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SnQ nanoparticles with different sizes of3, ~4, and~8 nm were synthesized using a hydrothermal
method at 110, 150, and 20Q, respectively. The results showed thattff2nm-sized Sn@nanoparticles
had a superior capacity and cycling stability as compared to~theand~8 nm-sized ones. The 3
nm-sized nanoparticles exhibited an initial capacity of 740 mAh/g with negligible capacity fading. The
electrochemical properties of these nanoparticles were superior to those of thin-film analogues.
Transmission electron microscopy (TEM) and X-ray diffraction (XRD) confirmed thattB@m-sized
SnQ nanopatrticles after electrochemical tests did not aggregate into larger Sn clusters, in contrast to
those observed with the4 and~8 nm-sized ones.

Introduction for Li-ion cells. M,SnO, compounds were also reportéd?
where M (Ni, Ca, Fe, Sh, etc.) was inactive with Li, and
Slocked the aggregation of Sn particles during cycling.
However, it sacrificed the capacity itself.

Recently, metal-oxide nanoparticles with different mor-
phologies have been studied intensively for potential ap-
plications, such as sensors and magnetic/electronic devices.
However, applications to Li-ion cells have been limitéd®
Moreover, the correlation between the nanoparticle size and
the cycling stability was not systematically studied. Graetz
et al. proposed that the size of the Si nanoparticle for Li-ion
cells should be<15 nm to improve the cycle-life perfor-
mance?! Herein, we report the critical size of Sa@ano-
particle and its effect on the cycling stability.

Many efforts have been made to implant a Sn-based anod
into a Li-secondary battery since it was first reported by Idota
et al. in 1997 These electrodes exhibited a higher capacity
(>600 mAh/g) than the conventional graphite anode (372
mAh/g), but showed faster capacity fading upon cycling.
Coutney et al. rationalized the reaction of Swath lithium,
by SnQ + 4Li — Sn+ 2Li,0 and Sn+ xLi <> Li,Sn2 The
maximum theoretical capacity of the Sp@node is 781
mAh/g by this mechanism. The irreversible initial capacity
loss is due to the formation of amorphousQ@imatrix. The
most detrimental factor that hinders the use of a Smt@de
in Li-ion cells is its poor cycling stability as a result of the
drastic volume change between Sn ang;8h of 358%
Consequently, the particles become detached and electrically
inactive. Diffraction studies confirmed that the small and
active Sn particles aggregated into larger and inactive Sn  SnQ; nanoparticles with an average size-e3, ~4, and~8 nm
clusters during cycling. were synthesized from SnClnd triethylenediamine (TEDA:
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TEDA was then added under magnetic stirring. The mixture was T
then transferred into a Teflon-lined stainless steel autoclave and - (2)
maintained at 110, 150, and 20Q, for approximately 40 h. The -
TEDA molecules acted as a capping agent, providing the coordi-
native saturation of dangling bonds on the surface of SnO
nanopatrticles, and thereby assisted the stabilization of seeds during
the initial stage of hydrothermal reaction. Upon increasing the
hydrothermal-reaction temperature, seeds were coarsened into larger
particle sizes. The sizes of the nanoparticles were easily controlled
and reproducible: for instance, 50 g of th& nm-sized nanopar- } + } + —— } —
ticles was easily reproduced using this hydrothermal reaction.
After cooling to room temperature, precipitates were washed in
water and acetone without a size selection process, and dried for
10 h. Electrochemical studies were carried out using coin-type half
cells (2016 type) with a Li counter electrogfe?3 SnQ;, nanoparticle:
binder:carbon black in a weight ratio of 3:1:1 was used as a working
electrode. The electrolyte wd M LiPFK; with ethylene carbonate/
diethylene carbonate/ethylmethyl carbonate (EC/DEC/EMC) (30:
30:40 vol. %) (Cheil Industries, Korea), and its purity was 99.99%
with 0.01 wt. % HF. X-ray diffraction (XRD: M18XHF-SRA,
MAC Science) was used for the Sp@anoparticles, before and
after cycling. For transmission electron microscopy (TEM: JEM
3000F, JEOL), the as-prepared Sn@anopatrticles were dispersed
in ethanol and sonicated for 1 h. The cycled electrodes were
sonicated in the acetonerf@ h sothat only the active particles
were obtained from the composite electrodes.
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_ Figure 1 sh_ows the XRD patterns of the Sn@mopar- Scattering Angle 26 (degree)
ticles Sy.nthes.lzed at 110, 150’ and 2 respectively. Al Figure 1. XRD patterns of the Snnanocrystals before cycling, which
of the diffraction peaks are indexed as Sv@th the space  \ere synthesized at (a) 1@, (b) 150°C, and (c) 200C. The ideal peak
group, P4,/ mnm(136) (JCPDS #41-1445), and no impurity positions and intensities for tetragonal SraPe marked (JCPDS #41-1445).
peaks are detected. The broad peaks reveal the presence of _, .. . : .
nanosized Sn@crystals. Using the Scherrer equation, the Stability was obtained by a reversible volume change without

sizes of the Snenanoparticles synthesized at 110, 150, and aggregation of Sn during I|_th|at|on/dellth|at|on,_Whlch is in

N . contrast to that observed with thel and~8 nm-sized Sn@
200°C were estimated to be 3:8 0.1, 4.0+ 0.1, and 7.7 nanoparticles. Furthermore, the effect of the amounts of
+ 0.1 nm, respectively, which are consistent with the TEM P ) '

observations (Figure 2). The TEM images show the same gi:?gir;]ezla'(l:'t]eacnch;klj?l(i:iero;) Ph(:heeiegt); gl(ljr;% xﬁgagéo\:\nwss
SnQ nanoparticles with~3, ~4, and~8 nm-size distribu- : Y y - 70

N 2 ) 0
tions. The lattice fringes of Snhanoparticles with (110) SnG: (~3 nm) wass quite similar o thqse with 60 wt. %6 SnO
and (101) planes are also observed in Figure 2 at the same C ratg, as shown in Figure 4b. It is generglly
. ; known that more binder and carbon conductor are required
The cycle-life performances of the Sp@anoparticles are

mpared in Fiaure 3. The Sa@nodes wer led at th to overcome the large volume expansion of the Sn-based
compare gure 5. “he opianodes were cycled atth€ g0 troded4 However, in the case of the well-distributec
rate of 60 mA/g € 0.08 C) for the first cycle, and at a charge . T

; nm-sized Sn@electrodes, the effect was indistinguishable

rate of 1800 mA/g £ 2.31 C) and a discharge rate of 300
mA/g (= 0.38 C) afterward between 1.2 and 0 V. Th8 up to 80 wt. %.
nm—sg' (;d én@n;no articles sh\g od a{n iniial cal acity of The cycled Sn@nanoparticles were examined by XRD
240 :”f]Ah/ hich P asl S sta'n\:avd tIoIEISO c Elesly ith and TEM to confirm the origin of the excellent cycling
negligible ga V;/cilt favc\ilin esen :';u a hlu% charge réte Invl\;lulk stability of the ~3 nm-sized Sn@nanoparticles. After 30

glg pacity 9 9 9 ' cycles, all of the cells were disassembled and dried in an

materials, such capacity retention even at a low charge rate ' : :
’ . argon-filled glovebox for 24 h. The dried nanoparticles were
has not been reported. In contrast, thé and~8 nm-sized 9 g P

- . sonicated in acetone fd h toremove the organic residue.
;ne?gizsggi\;v ecrie;g 221)?1?321%3322;5;34 ;?Q?/gband All samples were kept in the vacuum desiccator to minimize
pactly T 7o 0 the air exposure. Figure 5 shows the XRD patterns of the
cycles, respectively, as shown in Figure 4a. The most

. . SnQ nanoparticles after 30 cycles. The3 nm-sized
detrimental factor of a SrnfDanode is the large volume . .
mismatch between Sn and&n. With the critical size+3 nanoparticles show Sn@rystalline peaks, probably due to

nm) of the Sn@ nanoparticles, a superior electrachemical the oxidation of small Sn nanoparticles during air exposure
P ' P for approximately 1 h. It is well known that metal nanopar-

ticles are easily oxidized in air. However, the TEM image

(22) Cho, J.; Kim, Y. J.; Kim, T.-J.; Park, B\ngew. Chem., Int. EQ001,
40, 3367.

(23) Cho, J.; Kim, Y.-W.; Kim, B.; Lee, J.-G.; Park, Bngew. Chem., (24) Kim, T.-J.; Son, D.; Cho, J.; Park, B.; Yang, Hlectrochim Acta
Int. Ed. 2003 42, 1618. 2004 49, 4405.
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Figure 3. Voltage profiles of the SnPnanoparticles as a function of (a)
~3 nm, (b)~4 nm, and (c)~8 nm in coin-type half cells. SnCanodes
were cycled at the rate of 60 mA/g-(0.08 C) for the first cycle, and at the
charge rate of 1800 mA/g=2.31 C) and the discharge rate of 300 mA/g
(= 0.38 C) between 1.2 @0 V for the remaining cycles.
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Figure 2. High-resolution TEM images of the Sa@anocrystals before 0 10 20 30 40 50 60
cycling, synthesized at (a) 11°C, (b) 150°C, and (c) 200°C. Cycle Number

~ _ai ; ; Figure 4. Cycle-life performance of the Sp@anoparticles as a function
of the ~3 nm-sized Sn.@nanOpamCIes (Flgure 6) shows of (a) size ¢3, ~4, and~8 nm) and (b) electrode composition (SnO
both a few nanometer-sized Sp@anoparticles and tetrago-  pinder:carbon black in a weight ratio of 6:2:2 and 8:1:1). The charge cutoff-

nal Sn (-Sn) nanoparticles without aggregation into larger voltage was 1.2 V.
Sn clusters. The lattice fringes of Sn@10) and-Sn (200)
planes are shown. The diffraction pattern also confirms,SnO Oxidation was also confirmed by TEM. The XRD patterns
andt-Sn, as shown in the inset. Tetragonal Sn nanoparticlesof the ~8 nm-sized particles showteSn phase. The TEM
are observed by TEM as a result of the negligible air image of the~8 nm-sized Sn@nanoparticle (Figure 7a)
exposure £1 min), as compared te-1 h in XRD. showst-Sn nanoparticles with various sizes. Even large Sn
The XRD patterns of the~4 nm-sized nanoparticles clusters over~100 nm were observed. The selected area
(Figure 5b) show cubic Src{Sn) crystalline peaks. In the diffraction (SAD) pattern is indexed t©Sn. In the case of
case of the~4 nm-sized Sn® nanoparticles, the Sn the~8 nm-sized Sn@nanoparticles (and the4 nm-sized
nanoparticles were more stable in air as compared to theones), the Sn particles were quite stable in air. Sn nanopar-
~3 nm-sized nanoparticles. The presences-&n without ticles over a critical size appear to aggregate into larger stable
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Figure 5. XRD patterns of the Snonanoparticles at 1.2 V as a function
of size, (a)~3 nm, (b)~4 nm, and (cy~8 nm, after 30 cycles between 0
and 1.2 V. The diffraction patterns are indexed to tetragonal,Soic :
Sn, and tetragonal Sn in (a), (b), and (c), respectively. The ideal peak i aggregated £-Sn
positions and intensities are marked for tetragonal SAOPDS #41-1445), i

cubic Sn (#05-0390), and tetragonal Sn (#04-0673), respectively.

——5Sn0, (310)
%2 tSn (211) ——

“ SnO; (200
._tS” {101}——520,,(“011}
* t-Sn (200) Sn(:}2 (110)

Figure 7. (a) High-resolution TEM image of8 nm-sized Sn@nanoc-
rystals after 30 cycles. Aggregation into larger clusters is shown. The inset
image is a SAD pattern along the [001] zone axis showing tetragonal Sn.
(b) Magnified image of the circled region in (a). A few nanosized Sn
nanoparticles aggregate into the larger Sn clusters, to minimize the surface
energy among the particles.

assembles smaller ones to minimize the surface energy
among the particles. These large Sn particles may not
maintain their integrity due to the large volume change during
cycling, resulting in poor capacity retention. Th& nm sized
SnQ nanoparticles did not aggregate after cycles, yielding
excellent capacity retention. On the other hand, bethand

~8 nm-sized samples exhibited apparent capacity decay, and
the latter electrode (having 97% capacity decay after 60

Figure 6. High-resolution TEM image of-3 nm-sized Sn@nanocrystals cycles) was clearly separated from the Cu current collector.
after 30 cycles. Aggregation into the larger Sn particles is not shown. The
inset image is a diffraction pattern showing Sréhd tetragonal Sn.

Conclusions

Sn clusters during cycling. Figure 7b shows a magnified The critical size of Sn@nanoparticles with an average
image of the circled region in Figure 7a, showing the core- size of ~3 nm showed an initial charge capacity of
shell structure of the Sn clusters 30 nm-sized Sn cluster 740 mAh/g, with negligible capacity fading after 60 cycles
is surrounded by a few nanometer-sized Sn particles. Onceeven at a high charge rate. The principal reason of this
a large Sn cluster is formed, it appears to be favorable for asuperior electrochemical property is that the Sn nanoparticles
larger Sn cluster to form at the expense of smaller ones.undergo a reversible volume change without aggregation into
Therefore, as shown in Figure 7b, the larger Sn cluster larger Sn clusters during cycling, which is confirmed by XRD
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and TEM. Sn@nanoparticles are one of the most promising may facilitate LiO matrix reversibly?® Further studies are
candidates for replacing the conventional graphite anode incurrently underway to resolve this irreversible capacity
Li-ion cells. However, it has a relatively large irreversible problem in the nano Sn-based anode materials.
capacity as compared to the theoretical value. The large )
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electrolyte. Also, mixing Sn@with nano-sized metal oxides
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