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a b s t r a c t

The macroporous SnO2 is prepared using close packed carbonaceous sphere template which synthesized
from glucose by hydrothermal method. The structure and morphology of the macroporous SnO2 are
evaluated by XRD and FE-SEM. The average pore size of the macroporous SnO2 is about 190 nm and its wall
thickness is less than 10 nm. When the macroporous SnO2 filled with carbon is used as an anode material
vailable online 11 March 2011
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for lithium-ion battery, the capacity is about 380 mAh g−1 after 70 cycles. The improved cyclability is
attributed to the carbon matrix which is used as an effective physical buffer to prevent the collapse of
the well dispersed macroporous SnO2.

© 2011 Elsevier B.V. All rights reserved.
node
ithium ion battery

. Introduction

Lithium-ion batteries are dominating the present portable elec-
ronic markets and becoming a good choice for upcoming electric
nd hybrid vehicles. To meet the demands for high-energy appli-
ation fields, considerable research efforts have been prompted
o develop new electrode materials with higher lithium storage
apacity [1–6].

Among a large number of alternative negative materials, SnO2
as attracted particular interest owing to their high theoretical spe-
ific capacity (∼790 mAh g−1), widespread availability, low toxicity
nd low cost. However, the SnO2 anode suffers the large volume
hange (>200%) during the lithiation/delithiation processes. This
eads to the cracking and crumbling of the electrode materials and
esults in poor cyclability [7–12]. To enhance the cyclability of SnO2
node, several strategies have been proposed. Among them, syn-
hesis of nano-SnO2 with loose structures, such as nanosheets [13],
anotubes [14], core/shell structures [15], nanowires [16–18], hol-

ow/mesoporous spheres [19–23], and 3D nanostructure [24,25], is

fashionable and effective route. The free spaces in them are signif-

cant to accommodate the strain caused by severe volume change.
owever, most of these loose SnO2 structures are metastable and
ould not effectively improve their long-term cyclability. Compara-
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tively, nanocomposite based on active/inactive concept [26] should
be more effective to improve the cycling performance of SnO2.
Carbon materials are usually used as the inactive buffer material
due to its soft nature and good electronic conductivity [27–34].
For example, porous SnO2 nanotubes with coaxially grown carbon
nanotube overlayers [27] and nanostructured Sn–C composite with
Sn nanoparticles finely dispersed in a supporting carbon matrix
[34] exhibit superior cyclability over 200 cycles. Understandably,
if the free spaces of loose SnO2 nanostructures are densely filled
with carbon, the cyclability would be obviously improved due to
the combination of nanostructure design and the active/inactive
nanocomposite concept [28,31].

Here we report a new and facile template method to synthe-
size macroporous SnO2 in large-scale. The carbonaceous spheres
made from glucose are used as hard template instead of other con-
ventional organic (such as polystyrene [35,36]) and silica [37,38]
templates. This method is based on the precipitation of Sn salt
precursors in the close packed carbonaceous sphere template and
subsequent chemical conversion of the precursors to tin dioxide.
The carbonaceous sphere template in macroporous SnO2 can be
removed or maintained selectively by changing the calcination
condition. The electrochemical properties of macroporous SnO2
with/without carbon matrix have also been investigated.
2. Experimental

2.1. Synthesis of carbonaceous sphere template

A solution was made by dissolving 2.4771 g glucose in 25 ml deionized water
through ultrasonic dispersion. Afterward, the clear solution was transferred to

dx.doi.org/10.1016/j.jallcom.2011.03.041
http://www.sciencedirect.com/science/journal/09258388
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Fig. 1. Schematic illustration for the

eflon lined stainless steel autoclaves and hydrothermally treated in oven at 180 ◦C
or 4 h. After cooling down naturally, the dark grey solution was obtained.

.2. Synthesis of macroporous SnO2 with/without carbon matrix

A solution was made by dissolving 0.3156 g SnCl4 in 80 ml deionized water
nd then it was mixed with 20 ml as-prepared carbonaceous sphere solution. The
ixed solution was treated by ultrasonic vibration for 40 min to ensure sufficient

iffusion of the metal ions. The black precipitates were harvested by centrifuga-
ion and washed thoroughly with deionized water and alcohol, respectively. The
btained samples were dried in oven at 60 ◦C for 2 h. The dried samples were
oaded in porcelain boat and then heated in furnace at 550 ◦C for 4 h in air or
rgon.
.3. Sample characterization

The structure and morphology of the products were characterized by X-ray
owder diffraction (XRD, Bruke D8-Advance, Cu-K�, � = 0.15406 nm), X-ray photo-
lectron spectroscopy (XPS, Kratos Axis Ultra, Al-K�, hv = 1486.6 eV), field emission

Fig. 2. SEM image (a) and TEM image (b) of carbonaceous spheres. The
tic procedure of macroporous SnO2.

scanning electron microscope (FESEM, JEOL JSM-7100F) and transmission electron
microscopy (TEM, JEOL JEM-2100).

2.4. Electrochemical measurements

Electrochemical properties of the macroporous SnO2 with/without carbon
matrix were tested with two-electrode Swagelok cells. The working electrodes were
prepared as the follows. The mixture was made by mixing active material, carbon
black, and binder (polyvinylidene fluoride, PVDF) at a mass ratio of 80:10:10. Sub-
sequently, it was dispersed in N-methyl pyrrolidinone (NMP). Then, the slurry was
coated uniformly onto a copper foil with a diameter of 10 mm and dried at 110 ◦C for
12 h in vacuum. Test cells were assembled in argon filled glove box. Metallic lithium
foil was used as the counter electrode. The electrolyte was 1 M LiPF6 in a mixture of

50 vol.% ethylene carbonate (EC) and 50 vol.% diethylene carbonate (DEC). The gal-
vanostatical charge and discharge measurement was carried out on Arbin BT2000
battery testing system at a current density of 0.2 mA cm−2 in the voltage range of
0.02–2.0 V (vs. Li/Li+). The cyclic voltammograms (CV) were tested on Ametek VMC-
4 electrochemical testing system at a scan rate of 0.3 mV s−1 between 0 V and 2.0 V
(vs. Li/Li+).

inset of (b) shows the size distributions of carbonaceous spheres.
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Fig. 3. SEM images (a and b) of carbonaceous sphere/Sn4+ composites; su

. Results and discussion

The synthetic method of macroporous SnO2 is schemati-
ally illustrated in Fig. 1. Firstly, the carbonaceous spheres with
ydrophilic surface were prepared from 0.5 mol L−1 glucose aque-
us solution under hydrothermal conditions at 180 ◦C for 4 h. As
e know that, chemical reactions of glucose under hydrothermal

ondition are complex, which make it difficult to determine the
xact reaction processes in the sealed vessel. While it is gener-
lly accepted that the diameter of the carbonaceous spheres is
nfluenced by the concentration of starting materials, reaction tem-
erature and reaction time [39]. In this experiment, relatively low
eactant concentration and short reaction time were used, which
ead to the inadequate growth of carbonaceous spheres. Fig. 2a
nd b displays the SEM and TEM images of the as-prepared car-
onaceous spheres. The size distributions are given in the inset of
ig. 2b. It is found that the carbonaceous spheres exhibit narrow size
istribution and the average diameter of them is about 190 nm. Fur-
hermore, the carbonaceous spheres tend to aggregate intensively
nd form close packed products (Fig. 2a).

Then, SnCl4 solution was dispersed into the carbonaceous
phere solution by ultrasonic vibration. As shown in Fig. 3a and b,
he obtained composites are agglomeratic blocks with numerous
arbonaceous spheres. The surfaces and voids of the close packed
arbonaceous spheres are bonded and infiltrated with Sn sources.
o further characterize the products, XPS analysis was used to

nvestigate the surface compositions and chemical states of the as-
repared composites. The survey XPS spectrum shown in Fig. 3c

ndicates that the composites contain Sn, O and C (H cannot be
etected by XPS). The high resolution XPS spectrum for Sn 3d was
lso performed (Fig. 3d). It shows two characteristic peaks of Sn
c) and Sn 3d (d) XPS spectrums of carbonaceous sphere/Sn4+ composites.

3d5/2 and Sn 3d3/2 at ∼487.0 and ∼495.4 eV, respectively. Thus,
we can conclude that the chemical state of Sn in the as-prepared
composites is Sn4+. The existence of Sn4+ in the composites is due
to the hydrophilic characteristic of carbonaceous sphere surfaces
which functionalized with OH and C O groups. When the metal
salt precursors are dispersed in the carbonaceous sphere solution,
the functional groups in the surface layer are able to bond metal
cations through coordination or electrostatic interactions [40].

Finally, macroporous structure products were obtained by cal-
cining the as-prepared carbonaceous sphere/Sn4+ composites at
550 ◦C for 4 h in air. Fig. 4a shows the overall morphology of the
macroporous products. From it we can clearly see that the macro-
porous products can be obtained in large scale and the size reaches
to tens of microns. To further determine the microstructure of the
macroporous products, the surface and interior morphology of the
products were observed at high magnification by SEM, as shown in
Fig. 4b and c. These images clearly reveal that both the surface and
interior are macroporous structure. The pore size of macroporous
products is similar to the diameter of carbonaceous spheres. The
wall of the macroporous structure is composed of monolayer SnO2
nanoparticles and its thickness is about ∼10 nm, which is the parti-
cle size of the SnO2 showed in the inset HRTEM image of Fig. 4c.
The inset of Fig. 4a shows the XRD pattern of the macroporous
products. All diffraction peaks can be indexed as tetragonal rutile
SnO2 (JCPDS Card No. 41-1445, space group P42/mnm, a0 = 4.738 Å,
c0 = 3.187 Å). The diffraction peaks are relatively broad. By using

the Scherrer’s formula and the full width at half maximum (FWHM)
data of (1 1 0) peak, the mean crystallite size can be calculated to be
equal to 7.3 nm. The calculated crystallite size is consistent with the
result obtained by HRTEM. Furthermore, the as-prepared carbona-
ceous sphere/Sn4+ composites were also calcined at 550 ◦C for 4 h in
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ig. 4. Survey (a), surface (b), and interior (c) SEM images of macroporous SnO2; S
nO2, the inset of (c) is the HRTEM image of macroporous SnO2 and the inset of (d)

rgon. The carbonaceous spheres transform to carbon spheres and
ompact SnO2/C composites instead of macroporous SnO2 were
btained. As shown in Fig. 4d, we can see that the particle size of
nO2 is larger than macroporous SnO2, which should be ascribed
o the aggregation of SnO2 on the carbon surface.

As anode materials for lithium-ion batteries, the lithium storage
roperties of macroporous SnO2 with/without carbon are evalu-
ted using a two-electrode cell. The charge/discharge reactions of
nO2 with Li can be described as follows:

nO2 + 4Li+ + 4e− → Sn + 2Li2O; (1)

n + xLi+ + xe− ↔ LixSn (0 ≤ x ≤ 4.4). (2)

Fig. 5a shows the cyclic voltammetry (CV) curves for the first five
ycles of macroporous SnO2. In the first cathodic scan, the peak near
.7 V can be ascribed to the formation of solid electrolyte interface
SEI) films and the reduction of SnO2. The broad peak at about 0.1 V
orresponds to the lithiation reaction of Sn, which can be described
s Eq. (2). In the first anodic scan, there are also two obvious peaks.

he first peak near 0.6 V stems from the delithiation reaction of
ixSn and the relatively weaker peak at about 1.2 V should corre-
pond to the reduction of Li2O. It is generally accepted that the
eaction of Eq. (1) is irreversible in SnO2 electrodes. However, in
he macroporous SnO2 electrode, the peak at high voltage, i.e., the
age of SnO2/C composites (d). The inset of (a) is the XRD pattern of macroporous
high magnification SEM image of SnO2/C composites.

1.0 V peak in anodic scan and 1.2 V peak in cathodic scans, can reap-
pear in the following cycles. It means that the first reaction process
as described in Eq. (1) is partially reversible, which is consistent
with previous work [41,42]. The partially reversible reaction of Eq.
(1) results in high capacity of macroporous SnO2.

The cycle performance of macroporous SnO2 electrode is shown
in Fig. 5b. The initial discharge and charge capacities are 2005 and
1019 mAh g−1, respectively. The large irreversible capacity of first
cycle is attributed to the decomposition of electrolyte, the forma-
tion of solid electrolyte interface (SEI) film on the electrode surfaces
and the partially irreversible reaction of Eq. (1). From the cycling
performance curves, we can see that the cyclability of macrop-
orous SnO2 is not satisfactory although it has high capacities in
first several cycles. The capacities of macroporous SnO2 in the 20th
cycle can achieve at 631 mAh g−1, while the capacities decrease
to 297 mAh g−1 in the 50th cycle. The poor cyclability should be
attributed to the collapse of the loose SnO2 nanostructure dur-
ing the lithiation/delithiation process for the lack of a supporting
matrix.
The electrochemical performance of macroporous SnO2 with
carbon matrix was also evaluated to investigate the influence of
supporting matrix to loose SnO2 nanostructure. From Fig. 5b we
can clearly see that the cycling performance of SnO2/C compos-
ites was obviously improved and the capacities in the 70th cycle
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Fig. 5. CV curves of macroporous SnO2 (a) and cycling p

aintain at about 380 mAh g−1. Thus, the carbon served as physi-
al buffer can effectively prevent the collapse of the macroporous
nO2.

. Conclusion

In conclusion, we demonstrated a facile synthetic method for
reparing macroporous SnO2 in large-scale using carbonaceous
phere template which prepared from the glucose. The pore size
f macroporous SnO2 is about 190 nm and its wall thickness is
ess than 10 nm. The electrochemical tests showed that macro-
orous SnO2 has high capacities but poor cycling performance.
owever, the cyclability was effectively improved when the pores
f macroporous SnO2 were filled with carbon Therefore, combin-
ng the nanostructure design and active/inactive nanocomposite
oncept should be an effective way to improve the electrochemical
erformance of SnO2 anode.
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