
N
t

Y
a

b

a

A
R
R
A
A

K
S
C
C
L

1

e
d
g
[
w
h
w
f
c
d
l
a
t
o
s
v
u
i

h
0

Applied Surface Science 332 (2015) 192–197

Contents lists available at ScienceDirect

Applied  Surface  Science

journa l h om epa ge: www.elsev ier .com/ locate /apsusc

anostructued  core–shell  Sn  nanowires  @  CNTs  with  controllable
hickness  of  CNT  shells  for  lithium  ion  battery

u  Zhonga,  Xifei  Lia,  Yong  Zhanga,  Ruying  Lia,  Mei  Caib, Xueliang  Suna,∗

Department of Mechanical and Materials Engineering, University of Western Ontario, London, Ontario N6A 5B9, Canada
General Motors Research and Development Center, Warren, MI  48090-9055, USA

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 29 April 2014
eceived in revised form 15 January 2015
ccepted 16 January 2015
vailable online 23 January 2015

a  b  s  t  r  a  c  t

Core–shell  structure  of Sn  nanowires  encapsulated  in amorphous  carbon  nanotubes  (Sn@CNTs)  with
controlled  thickness  of  CNT shells  was  in  situ  prepared  via chemical  vapor  deposition  (CVD)  method.
The  thickness  of  CNT  shells  was  accurately  controlled  from  4  to 99 nm  by using  different  growth  time,
flow  rate  of  hydrocarbon  gas  (C2H4) and  synthesis  temperature.  The  microstructure  and  composition  of
the  coaxial  Sn@CNTs  were  characterized  by X-ray  diffraction  (XRD),  scanning  electron  microscopy  (SEM),
eywords:
n@CNT
ore–shell
ontrolled thickness
i-ion battery

and high  resolution  transmission  electron  microscopy  (HRTEM)  techniques.  Moreover,  the  Sn@CNTs  were
studied  as  anode  materials  for Li-ion  batteries  and  showed  excellent  cycle  performance.  The  capacity  was
affected  by  the  thickness  of  outer  CNT  shells:  thick  CNT  shells  contributed  to  a better  retention  while  thin
CNT  shells  led  to a  higher  capacity.  The  thin CNT  shell  of 6 nm  presented  the  highest  capacity  around
630  mAh  g−1.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

The lithium ion battery (LIB) has been considered as a very pow-
rful and promising energy source for portable electronic devices
ue to high energy density [1–5]. However, the commercialized
raphite anode only has the low theoretic capacity of 372 mAh  g−1

6]. To meet the demands of better performance of LIB, intensive
ork has been dedicated to find new anode materials which have
igher theoretic capacity and better cycling performance, like Sn
ith theoretic capacity of 994 mAh  g−1 [7]. However, Sn anode suf-

ers from the big volume change during the charge/discharge pro-
ess [8], which leads to the pulverization of the anodes and sharply
eclines the performance of the batteries [9–11]. To solve the prob-

em resulting from the large volume change, nanomaterials as
nodes could provide an effective approach for their unique struc-
ures and excellent properties [12]. Some significant advantages
f nanomaterials as anodes have been revealed: (1) there is void
pace between the nanostructures which can effectively buffer the

olume change during the charge/discharge process; (2) due to the
nique structures, they provide quite short diffusion distance for Li

ons to insert/extract from the anodes and short path for electron

∗ Corresponding author. Tel.: +1 519 6612111x87759; fax: +1 519 6613020.
E-mail address: xsun@eng.uwo.ca (X. Sun).

ttp://dx.doi.org/10.1016/j.apsusc.2015.01.099
169-4332/© 2015 Elsevier B.V. All rights reserved.
transportation; (3) the nanomaterials possess the huge surface area
which could increase the charge/discharge rate [1,13,14].

Some novel nanostructures, like nanopaticles [15], nanowires
[16–18], nanotubes [19] and core–shell nanostructures [20–23],
have already been employed as anodes in LIBs. Especially in the
core–shell structure, the outer layers like carbon as a shell can help
to enhance the performance of the batteries [3,12]. Furthermore,
more research attentions are paid to one dimensional core–shell
nanomaterials consisting of Sn nanomaterials as core and carbon
layers as shell. The roles of carbon in the unique core–shell struc-
ture have been proposed as: (1) limiting the volume expansion
and stabilizing the structure; (2) increasing the electrical conduc-
tivity; (3) protecting the nanomaterials from damage in various
working environment [3,12,21,24]. These core–shell nanomateri-
als can be produced via in situ methods. Li et al. [25] reported the
in situ synthesis of Sn nanowires encapsulated in amorphous car-
bon nanotubes. Deng and Lee [26] also presented the fabrication
of rambutan-like tin-carbon nanoposites via ex situ method. The
thickness of the carbon shells should be considered as a key factor
that can affect the performance of anodes. The optimized thickness
of carbon layers can help to approach to the better performance of

the anodes. However, the control of the carbon thickness is still a
big challenge; more importantly, few reference was reported about
the carbon thickness effect of core–shell structure on the battery
performance.

dx.doi.org/10.1016/j.apsusc.2015.01.099
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
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range of 0.01–3.00 V at a constant current density of 100 mA  g−1
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Fig. 1. XRD diffraction pattern of Sn@CNTs on carbon paper.

In this paper, we report an in situ method to synthesize encap-
ulated Sn nanowires in amorphous CNTs (Sn@CNTs), with tailored
hickness of outer CNT shells. The thickness of outer CNT shells can
e accurately controlled by using different experimental param-
ters: growth time, hydrocarbon gas flow rate and synthesis
emperature. It was demonstrated that the carbon thickness has
ignificantly affected cyclic performance of core–shelled anodes.

. Experimental

.1. Synthesis of Sn@CNTs
Sn@CNTs were synthesized by a CVD method [25]. Sn powder
as used as the starting material and loaded in a ceramic boat
hich was placed in the center of a quartz tube. A piece of

ig. 2. SEM, TEM and HRTEM images of Sn@CNTs with amorphous CNT shell. (a) and (b) S
ience 332 (2015) 192–197 193

commercial carbon paper was used as the substrate and put
near the Sn powder at the down stream of an Ar flow (400 sccm)
which acted as carrier gas. The quartz tube was  mounted in a
tube furnace. Before the reaction started, the tube was  purged
by Ar flow for 15 min. When the furnace was heated up to the
reaction temperature (800–900 ◦C), the nanostructures began to
grow on the substrate under a mixed flow of Ar (400 sccm) and
hydrocarbon gas (C2H4, 2–10 sccm). The system was kept at this
condition for certain periods (0.5–2 h), and then was cooled down
to the room temperature.

2.2. Materials characterization

The Sn@CNTs with different CNT shell thickness were charac-
terized by X-ray diffraction (XRD, Rigaku Co K� radiation), field
emission scanning electron microscopy (FE-SEM, Hitachi 4800S
SEM), transmission electron microscopy (TEM, Hitachi 7000), and
high-resolution transmission electron microscopy (HRTEM, JEOL
2010 FEG).

2.3. Electrochemical measurement

The electrochemical measurements were carried out using
coin-type half cells assembled in an argon-filled glove box. The
Sn@CNTs growing on carbon papers were directly used as anodes
after dried in a vacuum oven at 100 ◦C over night. A lithium foil
worked as counter electrode. The electrolyte was  prepared by
dissolving 1 M LiPF6 in a mixture of ethylene carbonate:diethyl car-
bonate:ethyl methyl carbonate with a volume ratio of 1:1:1. The
charge/discharge cycling was  performed galvanostatically in the
[24,26]. Cyclic voltammetry (CV) curves were conducted in the
range of 0.01–3.00 V at a scanning rate of 0.1 mV s−1. The electro-
chemical measurements were conducted at room temperature.

EM images of Sn@CNTs; (c) and (d) TEM and HRTEM images, (d) inset: SAED of core.
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Fig. 3. SEM and TEM images of Sn@CNT with different

. Results and discussion

Fig. 1 shows the XRD diffraction pattern of the as-synthesized
roducts on the carbon paper substrate at 850 ◦C under C2H4 flow
5 sccm) for 2 h. The major peaks observed in the pattern are
ell indexed to tetragonal Sn (JCPDS card No. 04-0673). The peak

ssigned to graphite (JCPDS card No. 41-1487) is mainly derived
rom carbon substrate. The XRD pattern indicates the products
resent a relatively high purity.

Fig. 2a shows that the products are quite dense and completely
over the carbon substrate. The high resolution SEM image (Fig. 2b)
eveals that the products exhibit the morphology of nanowires
ith the length ranging from 4 to 7 �m and average diameter

round 170 nm.  At the tips of the most nanowires, hollow cells
re observed which are formed by very thin shell. Structural
nformation was further investigated by TEM. Fig. 2c presents the
EM images of the products, which clearly reveals the products

ossess a core–shell structure. The core–shell structure consists
f outer thin shell and inner solid core. The selected area electron
iffraction (SAED) pattern of the solid core shown in Fig. 2d inset,

s well indexed as ˇ-Sn with the incident beam along [1 0 1] crystal
h time. (a) and (b) 0.5 h; (c) and (d) 1 h; (e) and (f) 2 h.

direction. The fringe spacing of the lattice of Sn nanowire was mea-
sured and labeled in Fig. 2d. The distance between two  layers in the
lattice is 0.414 nm which corresponds well to d spacing of {1 1 0}
crystal planes of Sn with the standard crystal spacing of 0.412 nm
[27,28]. On the other hand, the carbon shell in Fig. 2d presents the
amorphous features. Clearly, the as-synthesized products have a
core–shell structure consisting of crystalline Sn nanowires as core
and amorphous carbon nanotubes as shell (Sn@CNTs). The growth
mechanism of Sn@CNT involves the decomposition of C2H4, and
absorption and diffusion of carbon precursors at Sn droplets acting
as catalysts, followed by precipitation of CNT shell and growth
of Sn nanowires [25]. Because of the low solubility of carbon, the
catalytic ability of Sn is not effective, which leads to the growth
of amorphous carbon in the materials [25]. The hollow cells were
formed due to the shrinking derived from the conversion of Sn
from liquid phase to solid phase during the cooling process.

The introduced outer CNT shells could effectively buffer the vol-

ume  change during the charge/discharge process, and also helped
to maintain the one dimensional nanostructure of the materials.
However, the thickness of carbon shell has some influence on the
‘buffering effect’, and can affect the performance of the Sn@CNTs.
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Fig. 4. SEM and TEM images of Sn@CNT with different 

n order to control the thickness of the CNT shell, the effects of
ifferent experimental parameters on the carbon thickness were

nvestigated, such as growth time, hydrocarbon gas flow rate and
ynthesis temperature.

To determine the effect of the growth time on the thickness of
NT shells, products were prepared in different growth time in 0.5,

 and 2 h, respectively. After 0.5 h growth, a big amount of prod-
cts with core–shell structure were observed (Fig. 3a). But there

s still some area of carbon substrate exposed, which means the
eposition time is not long enough to harvest the reaction species.
he average length of Sn@CNTs is only around 3 �m.  Avery thin
NT shell forms outside the core with the average thickness of
bout 6 nm (Fig. 3b). As the growth time was prolonged to 1 h,
ense Sn@CNTs were obtained with the average length of approxi-
ately 6 �m (Fig. 3c). The average thickness of CNT shell increased

o 13 nm (Fig. 3d). When the growth time was  continuously pro-
onged to 2 h, the Sn@CNTs became much denser and completely
overed the carbon substrate (Fig. 3e). The average length increased
o 10 �m.  The outer CNT shell became quite thicker approximately
o 18 nm (Fig. 3f). The above results illustrate that the thickness
f CNT shell can be controlled by the growth time. At the initial
rowth stage, the content of the carbon species was low in the
eaction zone. Increasing the growth time may  enhance the sup-
ly of carbon precursors. Therefore, the growth of Sn@CNTs could
e promoted. Then the longer growth time leads to the thicker CNT
hell.

Hydrocarbon gas flow is another factor that can affect the
rowth of the outer CNT shell. To explore the effect, another two
amples were produced at different C2H4 flow rates of 2 sccm and
0 sccm, respectively. As is known, the supply of carbon precursors

s the key factor of the growth of Sn@CNTs [25]. At relatively small

ow rate of C2H4 of 2 sccm, quite a few carbon precursors were
eleased from the decomposition of C2H4. The supply of carbon
recursors was not sufficient, which directly inhibited the growth
f Sn@CNTs and resulted in low density of the products (Fig. 4a).
 gas flow rates. (a) and (b) 2 sccm; (c) and (d) 10 sccm.

After reaction, the core–shell Sn@CNTs with the very thin CNT shell
were obtained. The average thickness of the CNT shell is only 4 nm
(Fig. 4b), much thinner than that prepared at the flow rate of 5 sccm.
Due to the thin thickness and weak support, the carbon shell col-
lapsed at the hollow part. In contrast, the big flow rate of C2H4
can enhance the growth of Sn@CNTs. At higher C2H4 flow rate of
10 sccm, both of the density of the products and the thickness of
CNT shell increased (Fig. 4c and d). Especially, the CNT shell with
the average thickness of 51 nm was obtained. The results demon-
strate that the flow rate of C2H4 can greatly affect both the growth
of Sn@CNTs and the thickness of the CNT shell. At higher flow rate
of C2H4, more carbon precursors would be provided by decomposi-
tion of C2H4. These abundant carbon precursors activated the more
growth sites and promoted the growth rate of CNT shell. Therefore,
the enhanced the supply of carbon precursors could lead to the
denser products and thicker CNT shell.

The effect of the temperature on the deposition of CNT shell
was also investigated to approach an efficient route to control the
thickness. Products were prepared at C2H4 flow rate of 5 sccm
for 2 h growth time at 800 ◦C and 900 ◦C, respectively. At 800 ◦C,
though the other experimental parameters were kept the same,
the growth of nanostructures was  apparently inhibited. After reac-
tion, only a few Sn@CNTs were observed on the carbon substrate
(Fig. 5a). Fig. 5b clearly reveals that the CNT shell in Sn@CNTs is
very thin, with the average thickness of 4 nm,  much thinner than
that synthesized at 850 ◦C. When the temperature was increased
to 900 ◦C, a large number of Sn@CNTs were found on the substrate
(Fig. 5c). The biggest average thickness of CNT shell of 99 nm is
achieved (Fig. 5d), much thicker than those synthesized at 800 ◦C
and 850 ◦C. The decomposition rate of C2H4 was  dominated by syn-
thesis temperature. At higher temperature, the decomposition of

C2H4 was promoted which could lead to the efficient supply of car-
bon precursors. Then the growth of Sn@CNTs was easily enhanced.
Furthermore, more carbon precursors would join the growth of CNT
shell, which could would great increase the thickness of CNT shell.
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Fig. 5. SEM and TEM images of Sn@CNT with different temperatures. (a) and (b) Sn@CNT at 800 ◦C; (c) and (d) Sn@CNT at 900 ◦C.

Fig. 6. The cycle voltammograms and cycle performance of Sn@CNTs with different CNT shell thickness. (a)–(c) The cycle voltammograms of Sn@CNT with CNT thickness of
6  nm,  13 nm and 18 nm;  (d) the cycle performance of Sn@CNT with CNT thickness of 6 nm,  13 nm and 18 nm.
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To evaluate the electrochemical behavior of Sn@CNTs with
ifferent thickness of CNT shells, the core–shell structures were

nvestigated as anodes in half cells while the Li foils were used as
he counter electrodes. Cyclic voltammograms (CVs) of Sn@CNTs
ith different CNT shell thickness are shown in Fig. 6a–c. There are

hree oxidation peaks observed at about 0.6, 0.7 and 0.8 V (vs. Li/Li+)
orrespond to the extraction of Li+ from LixSny alloys [29]; one oxi-
ation peak at about 0.2 V (vs. Li/Li+) is ascribed to the extraction of
i+ from CNT shells [30]. Moreover, three reductions peaks appear
t about 0.2, 0.4 and 0.6 V (vs. Li/Li+), which are related to the inser-
ion of Li+ into Sn [29]. The reduction peak near 0.01 V (vs. Li/Li+) is
ssociated with the insertion of Li+ into CNT shells [30]. The peak at
ound 0.85 V derived from the formation of SEI and should disap-
ear after the first cycle. However, this peak was observed until the
fth cycle. This could be attributed to the formation of new surface
eriving from the pulverization of electrode, at which the decom-
osition of the electrolyte and formation of SEI may  continuously
appen [31]. There is also one oxidation peak appearing at closed
o 3.0 V in the first cycle, which could be attributed to the fresh sur-
ace of CNT shells [29]. As the thickness was increased, this peak
ecame much bigger in thicker CNT shells.

The thickness of outer CNT shells can affect the performance of
he Sn@CNTs. To demonstrate the effects, Sn@CNTs with different
hickness of CNT shells (6 nm,  13 nm and 18 nm) were tested and
he results of performance are displayed in Fig. 6d. The core–shell
n@CNTs presented the exceptional capacity retention even with
ifferent thickness of CNT shells. The discharge capacity decayed
fter the first cycle, and then gradually stabilized. The main rea-
on of the initial capacity loss is due to the irreversible formation
f solid electrolyte interphase (SEI) [32]. The pulverization of the
nner Sn nanowires derived from the volume expansion could also
esult in the capacity loss, but the outer CNT shells might buffer the
olume expansion effectively and improve the performance [22].
n@CNTs with CNT shell of 6 nm in thickness presented the high-
st initial capacity of 980 mAh  g−1. The capacity sharply decreased
fter the first cycle due to the SEI formation and gradually stabilized
round 630 mAh  g−1 after 30 cycles. By compared materials with
hin CNT shells, Sn@CNTs with the thicker CNT shells of 13 nm and
8 nm in thickness presented lower capacity around 520 mAh  g−1

nd 420 mAh  g−1 after 30 cycles, respectively. Furthermore, the
ifferent thickness of CNT shells also influenced the retention of
apacities. After 30 cycles, the Sn@CNTs with CNT shells of 18 nm
n thickness remained 91.8% of reversible capacity of the second
ycle, while the retention was 83.8% in Sn@CNTs with CNT shells
f 13 nm,  even further decreased to 83.0% in materials with much
hinner CNT shells of 6 nm.

It is very clear that the outer CNT shells may  help remain the
tructure and buffer the volume expansion. Moreover, the thick-
ess of CNT shells can make an influence on the value and retention
f the capacity. The thicker CNT shells can effectively maintain the
tructure during the working process, but the ratio of Sn which
akes a major contribution to the capacity is reduced. Then the

otal capacity of the Sn@CNTs is low. On the other hand, as reducing
he thickness of CNT shells, the ratio of Sn is promoted which can
ncrease the total capacity of Sn@CNTs. However, due to the weak
upport, the thinner CNT shells could not effectively stabilized the
tructure, which might lead to fast fading of the capacity.
. Conclusions

Sn@CNT core–shell structures were prepared by CVD method
n one step. The thickness of outer CNT shells can be tailored by

[
[

[

ience 332 (2015) 192–197 197

controlling the experimental conditions: growth time, flow rate of
C2H4 and synthesis temperature. Sn@CNTs showed an excellent
retention of capacity during the charge/discharge process. The cycle
performance can be affected by the thickness of outer CNT shells.
The thin CNT shells of 6 nm presented the highest capacity around
630 mAh  g−1 after 30 cycles. Thicker CNT shells decreased the total
capacity of Sn@CNTs, but presented a good retention of the capac-
ity. The exceptional cycle performance is mainly attributed to the
unique core–shell structure which effectively buffers the volume
expansion and remains the structure of materials. The controlling
the outer CNT shells provides an approach to design core–shell
structures for Li ion battery application.
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