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bstract

Sn87Co13 alloys are prepared by two different reduction methods and characterized by X-ray diffraction (XRD), transmission electron microscopy
TEM), and electrochemical cycling. One method, using NaBH4 as a reducing agent, obtains aggregated particles with particle sizes from 20 to
00 nm. The second method, using sodium naphthalenide as a reducing agent, shows a well-dispersed nanoalloy coated with amorphous carbon,
ith a particle size of 15 nm. Although electrochemical results shows that the charge capacity of the two alloys is quite similar, 662 mAh/g, the
apacity retention of the nanoalloy prepared using sodium naphthalenide was 427 mAh/g, which is two times higher after 30 cycles than the bulk
nalogue obtained using NaBH4. This is due to the uniform particle size and amorphous carbon layer that effectively reduces anisotropic volume
xpansion and also minimizes particle aggregation and pulverization that causes a direct electrical disconnection with the copper current collector.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

The maximum utilizable capacity of a 18650 size cylin-
rical Li-ion cell is about 2800 mAh/g when a charge cut-off
oltage of 4.4 V is used. The capacity of natural graphite is
365 mAh/g. In order to increase the capacity of the cell beyond

800 mAh, metal-based anode materials are used, and Sn and
i alloys have been intensively investigated [1–8]. However,

he significant volume changes that these alloys incur during
ithium alloying and dealloying causes cracking and crumbling
f the electrode material and, consequentially, a loss of elec-
rical contact between particles. In order to reduce mechanical
train, particles of smaller size or consisting of active/inactive
omposites have been made and are shown to possess improved
apacity retention [9–11]. In this regard, ball-milling methods
ave been widely investigated because the composite can be
asily prepared [12–14].
Mechanically alloyed Sn–Fe–C and Ag–Fe–Sn or Sn–C com-
osite have been reported, and, depending on the composition,
first charge capacity as high as 600 mAh/g can be obtained
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Irreversible capacity

13,15,16]. However, this method suffers from the disadvan-
ages of poor control of particle size and poor dispersity of the
ctive phase in the inactive matrix phase. On the other hand,
chemical reduction method using NaBH4 has been reported

1,17–21]. Yang et al. report the synthesis of Sn–SnSb micro-
rystalline powders with a particle size <300 nm using NaBH4
s a reducing agent, and relatively good reversibility of the
n–SnSb composite with a value of about 360 mAh/g [1]. Wang
t al. report that phenanthroline capped tin nanoparticles with a
article size <10 nm using NaBH4 have a maximum reversible
apacity of 434 mAh/g, but initial irreversible capacity was 36%
22]. Recently, Xie et al. reported that CoSb2 nanoparticles are
uccessfully made by solvothermal synthesis above 120 ◦C using
aBH4, and the particle size was larger than 60 nm [18]. The first

harge capacity was 672 mAh/g but showed a large irreversible
apacity ratio of 49% during the first cycle. In spite of the fact that
anoparticles could have better capacity retention than their bulk
nalogues, the tendency to have a large irreversible capacity is a
echnical hurdle for achieving highly reversible anode materials.

In this study, we report an electrochemical comparison of

n87Co13 alloys prepared by a normal NaBH4 reduction method
nd a method using sodium naphthalenide as a reductant. Even
hough the method using sodium naphthalenide required
n annealing process above 500 ◦C, the as-prepared sample

mailto:jpcho@kumoh.ac.kr
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The electrochemical studies were carried out using coin-type
half cells (2016 type) with a Li counter electrode. A Sn87Co13
alloy: PvdF binder: carbon black in a weight ratio of 8:1:1 was
used as the working electrode.
Fig. 1. Schematic diagrams of prepara

howed excellent capacity retention with a reversible capacity
f 662 mAh/g and an irreversible capacity comparable to a bulk
nalogue.

. Experimental

.1. Synthesis

We used two different synthesis methods, one that did not uti-
ize a surface terminating agent and other that used butyllithium
s a surface terminating agent, to produce the nanoparticles.
he first method (method A) consisted of the following steps.
or Sn87Co13, 1.65 g of tetrammonium bromide was dissolved

n 15 ml of CCl4 while 0.845 g of SnCl2·2H2O (99.9%) and
.297 g of CoCl2·6H2O (99.9%) were dissolved in 30 ml of dis-
illed water. While stirring, 6 g of NaBH4 that was previously
issolved in 15 ml of distilled water was slowly poured into
he mixed solution. After stirring for 4 h, the solution was cen-
rifuged, washed with distilled water to remove residual NaCl,
insed with acetone, and vacuum-dried at 90 ◦C for 12 h to obtain
n87Co13 nanoparticles.

The second method (method B) used a modified synthesis
echnique based on a procedure reported by Yang et al. [23].
n this method, 7.5 ml of anhydrous SnCl4 (99.999%) and 0.5 g
f CoCl2 (99.99%) in a dried tetrahydrofuran were thoroughly
ixed in a flask under a dry argon atmosphere in a glove box.
his mixture was then poured into a solution consisting of 6 g
f sodium metal and 14 g of naphthalene dissolved in 30 ml of
etrahydrofuran. This mixed solution was stirred for 24 h and
hen 60 ml of butyllithium (n-C4H9Li) was added. This solu-
ion was stirred at room temperature for 4 h with the solvent and
aphthalene being removed by using a rotating evaporator at

0 ◦C. The product was washed with distilled water seven times
nd finally vacuum-dried at 120 ◦C for 48 h. The obtained prod-
ct, which was a viscous liquid with a black color, was annealed
t 700 ◦C for 5 h under a vacuum atmosphere.
ethods A and B for Sn87Co13 alloys.

The reaction diagrams for methods A and B are illustrated in
ig. 1, and both reactions led to the by-products LiCl and NaCl.

washing process using distilled water was essential. Chlo-
ide groups on the SnCo nanoparticles were replaced by C4H9
erminators, which eventually tuned into amorphous carbon at
00 ◦C.

.2. Characterization

HRTEM samples were prepared by the evaporation of col-
oids in acetone or hexane on carbon-coated copper grids. The
eld-emission electron microscope was a JEOL 2000F operating
t 200 kV. Powder X-ray diffraction measurements were carried
ut using a Rigaku D/Max2000 with a Cu-target tube. Induc-
ively coupled plasma-mass spectroscopy (ICP, ICPS-1000IV,
himadzu) was used to determine the metal contents. The car-
on and hydrogen concentrations were measured using a CHNS
nalyzer (Flash EA 1112, Thermo Electron Corp.).
Fig. 2. XRD patterns of Sn87Co13 alloys prepared by methods A and B.
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oys prepared by methods A (a) and B (b).
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Fig. 3. TEM images of Sn87Co13 all

. Results and discussion

Fig. 2 shows the X-ray diffraction (XRD) patterns of
n87Co13 nanoparticles prepared by methods A and B. Both
owders had the �-Sn phase with no trace of Co peaks, indi-
ating the formation of a solid solution without showing a
oSn2 phase. This indicated that the Co atoms were completely

ncorporated into the Sn lattices. In nanoscale materials, super-
aturated alloys can be formed without phase segregation, and,
or example, 10 at.% Ni can be supersaturated into tetragonal tin

24]. Similarly, in a macroporous Sn–Co alloy, over 40 at.% Co
as reported to be supersaturated in �-Sn lattices [25]. Accord-

ngly, we believe that 13 at.% Co atoms can be substituted into Sn

ig. 4. Voltage profiles of the samples prepared by method A (a) and B (b)
etween 0 and 1.2 V at a rate of 0.2 C.

F
m

s
p
�
d
(
A
i
s
r
w
p

F
c

ig. 5. Differential capacity as a function of potential for Sn87Co13 prepared by
ethods A and B during the first cycle.

ites without phase segregation. Even though the melting tem-
erature of pure �-Sn is ∼200 ◦C, a 13 at.% addition of Co in
-Sn exhibits a melting temperature of above 800 ◦C in the phase
iagram [26]. Fig. 3 shows transmission electron microscopy
TEM) images of the Sn97Co13 alloys prepared by methods

and B. The as-prepared sample using method A shows an
rregular particle size distribution between 20 and 200 nm with

ome aggregation. The alloy prepared by method B exhibits
elatively well-dispersed particles, with a size of 15 nm, that
ere covered by amorphous carbon. An inductively coupled
lasma (ICP) analysis of the samples prepared by methods A

ig. 6. XRD patterns of the samples prepared by methods A and B after 30
ycles.
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Fig. 7. TEM images of the samples pr

nd B confirmed the formation of Sn86.5Co12.5 and Sn87.2Co12.8,
espectively. The amount of H and C in the sample prepared by
ethod B was 0.01 and 10 wt.%, respectively, indicating that

morphous carbon contained a negligible amount of hydrogen
fter annealing at 700 ◦C. Fig. 4 shows voltage profiles of the
amples prepared by both methods between 0 and 1.2 V at a
ate of 0.2 C. First charge capacities for the samples prepared
y method A and B were 658 mAh/g and 662 mAh/g, respec-
ively, but the slightly larger irreversible capacity of the sample
repared by method B (13%) than that by method A (11%).
he discharge capacity of 905 mAh/g (prepared by method B)
uring the first discharge agrees with the theoretical capacity
f Sn87Co13 alloy, corresponding to was 900 mAh/g. Capac-
ty contribution from the amorphous carbon was ∼10 mAh/g
21]. However, the irreversible capacity of the sample prepared
y method B is 3–4 times lower than other nanoalloys, which
ave an irreversible capacity of over 30% [1,17–19]. This indi-
ated that the amorphous carbon layer effectively reduced side
eactions. The capacity retention of the sample prepared using
ethod B after 30 cycles was two times higher than that prepared

y method A, which was 65%. Though the volume expansions
f the metal hosts upon alloying with lithium are in the order
f 300% large, absolute volume changes can be avoided when
he size of the metallic host particles is kept small and uniform.
n addition, the amorphous carbon layer can afford to provide a
uffer zone for volume expansion.

Fig. 5 compares the differential capacity as a function of
otential for Sn87Co13 prepared by methods A and B during
he first cycle. The sample prepared by method A clearly shows
eak growth between LixSn and Sn at 0.7 and 0.8 V, respectively,
uring the charge. In addition, sharp peaks between 0.4 and
.6 V during discharge are indicative of the two phase transitions
rom LixSn to Sn. However, the Sn87Co13 electrode prepared by
ethod B showed significantly depressed phase transitions as

pposed to the samples prepared by method A. Considering that
ulk sized Sn particles showed <10% capacity retention after 10
ycles [21], inactive Co atoms played a dominant role retarding

he Sn aggregation. In accordance, possible reaction mechanism
f Sn87Co13 can be written as:

n87Co13 + xLi+ + xe− ↔ LixSn87Co13
by methods A and B after 30 cycles.

Further evidence for a decrease in Sn particle growth can
e seen in ex situ XRD patterns and TEM images after 30
ycles. Fig. 6 shows XRD patterns of the samples prepared
y methods A and B after 30 cycles, and particle size can be
stimated at 1 �m and 40 nm, respectively, using Debye-Scherr
quation [27]. These values were 6.5 times and 4 times larger
alue than the initial particle size before cycling. This indicated
hat amorphous carbon layer acts as buffer layer for Sn parti-
le aggregation during cycling. This result was consistent with
EM results that show the severely aggregated particle size of

he sample prepared by method A in Fig. 7.

. Conclusion

The Sn87Co13 nanoalloy prepared by using sodium naph-
halene showed a reversible capacity of 658 mAh/g with a
oulombic efficiency of 85% and demonstrated good capac-
ty retention, compared with that prepared by using NaBH4.
he nanoalloys prepared by using sodium naphthalene showed

mproved dispersity and good coverage with amorphous carbon.
lthough, this procedure required an additional ligand exchange

eaction with the grignard reagent, it led to easy control of
article size with and average size of <15 nm.
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