimental approaches have
been proposed to increase the anode’s electrochemical capacity $ef¢ral
modifications of carbons [3,4,5,6,7], nitrides [8,9], oxides [10,11,12,13,14] or alloying
lithium with metals such an Si [15], Sn [16] and Al [17] were proposeaorg them, tin
seems to be particularly attractive since it easily andrséiMy alloys with Li atoms at
potentials <1.1 V vs. Li. Other attractive properties of tin incliade Li diffusion, better
safety, easy mechanical processing, and crucially, a highnwaic 993 mAhg and

volumetric 7262 mAhc specific theoretical capacities [18,19,20].

The first commercially available amorphous tin-based compositelea was
introduced to the market by Sony in 2006 [21], followed by detailed stusfies
Shy.34C 0 1L0.47 Systems by Dahn et al. [22], which demonstrated the capebiitithese

electrodes in high energy Li-ion systems.

Unfortunately one of the major obstacles to the use of pure t@naactive
material is its large volumetric expansion during the allpynth lithium, which causes
cracking and mechanical disintegration of Sn particles. Loss cifisanecal and electronic

integrity of the active material leads to severe degradafidthe composite anode upon



cycling and dramatically shortens the cycle life of the edelet. One proposed resolution

to overcome this problem is to use tin oxide as a soft mataxniorate the expansion

of the metal [23,24,25,26,27]. Alternative solutions include the use of tinsalloy
[28,29,30,31,32,33,34,35,36,37,38,39,40,41] and other tin based composite materials
such as LiSs(POy)3 [20]. Minimizing the thickness of the electrode, as well as reduci

the particle size [42] and uniform particle distribution within shporting matrix [43],

can help accommodate the mechanical stress induced in thelicvydtdtice of LiSn.

This can have the effect of preventing particle agglomeratr@himproving long-term

electrochemical performance.

Sn, SnQ@ and Sn-based alloy composites with graphite [44,45,46,47], amorphous
carbon [48,49] or carbon nanotubes [50] used as a mechanical support and conductive
matrix for tin-based active material particles also offemique opportunity to combine
the stable cyclability of the carbon with the high storage capatitin-based materials.
Fabrication techniques of nano-structured Sn, ;Sa@ carbon/tin composites include
autocatalytic deposition [44], ball-milling [41,45,51], chemical redurcti[46,50],
electrodeposition [47], hydrolysis [48], pyrolysis [49,] sputtering [G5#3sma laser
deposition (PLD) [53], sol-gel techniques [54], partial reduction [S55Fipitation [56],
sonochemical methods [57], and vapor deposition [58]. However, these procésses of
involve several time consuming steps and offer only limited coofrthe particle size
and distribution. Moreover, typical Sn, Sné@nd Sn-based alloy anodes are prepared by
using the conventional lamination method which involves slurry prepar@grording,

mixing with binders and solvents), laminating, drying, heating etc.



In this work we present a new, one step microwave plasmaicdewapor
deposition (MPCVD) of nano-dispersed tin-carbon composite thin-film ande.i-ion
batteries. This experimental approach provides an easy, fastexpénsive method for
the direct formation of thin films of uniformly distributed ultradi grains of metal

within an electronically conductive graphitic matrix [59].

2. Experimental

A detailed description of the experimental setup can be found in [68]SH/C
film can be produced on various types of conductive and non-conductive wibstra
materials from a tin-based organic salt precursor without ustagilizers or reducing
agents. In this work, a small amount (~2 mg) of the Snghtjbutoxide Sn(OC(Ck)3)4
(Sigma—Aldrich) organic precursor was placed ~5 mm from a suegtrl cr piece of
Cu foil or glass)n a Pyrex glass tube reactor. The deposition process waslaautiéor
6s at 1200 W microwave radiation power, which produced am-Bhick nanocomposite
Sn/C film. The qualitative analysis of the Sn/C films by indwdi coupled plasma
(Perkin Elmer Optima 5300DV ICP-OES ) spectroscopy produceda @Ass ratio of
2.5:1, i.e., much higher than in the Sn(lt&t-butoxide (1.6:1). The thickness and
composition of the film were reproducible and not dependent on the type of substrate.

The structure of carbon in composite Sn/C films was analyzeRdyan
microscopy (Labram, ISA Group Horiba) with a laser excitati@velength of either
632.8 or 488 nm, at 1 mW power at the sample surface. The morphologytiohtfiem

and the nanoparticle size were characterized by transmisicinon microscopy (TEM,



model JEOL 200CX), and scanning electron microscopy (SEM, modathiiS-4300
SE/N. An X-ray powder diffraction pattern of a Sn/C thin-filmpdsited on a glass
substrate was obtained using a Philips X-Pert PRO diffractoroptating in Bragg-
Brentano mode with Cudradiation. The @ step size was 0.017° and counting time 400
s per step. The whole pattern fitting process was carried ;g esiwdercell software

[60].

Electrochemical characterization was conducted in a Helfiflove box (VAC
Inc.) with a model 273A Princeton Applied Research electrochémstiaton. The tests
were carried out in a three electrode cell equipped witholLiréference and counter
electrodes and filled with the 1.0 M LIPEC/DMC (1:1 w/w) electrolyte. The cyclic

voltammetry measurements were performed at 0.1 Vs

3. Results

Figure 1 shows the X-ray diffraction pattern of thend thick Sn/C film. The low
intensity of the pattern is due primarily to the high porosityheffilm. The only phase
clearly observed is elemental Sny(#nd). The refined tetragonal lattice paramedgrs
andcp are 5.86 A and 3.19 A, respectively. These are slightly lahger the bulk values
5.831 A and 3.176 A, as is common for small particles. The averageySallite size

calculated using the Scherrer equation was ~15 nm.

SEM images (Figure 2a and b) of the surface morphology and @cssksof the

Sn/C composite layer display a uniform thin-film of fairly ctams thickness ca. 5+46m.



The morphology of this porous film is consistent in the film bulk arthesurface. The
film is made up of large 300 — 600 nm agglomerates. According to esupptary
observations (data not shown here) the aggregates consist of s@ilerded
crystallites. The domains form an interconnected network with eormand nano-porous
“lava rock” structure. The EDX spectrum of the Sn/C filfeigure 2c) shows strong
signals characteristics for L tin family at (Sn3.156, (Snko, Snly1) 3.414, (Snky,

Snlgs, Snlgs) 3.600, (Snko) 3.929, (Snly) 4.07 keV , carbon (CR 0.27 keV and
copper substrate (Cyl) 0.94 keV. A small contribution from oxygen at ()K0.53 keV

suggests the presence of tin oxide impurities in the layer [61].

The typical Raman spectra of a C/Sn thin-film recorded at éwaitation
wavelengths 632.8 and 488 nm are displayed in Figure 3. The spectrudedecab632.8
nm wavelength exhibits two intense peaks assigned as the G--baddDat 1583 and
1323 cm® that correspond to the,, and A4 carbon vibration modes, respectively [62].
The D-band is associated with the break in symmetry occurrirtbeaedges of the
graphite sheets. A shoulder at 1620 ¢crknown as the D’-band, is also attributed to
discontinuity and disorder within graphene planes, but the exact wétinie peak is still

under dispute [63,64,65].

The presence of strong graphite G and D modes along with the albb$enskarp
diamond Raman peak at ~1330°tin the Raman spectra suggests that the C/Sn films
consist mainly of a Spcoordinated carbon phase. The location of the G-band that is

typical for graphite and carbon blacks is quite insensitive teekiogation wavelength.



However, the observed shift of the D-band position from 1323 to 1344 amd the
decreased peak intensity as the laser excitation is variedof@r8 to 488 nm represents
typical spectral behavior of nano-crystalline graphite with gh hdegree of disorder

[66,67].

TEM imaging was used to investigate the size and distributidim gfarticles as
well as the local structure of carbon in the Sn/C film. Th&-flatd TEM picture of the
Sn/C composite is shown in Figure 4a. The dark-field technique atlleas observation
of particle morphology and the distribution of Sn on the surface &nh€é deposit. The
dark contrast area is attributed to carbon, whereas light coapaist represent Sn nano
particles. The images show a remarkably uniform and fine dispes$ tin in the C/Sn
composite. To determine the Sn particle size distribution in the fimiCone hundred
randomly selected Sn particles from the magnified TEM image® measured. The
statistical representation of the Sn particle size distohus displayed in Figure 4b. The
particle size distribution is very narrow; the calculated ayersize of Sn particles (ca.
2.75 nm) is noticeably smaller than the average particle sigpa¢sd from the X-ray
data. The discrepancy between XRD and TEM particle stdd e due to the presence
of a small number of larger particles that contribute styotggthe XRD pattern. While
they may represent a small fraction of the particles, tloeydcrepresent a significant
fraction of the mass of Sn.

The HRTEM image of the Sn/C agglomerate (Figure 5) reaeédsv 1-5 nm Sn
particles (dark areas) that are fully embedded in partigdgphitized, carbonaceous
material. The presence of nanocrystalline tin particles wa$irmed by their electron

diffraction patterns (not shown here). Interestingly, the carbon stedats/ely large c.a.



10-15 nm well-organized graphene domains in the bulk of the agglomenatd| &s in
locations adjacent to the Sn particles. It also displays regitvesewshorter layers of

irregular shape prevail, which are typical of carbon blacks [68].

The thin-film Sn/C anode was characterized by cyclic vatatny (CV) in the
1.0 M LiPR; EC/DMC (1:1 w/w) electrolyte at 0.1 mVsscan rate (Figure 6a). The CV
profile is typical for tin, tin-based alloys or Sp@omposites after several cycles where
the Sn material is formed from tin oxide reaction with lithiummhe first cycle. A weak
cathodic peak at 0.98 V occurs only during the first scan and maytridauted to the
irreversible reduction of the tin oxide impurities or the formatbrthe SEI layer. The
peak at 0.65 V is usually attributed to early stagegS(Lix<1) of the Li-Sn alloying
process. The large and broad cathodic peak at 0.37 V corresponds to thefooha
highly lithiated phases i.e., 44Sn, Lb 33Sn. The anodic scan exhibits four distinct peaks
at 0.48, 0.62, 0.73, and 0.8 V, which correspond to the delithiation, gbm,i L 335N,

LiSn, and L +Sn phases, respectively [28].

The Sn/C thin-film anodes display a relatively large revezsilidcharge capacity
of ca. 440 mAhg" (calculated for the total mass of the Sn/C layer). Intexggt no
contribution to reversible capacity from the carbon support at pderta25 V was
observed unless the Sn/C anode was polarized at 0 V for a prolongetigddrme (not
shown here). The reversible capacity originates exclusively f6n nanoparticles and
reaches ~880 mARgof the Sn present in the film, which is close to the theoretiale

of 993 mAhg'. Interestingly, the cathodic scan of the voltammogram displays a



considerable contribution from the SEI layer formation, which is maegel than
expected for tin metal but smaller than is usually observedr@r. $his is also clearly
visible during the galvanostatic cycles that are shown in Fidire The charge-
discharging profiles display plateaus characteristic forbtih also show a significant
contribution from the irreversible capacity (c.a. 400 mAhin the first cycle. We
postulate that the irreversible capacity is mainly associaidthe SEI layer formation

on the carbon matrix and some small contribution from tin.

The cycling performance of the Sn/C composite anode is illadtiatFigure 7a.
The galvanostatic charge-discharge cycling was continued overyblg@ at 1C rate and
showed only 40% capacity fading, which presents a significant immeveif compared
with the electrochemical properties of tin based carbon conepositerials reported in
the literature. Veeraraghavan et al. [44] reported 35 cycl€¢1&t and 15.8% discharge
capacity loss for the Sn coated graphite materials. Carbomtnpasites produced by
ball milling showed a capacity drop from 1070 to 380 mAbger 20 cycles [45]. Tin—
graphite materials prepared by chemical reduction of Sst@@iwed the initial reversible
massic capacity of 630 mAHg which decayed to 415 mAHgafter 25 cycles [46]. Tin
nanoparticles embedded in microporous carbon matrices [48] showedchardes
capacity of 305 mAH{ after 30 cycles at C/10 rate whereas tin-filled carbon nana-tube

showed remarkable 844 mAhdpr 40 cycles at C/10 [50].

To evaluate the power capability of the Sn/C composite anode thdlrmnin-

electrode was tested at different discharge rates. Figushokis the discharge curves at



C/20, C/10, C/5, 1C and 5C rates, which correspond to 423, 400, 386, 349 and 297
mAhg®, respectively. Such an improved rate performance as compai&f).&mAhg*

at 2C for the Sn-coated graphite [44] or 200 mAfg 1.5C for Sn-Co-C alloys [51]
suggests that vacuum deposition techniques to manufacture nanorsttunetal-carbon
thin-film anodes may indeed be a promising technology for newrggan lithium-ion

batteries.

The improved electrochemical behavior of the Sn/C composite anadairidy
due to the high lithium diffusion coefficient at room temperature, bigfosity of the
film, and fine dispersion of Sn nanoparticles, which are embeaddtutei3-dimensional
carbon matrix. The 3-D composite design allows the accommodatiatimensional
changes of Sn nanopatrticles and the preservation of the structdiraleatronic integrity
of the Sn/C electrode during cycling. The observed decrease mvbisible capacity is
likely related to large tin clusters or particles,ievhare weakly bound to the surface of
the carbon aggregates. The network-like 3-D architecture @@ thin-film provides
mechanical support and good electrical contact between Sn actiegiahand the
current collector. The nanometer size of Sn particles helpsicattass that arises from
the expansion/contraction of the crystalline lattice ofShi during charge-discharge

processes and prevents particle decrepitation and the degradation of the evamualst

4. Conclusions
In summary, we demonstrated a novel synthesis technique for the jowadofc
nanocomposite anodes for Li-ion batteries. The MPVCD co-synthesia n&no-

structured Sn/C composite thin-film described in this study presestmple, fast, and
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inexpensive method for the one-step formation of electronically-conductivieon/metal
composite binderless thin-films, which can be deposited on any typaebstrate. The
fast plasma discharge and the presence of microwave radiatielerate the formation
of sites suitable foin situ heterogeneous nucleation, and consequently, the growth and
uniform dispersion of tin nanoparticles in the carbonaceous matrixel€htrochemical
response of the Sn/C thin-film electrode Li-ion system displays reversible charge-
discharge activity, which is attributed mainly to Sn nanopartidég thin-film Sn/C
electrodes delivered a reversible capacity of 440 and 297 thAhgC/25 and 5C
discharge rates, respectively. A long term cycling of the Sai@des showed 40%
capacity loss after 500 cycles at 1C rate. The improvedr@ddemmical behavior of the
Sn/C thin-film composite anode is mainly due to the high porositheffim and fine

dispersion of Sn nanoparticles, which are embedded in the 3-dimensional carbon matrix.
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Figure Captions
Fig. 1. X-ray diffraction pattern of Sn/C composite film onsglaVertical markers
represent peak positions for bulk tetragonal Sn (PDF ReferendernPat-673,

International Centre for Diffraction Data).

Fig. 2. Micro-Raman spectra of the Sn/C composite film recoatleB8 and 632.8 nm

excitation wavelength.

Fig. 3. SEM micrographs of the surface (a), cross-sectiona(id),the corresponding

EDX spectrum (c) of the Sn/C composite thin-film deposited by MPCVD on Cu foi

Fig. 4. (a) Dark-field TEM image of the Sn/C composite depodigedPCVD, (b)

diagram of Sn patrticle size distribution in the Sn/C composite.

Fig. 5. HRTEM image of the Sn/C nanocomposite synthesized by MPCVD.

Fig. 6. (a) First CV scan of the Sn/C nanocomposite anode. Scath ispeevas 0.1

mVs?, (b) first two galvanostatic cycles of the Sn/C electrode at 1C rate.

Fig. 7. (a) Discharge capacity of the Sn/C thin-film nanquasite anode during a long-

term cycling at room temperature at 1C rate, (b) dischapacity of the Sn/C anode at

different rates (the electrode was charged at C/10 prior to dischayyemrate )
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