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a  b  s  t  r  a  c  t

Sn–C  nanocomposite  is a promising  anode  material  for high  performance  lithium-ion  battery,  but  suffers
from  a  complex  synthesis  procedure  which  hider  its practical  applicability.  We report  a  simple  and  cheap
synthesis  method  for Sn–C  nanocomposites.  By  combining  wet-chemical  and  carbonthermal  reduction
approaches,  we  are  able  to  produce  Sn–C  nanocomposite  in a simple  one-pot  synthesis  during  a  suc-
cessive  heating  procedure.  Gel-derived  nanocrystalline  SnO2 is  introduced  into  the  precursor  to  act  as
a transition-phase  for  in  situ  growth  of  metallic  tin  nanocrystals.  Consequently,  this  method  allows  for
the fine  control  of  the  formation  of  the  tin  nanocrystals  posterior  to the  carbonization  of  carbon  sources
eywords:
ithium-ion battery
node
in
et-chemistry

arbonthermal reduction
anocomposite

through  carbonthermal  reduction  of a nanosized  SnO2. The  resulting  Sn–C  nanocomposites  deliver  a
remarkable  lithium-ion  insertion/extraction  performance,  such  as  high  capacities  of 588  and  367  mA  h  g−1

at  20  mA  g−1 and  200  mA  g−1, respectively.
© 2011 Elsevier B.V. All rights reserved.
. Introduction

There is great interest in developing lithium-ion batteries with
igher energy capacity and longer cycle life for wide applications

n portable electronic products and electric vehicles. Tin has been
uggested as a promising alternative to graphite electrode materi-
ls (372 mA  h g−1) for high performance lithium-ion battery due
o its safety and higher capacity, 993 mA  h g−1, in fully lithiated
omposition Li4.4Sn. One major challenge is its large volumet-
ic expansion/contraction upon lithium-ion insertion/extraction.
in particle begins to crumble away after a few charge–discharge
ycles, losing the pathway for lithium ion and electrons transfer.
his discontinuity results in a drastic decline of battery perfor-
ance. Several approaches have been suggested for overcoming

his problem. One of the earliest approaches involves alloying
ith ductile metal which acts as a buffer for volumetric expan-

ion [1–7]. Alternative approach is to use nanosized tin and tin
lloy [8–11]. Nanosized particles not only could release mechanical
trains within tin particles, but also shortens the diffusion length for
ithium ion, which could improve the performance of the battery in

igh power density. Nanoalloys, however, are still affected by some
f disadvantages such as aggregation of active nanoparticles, and
igh surface reactivity leading to the safety hazard associated with

∗ Corresponding author.
E-mail address: donglinli@hotmail.com (D. Li).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.11.097
the flammable or explosive tendency of metallic nanopowders. All
these problems can be solved by designing and synthesizing the
Sn–C nanocomposite in which tin particles dispersed onto an elec-
trochemically inactive carbon matrix that able to buffer the volume
expansion assuring the electric conductivity of the material upon
cycling [12–25].  In the composite structure, most of the tin parti-
cles were encased inside carbon matrix and not easy to aggregate
or fall off. And the carbon matrix can accommodate the mechanical
stresses/strains of the active phase and acts as an electrical con-
nector with a current collector during the charge–discharge cycles,
thus improving the cyclic stability.

Sn–C nanocomposites have been prepared by various
approaches, including wet-chemistry [12–18],  magnetron sputter-
ing [19], electrospinning [20], electrodeposition [21], and chemical
vapor deposition [22,23]. The wet-chemical approach is advan-
tageous to easily doping and controlling over nanoparticle size.
Tin nanoparticles could be obtained through the reduction of tin
salts using NaBH4 [15–17] or NaH [18] as reduction agents, or the
pyrolysis of organic tin precursor at an inert atmosphere [12–14].
Nanosized tin particles are finely dispersed in amorphous carbon
matrix, and the Sn–C nanocomposite is capable of delivering
full capacity for a cycle life that extends over many hundred of
cycles at high discharge rates [12–14].  In some cases mentioned

above, in order to prevent from the formation of SnO2, or to obtain
more ideal structure and higher capacity, complex procedures and
expensive raw materials are employed, which is noneconomic
for practical scale-up synthesis. Furthermore, due to relatively

dx.doi.org/10.1016/j.jallcom.2011.11.097
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:donglinli@hotmail.com
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ig. 1. Schematic diagram of synthesis procedure combined chemical and carbon-
hermal routes for the Sn–C nanocomposite.

ow melting point of 220–230 ◦C [24], tin nanoparticles would be
elt prior to the carbonization of organic carbon sources during

igh temperature thermal treatments. Consequently, the tin could
asily coalesce to form liquid droplets in the carbon matrix at
arbonization temperatures as high as 500–800 ◦C, and aggregate
asily into a large particle through combining the liquid droplets.
esides these methods, carbonthermal reduction is usually used
o synthesize alloy materials. Although Sn–C composites have
een synthesized by carbonthermal reduction approach using
nO2 power as a raw material, tin particles in the composites are
n a micrometer scale owning to the aggregation of SnO2 power
25,26].  Larger tin particles in the Sn–C composites crumble easily
fter a few charge–discharge cycles. Hence, the development of
imple yet reproducible and controllable ways to prepare Sn–C
aterials exhibiting stable cycleability, especially wet-chemical
ethod, is of importance for its practical application.
In this paper, we report a simple and cheap one-pot synthe-

is method for preparing Sn–C nanocomposite. Present approach
or the synthesis of Sn–C nanocomposite results initially in SnO2
anocrystals, followed by reduction of a SnO2 phase with car-
on into the tin nanoparticle in the reduction environment. The
etallic tin grows in situ through the reduction of transition-

hase SnO2 nanocrystals by the carbonthermal reaction, posterior
o the carbonization of carbon sources due to avoiding the melting
f the metallic tin. It is possible to simplify the synthesis proce-
ure in a simple one-pot procedure via combined wet-chemical
nd carbonthermal reduction approaches, making it possible to
nely control over the nanostructure of the Sn–C nanocomposite
xhibiting excellent capacity retention with high capacity and rate
apability.

. Experimental

Our synthesis strategy involves a chemical approach for the synthesis Sn–C
recursor containing nanocrystalline SnO2 using SnCl4 as a tin source, and phenol-
ormaldehyde as carbon source, followed by a carbonthermal reduction for Sn–C
anocomposite, as shown in Fig. 1. The amorphous gel was  prepared by a sol–gel
ethod in the chemical process, followed by two  successive annealing stages in

he  temperature range of 500–800 ◦C (Fig. 1). The annealing procedure involves car-
onization of organic carbon sources, crystallization of SnO2 as a transition phase,
nd  carbonthermal reduction to produce Sn–C nanocomposite in one-pot synthesis
uring successive heating procedure (see Fig. 1). In a typical synthesis, approx-

mately 3.0 g of phenol and 2.8 g SnCl4 modified by 1.5 mL  acetylacetone were
issolved in 1.5 mL  formaldehyde solution and 3.0 mL  of water. After stirring at
0 ◦C for 60 min, the brown mixture was aged at 120 ◦C for 24 h. Then resulting gel

as  finally annealed in an oven at 500 ◦C for 4 h and 800 ◦C for 6 h in a successive
eating procedure in flowing argon.

The phase analysis of the synthesized samples was performed using a Rigaku
-ray diffractometer (XRD) with monochromatic Cu K� radiation. The morphology
Fig. 2. XRD patterns of the gels annealed at (a) 500 ◦C, (b) 600 ◦C, (c) 700 ◦C, (d)
800 ◦C, and (e) 950 ◦C.

and microstructure of the synthesized powders were examined with a transmission
electron microscope (TEM) at an accelerating voltage of 3000 V.

The  electrodes for the electrochemical evaluation were prepared by mixing
80  wt%  active materials (Sn–C) powders, 10 wt% carbon black as a conducting agent,
and 10 wt% polyvinylidene fluoride (PVDF) dissolved in N-methyl pyrrolidone (NMP)
as a binder to form a slurry, followed by coating on a copper foil, pressing, and
drying at 120 ◦C for 3 h under vacuum. The coin cells were assembled in an argon-
filled glove-box with the cathodes (Sn–C) thus prepared, lithium foil was  used as
the counter electrode, 1 M LiPF6 in ethylene carbonate (EC) and dimethyl carbon-
ate  (DMC) (1:1 by volume) was used as the electrolyte, and Celgard 2400 was used
as  separator. The charge–discharge experiments were performed galvanostatically
within the voltage range of 0.05–2 V versus Li/Li+ with LANDCT-2001A testing sys-
tem.

3. Results and discussion

We initially succeeded in producing the Sn–C nanocomposite
with lower tin content. Fig. 2 presents the XRD patterns of the sam-
ples with 13.4 wt% tin content annealed at different temperatures.
The as-synthesized samples are amorphous before calcinations (not
shown). After the samples were annealed at the temperature rang-
ing from 500 to 600 ◦C, the XRD analysis indicates the formation of
SnO2 nanocrystals with an average size of 36 nm, and no metallic
tin phase is detected. When the samples were heated at 600 ◦C for
6 h, the crystalline phase in the product is composed of both SnO2
and tin. With further increasing annealing temperature, the inten-
sity of the XRD peaks from SnO2 gradually diminishes but that from
metallic tin becomes stronger (Fig. 2(c)). When annealed at 800 ◦C,
all the reflections could be indexed to a crystalline tin according to
JCPDS card No. 04-0673. The size of the tin nanocrystals is estimated
to be 28 nm,  according to Scherrer equation. The diffraction peak
for graphite carbon at about 26.20◦ is undetectable, suggesting that
the carbon is amorphous.

Fig. 3(a) shows the TEM images of the samples annealed at
800 ◦C, where the dark particles are homogeneously dispersed in
the light gray matrix. In order to distinguish tin and carbon phases
in Fig. 3(a), the EDS analysis on a large number of particles of the
calcined powders was  conducted. The results in Fig. 3(b) and (c)
confirm that the dark particle marked as EDS1 is tin metal phase,
and the light gray matrix marked as EDS2 is carbon. It is noted

that a weak oxygen peak is detected in the EDS analysis, whereas
the SnO2 crystalline phase is undetectable in XRD pattern of corre-
sponding sample (Fig. 2(d)). Obviously, a small quantity of SnO2−x
phase exists in the tin particles in the sample annealed at 800 ◦C.
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Fig. 3. TEM observation of Sn-C nanocomposite annealed at 800 ◦C: ty

he average size of the tin nanoparticle is around 20–30 nm,  which
s in good agreement with the XRD results. It is worth noting that
he morphology of the tin nanoparticle is characterized by a poly-
edral shape (Fig. 3(a) inset), indicating that the tin nanoparticles
re not yet melted at 800 ◦C. In contrast, a smoothly spherical shape
f the particles, a trace of melted tin droplets, is observed after fur-
her annealing at 950 ◦C (Fig. 4 inset). In this case, the size of the tin
anoparticles increases to 40–100 nm in both the TEM images and
he calculation from XRD peak width at half height. Therefore it is
elieved that the tin nanoparticles are homogeneously dispersed

n the carbon matrix by a facile wet-chemical synthesis combined
ith carbonthermal reduction.

The general formation mechanism of the Sn–C nanocomposite
s associated with micro-phase separation of the phenolic resin-
ased gel which is from the in situ polymerization of the resorcinol
ith formaldehyde in the presence of SnCl4. The SnO2–C nanocom-
osite is obtained after annealing the gel at 500 ◦C owing to phase

eparation. With increasing annealing temperature up to 600 ◦C,
he organic carbon source is converted to amorphous carbon.
t higher annealing temperatures, the carbonthermal reduction

Fig. 4. TEM images of Sn–C nanocomposite annealed at 950 ◦C.
EM images (a), EDS analyses of (b) dark particles and (c) gray matrix.

reaction occurs at the interface between SnO2 nanoparticles and
amorphous carbon to produce tin phase under a flowing of inert
atmosphere.

SnO2 + 2C → Sn + 2CO

Thus, the existence of SnO2 phase increases the formation tem-
perature of metallic tin till a complete carbonization of the organic
carbon source, avoiding the aggregation of liquid tin nano-droplets.
A plausible interpretation of this desired phenomenon is that the
tin oxide acts as a skull to prevent tin melts from aggregation [27].
At early period of carbonthermal reaction, the outer layer of SnO2
particles is poor in oxygen due to the carbonthermal reaction at
the boundary between the SnO2 particles and carbon matrix. As
carbonthermal reduction proceeds, the oxygen ions migrate grad-
ually from central bulk to outer layer. Consequently, nucleation of
metallic tin phase occurs in the central bulk, and tin phase grows in
the core center of SnO2 particles, producing a core–shell structure
in which the core is metallic tin and the shell is SnO2−x (Fig. 1). The
SnO2−x shell not only supplies the kinetic condition of carbonther-
mal  reduction but also prevents the tin melts from aggregation. As
a result, the tin phase grows in situ from the SnO2 crystalline phase
through carbonthermal reduction reaction above the melting point
of tin. When cooling, the melted tin was crystallized in situ into tin
nanocrystals.

The charge–discharge profiles and cycle performances of the
Sn–C nanocomposite with 13.4 wt%  tin content are shown in Fig. 5.
In despite of dramatic capacity fade in early several cycles, the Sn–C
nanocomposite with 13.4 wt%  tin content synthesized at 800 ◦C
exhibits a specific capacity of 240.2 mA  h g−1 in the 20th cycle
with a columbic efficiency of 99%, and still remains 247.6 mA  h g−1

in the 50th cycle. The voltage plots in Fig. 5(a) for the samples
annealed at 800 ◦C exhibits a characteristic of small nanocrystals
similar to amorphous tin. In contrast, the sample annealed at 950 ◦C
shows a specific capacity of 123.1 mA  h g−1 in the 20th cycle and
that of 89.1 mA  h g−1 in the 50th cycle, which exhibits a dramatic

capacity decaying on cycles. The voltage plot in Fig. 5(b) for the
materials annealed at 950 ◦C is characteristic of clear voltage multi-
plateaus characteristic of tin crystals with large size [2,28],  because
the melted tin droplets aggregate into larger tin clusters at 950 ◦C
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ig. 5. Galvanostatic charge–discharge profiles and cyclic performance of Sn–C nan
.05–2  V versus Li/Li+).

Fig. 4). We  thus conclude that the uniformly dispersed Sn nanopar-
icles with an average size of 20–30 nm in the Sn–C nanocomposite
how an excellent cycleability during charge–discharge cycles, and
he melting of tin could be avoided in our approach by simply con-
rolling annealing temperature.

In order to obtain relatively higher specific capacity, we
ncreased the content of SnCl4 during synthesis products. The XRD
nd TEM analyses are similar to that of the low tin content. The
n–C nanocomposite with a composition of about 53.6% tin in
eight exhibits a higher reversible specific capacity. The varia-

ion of the specific capacity as a function of the discharge rates
rom 20 to 200 mA  g−1 is shown in Fig. 6. After early several
ycles, the columbic efficiency increases to above 95%, and a stable
harge/discharge capacity is maintained in the subsequent cycles.
he discharge capacity is about 588.3, 475.8, 419.1, 366.6 mA  h g−1

t various current densities of 20, 50, 100, and 200 mA  g−1, respec-
ively. Even if increasing the current density from 20 to 200 mA  g−1,

he capacity remains impressively high value of 367 mA h g−1 after
00 cycles, thus indicating the merit of nano-structured electrode

n the faster discharge. Because the size of the amorphous carbon
articles is on the micrometer scale, the rate performance is limited

ig. 6. Galvanostatic charge–discharge profiles and cyclic performance of Sn–C
anocomposite containing 53.6 wt% tin prepared at 800 ◦C in different current den-
ities (voltage limits 0.05–2 V versus Li/Li+).
posite containing 13.4 wt% tin prepared at (a) 800 ◦C and (b) 950 ◦C (voltage limits

as compared with other tin based materials. If further decreasing
the size of the amorphous carbon particles, we  anticipate that high
rate charge/discharge would be realized.

The Sn–C electrode delivers a lithium storage specific capac-
ity of 588.3 mA  h g−1 in the 40th cycle at 20 mAg−1. The bare
carbon obtained by carbonizing organic resorcinol-formaldehyde
gels at 800 ◦C in our work delivers a lithium storage capacity of
125.4 mA h g−1 after 40 cycles. Since the maximum specific capac-
ity of the tin component is 993 mA h g−1, the maximum lithium
storage specific capacity of the Sn–C nanocomposite in the 40th
cycle was  estimated as:

CSn × 53.6% + Cac × 46.4% = 993 × 0. 536

+ 125.4 × 0.464 = 590.434 mA h g−1

Since the specific capacity of the resultant Sn–C nanocompos-
ite is 588.3 mA  h g−1 in the 40th cycle, the tin phase is estimated
to deliver a capacity of 530.114 mA  h g−1, similar to its theoretical
capacity of 532.248 (=993 × 53.6%) mA  h g−1. The capacity of the
Sn–C nanocomposite in our approach is higher than the theoretical
specific capacity of graphite anode currently used on the market.

Most of tin-based nano-alloy materials suffer from early
columbic inefficiency [12,13,15,17].  The large irreversible specific
capacity of the Sn–C nanocomposite is also unavoidable during
early several cycles. The irreversible capacity loss may  be mainly
associated with following reasons. Firstly, the electrolyte reacts
with active material surface [12,13,15,17,29,30]. Together with it,
the solid electrolyte interface (SEI) at low voltage contributes to the
large initial capacity loss during the first charge–discharge cycles.
Secondly, the amorphous carbon stores a huge of lithium ions in
the first lithium ions insertion, and only a part of lithium ions could
be extracted, leading to high irreversible capacity. Because of disor-
dered atomic structure of glassy carbon, a large of inactive lithium
ions may  be generated in the amorphous carbon. Besides the amor-
phous carbon structure, the functionalized group of carbon surface
derived from the pyrolysis of phenilic resin contributes to inactive

lithium ions [31]. Thirdly, the volumetric change in early several
cycles may  also contribute to dramatic fade of discharge capacity.
Although the diameter of tin particles decrease to the nanoscale,
the contraction/expansion of the tin alloy is still existing, resulting
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n a change of the contacting interface between the tin nanoparticle
nd carbon matrix within electrodes.

For battery applications, the electrochemical lithium interca-
ation and extraction capacities are important characteristics of
lectrode material, which strongly influence the energy density.
ccording to relevant reports, one solution for decreasing irre-
ersible capacity loss is to increases the degree of graphitization as
ell as to exploring more suitable raw material as carbon precur-

ors that can form a highly crystalline carbon such as a graphitic
ithout functionalized group. The reversible capacity increases
ith the degree of graphitization, as confirmed by a number of

xperimental and theoretical studies [32–34].  Except crystalliz-
ng carbon phase, more reasonable Sn–C nanostructure such as
Sn core–C shell” structure may  be necessary for preventing the
armful interfacial reaction between active phase and electrolyte
17,31].

The above measurements show that we have successfully
ynthesized the Sn–C nanocomposites with a finely controlled
anostructure by a simple wet-chemical procedure combined with
arbonthermal approach. The synthesis approach reported here dif-
ers from all previous routes for the Sn–C nanocomposite. In the

ost of previous works, the Sn precursors were directly reduced to
in metal by using chemical reduction agents. In contract, present
pproach for the synthesis of Sn–C nanocomposite results initially
n SnO2 nanocrystals, followed by reduction of a SnO2 phase with
arbon into the tin nanoparticle in the reduction environment. As
s different from previous work, we introduce the SnO2 nanocrys-
als into the precursor, instead of preventing the Sn4+ cation from
ts oxidation. Herein, the SnO2 nanocrystal is used as a transition-
hase for in situ growth of the tin nanocrystal by carbonthermal
eduction reaction at a nanoscale. This approach offers several
dvantages. Firstly, our synthesis condition is not severe, allow-
ng for the use of inert argon gas containing a small amount of air

hich is much lower-cost than a pure argon. Secondly, the metal-
ic tin grows in situ through the reduction of transition-phase SnO2
anocrystals by the carbonthermal reaction, posterior to the car-
onization of carbon sources by avoiding the melting of the metallic
in. Because it is easy to finely control the growth and nanostruc-
ure of SnO2, the nanostructure of the Sn–C nanocomposite can be
nely controlled. Thirdly, it combines wet-chemical route with con-
entional carbonthermal reduction reaction into a simple one-pot
ynthesis process. Therefore, one of important advantages in our
ork is that the SnO2 nanocrystal allows us to combine the merits

f a chemical route with traditional carbonthermal reduction which
s usually used in metallurgy, and thus designing and synthesiz-
ng the finely controlled nanostructure of the Sn–C nanocomposite.
his type of finely controlled nanocomposite has great potential as
ode materials in lithium-ion battery.

. Conclusions

In summary, we have developed a new method for synthesiz-
ng the Sn–C nanocomposite via a simple one-pot process which
ombines the merits of both a chemical route with carbonther-
al  reduction approaches together. In view of practical use, the
resent methodology is more economically viable compared to
ll previous methods, but also more environmentally friendly.
he Sn–C nanocomposite exhibits an excellent cyclability, due to
voiding the aggregation and pulverization occurred in tin metal

[

[

[
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during charge–discharge cycling. Furthermore, this methodology
can be easily extended to the preparation of carbon-coated other
Li-alloys with multicomponent composition. In the future, in order
to decrease the large irreversible capacity during first cycle, one of
the possible ways is that the carbon phase should be design to build
more reasonable formation such as tin core-crystalline carbon shell
structure.
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