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bstract

Spherical porous tin oxide was fabricated via a spray pyrolysis technique. TEM revealed that the primary SnO2 crystals had an average size
f about 5 nm. The electrochemical measurements showed that the spherical porous SnO2 samples have excellent cyclability, which can deliver a
eversible capacity of 410 mAh g−1 up to 50 cycles as a negative electrode for lithium batteries. The second step of the study was to thermal treat the

nitial tin oxide for 3 h at 600, 800, 1000 and 1200 ◦C, respectively, in order to identify the particle size effect on the electrochemical performance
oward lithium. It was found that the morphologies of these spherical clusters could be maintained even after thermal treatment at 1200 ◦C. It was
lso proved that finer the size of the tin oxide particles the better the electrochemical performance.

2006 Elsevier B.V. All rights reserved.
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. Introduction

As a major breakthrough in the hybrid vehicle field, lithium-
on batteries still need to be further improved to meet ongoing

arket innovations. Much research work is presently directed
owards the exploration of different types of materials with high
eversible capacity and long cycle life. With respect to the anode,
he main goal is to replace the present carbon-based materials
ith larger specific capacity materials, i.e. metals or compounds

hat alloy with lithium (e.g. Sn, Si, Sb, etc.) [1,2]. As possible
nodes for next generation lithium-ion batteries, tin oxide-based
aterials show great promise for their high storage capacity [3].
owever, as is always observed, the significant capacity fad-

ng of these anodes has undermined the advantage. A popular
pproach to counter particle pulverization is to reduce the parti-
le size of the tin oxide to give a small absolute volume change in
he local environment. The amorphous or nanocrystalline elec-
rode in the Li2O matrix may prevent aggregation of tin region
4,5]. The use of nanosized particles in electrodes could not
nly reduce the diffusion length for lithium insertion but also
ecrease the charge-transfer resistance of the electrodes. In addi-

ion, the higher surface area of nanosized tin oxide particles
ould lead to higher catalytic efficiency of anodes. Various tech-
iques have been used to prepare nanosized tin oxide, including
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onventional precipitation [6], homogeneous precipitation [7],
surfactant-mediated method [8], the sol–gel method, reverse
icroemulsion [9,10], etc. In this paper, experiments using the

pray pyrolysis technique are emphasized because it is a suitable
ethod for mass production. While other preparation methods

ive rather randomly aggregated particles with larger grain sizes,
he spray pyrolysis method produces hollow spheres typically
.5–1 �m in diameter composed of crystals of about 5 nm. The
etailed microscopic features and the electrochemical perfor-
ance of the spherical porous tin oxide materials were both

tudied.

. Experimental

One molar SnCl2 ethanol solution was prepared as the precur-
or solution. The solution was then fed into a vertical spray pyrol-
sis reactor. An atomizing nozzle was used in combination with
ompressed air. The liquid was fed at a rate of 100 ml min−1,
nd the spraying was carried out at a pressure of 2.0 MPa and
n atmospheric temperature of 700 ◦C to produce tin oxides.
hen the initial as prepared tin oxides were thermal treated in
ir for 3 h at 600, 800, 1000 and 1200 ◦C, respectively. Powder
-ray diffraction (1730 Philips X-ray diffractometer) using Cu
� radiation was employed to identify the crystalline phase

f the synthesized materials. The morphology of the result-
ng oxides was observed using a scanning electron microscope
SEM) (Leica Cambridge Steroscan 440). Transmission elec-
ron microscope (TEM) images and high resolution (HR) TEM

mailto:ly93@uow.edu.au
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owed by thermal treatment in air at (b) 800 ◦C, (c) 1000 ◦C and (d) 1200 ◦C.
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Fig. 2. X-ray powder patterns of initial as prepared SnO2 and SnO2 samples
followed by thermal treatment in air at 600, 800, 1000 and 1200 ◦C, respectively.

Table 1
The specific surface areas and calculated crystal size of the SnO2 sample

Samples Specific surface
area (m2 g−1)

Calculated SnO2

crystal size (nm)

Commercial SnO2

(Aldrich, 99%)
7.2 –

Initial SnO2 28.4 5.1
Fig. 1. SEM images of (a) initial sprayed SnO2 and SnO2 samples foll

ere obtained from a Philips M12 and JEOL F3000 microscope.
nodes were made for electrochemical testing, by dispersing
0% active materials, 15% acetylene carbon black and 5% poly
vinylidene fluoride) in a solvent of dimethyl phthalate. The
lurry was then coated on copper foils to a mass loading of
bout 1 mg and then dried at 140 ◦C and pressed at 150 kg cm−2.
R2032 coin cells were assembled in an argon-filled glove box.
he counter electrode was Li metal and the electrolyte was 1 M
iPF6 dissolved in a 50:50 (v/v) mixture of ethylene carbon-
te (EC) and dimethyl carbonate (DMC) provided by MERCK
gaA, Germany. These cells were cycled between 0.05 and
.35 V at room temperature.

. Results and discussion

.1. Physical and structural characterization

Fig. 1 shows SEM images of the initial as prepared SnO2 and
nO2 samples followed by thermal treatment in air at 800, 1000
nd 1200 ◦C. Spherical morphology with a highly porous, foam-
ike structure can be observed. The diameter of the porous hollow
pheres is from 0.5 to 1 �m. It is conceivable that the small pores
nside the walls originate mainly from the high-speed spray gas.
ig. 1(c and d) shows that the spheres have aggregated after

hermal treatment at higher temperatures. However, the mor-

hologies of these spherical clusters can be maintained even
fter thermal treatment at 1200 ◦C. Fig. 2 shows the X-ray pow-
er patterns of the SnO2 samples. Table 1.displays the specific
urface areas and calculated crystal size of the SnO2 samples.

6
8
1
1

00 ◦C SnO2 20.5 12.92
00 ◦C SnO2 17.0 32.97
000 ◦C SnO2 11.5 53.86
200 ◦C SnO2 6.6 101.01



L. Yuan et al. / Journal of Power Sources 159 (2006) 345–348 347

red SnO2 and (b) the thermal treated SnO2 (1200 ◦C).
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Fig. 3. HRTEM images of (a) the initial as prepa

he crystallite size of SnO2 was determined from the Bragg
eaks using the Scherer formula [11]:

= kλβ−1 cos θ−1

here k = 0.89, λ is the X-ray wavelength, θ the Bragg angle,
nd β is the real half-peak width in radians after corrections
or instrument broadening. As we can see, with the thermal
reatment temperature increasing, the SnO2 crystallites grew
arger and larger (from 5.1 to 101 nm) and the specific surface
reas decreased from 28.4 to 6.6 m2 g−1. Close examination of
amples by high resolution TEM revealed that the initial SnO2
rystals have an average size of about 5 nm (Fig. 3(a)). Good
nterconnection between crystals is also observed. Fig. 3(b) con-
rmed that SnO2 crystals have grown to an average size of about
00 nm after 1200 ◦C thermal treatment.

.2. Electrochemical characterization
The specific capacity and cycling stability of SnO2 electrodes
ere measured by constant current charge/discharge testing.
ig. 4 shows voltage profiles of the spherical porous SnO2 elec-

rode at the 1st, 2nd, 10th and 20th cycle at a current density of

1
c
t
d

Fig. 5. Cyclic voltammograms for (a) the initial as prepared SnO2 electrode and
ig. 4. Voltage profiles of the initial as prepared spherical porous SnO2 electrode
t the 1st, 2nd, 10th and 20th cycle at a current density of 100 mA g−1.
00 mA g−1. The SnO2 anode shows a large initial irreversible
apacity (328 mAh g−1). The CV curves (Fig. 5) for the two elec-
rodes clearly indicate the irreversible reaction during the first
ischarge with a reduction peak at 0.8–0.9 V. It is also observed

(b) the thermal treated SnO2 electrode (1200 ◦C). Scan rate 0.1 mV s−1.
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Fig. 6. Discharge capacity vs. cycle number for the potential range from 0.05 to
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[9] H. Li, X. Huang, L. Chen, J. Power Sources 81–82 (1999) 335.
.35 V for the initial as prepared SnO2, and the thermal treated SnO2 samples
ith different crystals average size.

hat the initial as prepared spherical porous SnO2 shows a much
moother CV curves. This suggests that the two-phase regions
n the tin particles have been suppressed in the sample, thereby
reventing grain cracking and fragmentation, and the cycle sta-
ility of the SnO2 electrode is therefore better. Fig. 6 compares
he discharge capacity versus the number of charge/discharge
ycles for the SnO2 samples. The initial as prepared spheri-
al porous SnO2 (5.1 nm) exhibits excellent cycle stability: the
etentive capacity (410 mAh g−1) up to 50 cycles is 68.2% of
he initial capacity (601 mAh g−1). The 12.92, 32.97, 53.86 and
01.01 nm SnO2 electrodes remained at 54.6, 51.6, 36.7 and
8.5%, respectively, of their initial discharging capacity. It shows

ow much a change in the particle size of the anode can strongly
ffect the capacity retention. It was proved that the finer the size
f the tin oxide particles the better the electrochemical cycle
tability.
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. Conclusions

Spherical porous tin oxide fabricated via a spray pyroly-
is technique showed excellent cycle stability. We believe that
he spherical clusters of SnO2 nanocrystals form a flexible,
hree-dimensional porous framework such that the porous struc-
ure does not collapse during charge and discharge. The pores
etween nanosized particles reduce the possibility of tin aggre-
ation, and in the meanwhile, they act as a “buffer zone” which
ccommodates the volume change of the tin phase during Li
lloying/de-alloying. The spherical porous structure plays a sig-
ificant role in retaining the capacity. Moreover, the particle
ize effect on the electrochemical performance toward lithium
as been identified. We show that a decrease in particle size
mproves the material cycling stability.
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