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a b s t r a c t

Large-scale novel core–shell structural SnO2/ZnSnO3 microspheres were successfully synthesized by
a simple hydrothermal method with the help of the surfactant poly(vinyl pyrrolidone) PVP. The
as-synthesized samples were characterized using X-ray powder diffraction (XRD), scanning electron
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microscopy (SEM), transmission electron microscopy (TEM), and high-resolution transmission electron
microscopy (HRTEM). The results indicate that the shell was formed by single crystalline ZnSnO3 nanorods
and the core was formed by aggregated SnO2 nanoparticles. The effects of PVP and hydrothermal time on
the morphology of SnO2/ZnSnO3 were investigated. A possible formation mechanism of these hierarchi-
cal structures was discussed. Moreover, the sensor performance of the prepared core–shell SnO2/ZnSnO3

nanostructures to ethanol was studied. The results indicate that the as-synthesized samples exhibited
respo
as sensor high response and quick

. Introduction

Direct synthesis of nano- or microsized material with controlled
hape and morphology has attracted considerable interest, because
t is well-known that the properties of material depend not only
n their composition, but also on their structure, phase, shape,
nd size [1–4]. For example, isotropic or anisotropic behavior and
egion-dependent surface reactivity are strongly related to the
ize, shape, and dimensionality of materials. Functional materi-
ls with novel morphology can be used to exploit new potential
pplications. To fabricate the complex architectures based on one-
imensional nanostructures or hierarchical, various strategies have
een employed successfully to assemble building blocks into differ-
nt morphology. However, these approaches usually involve costly
emplates or raw materials and complex operating steps, which
ossibly result in the increased cost and further limit the poten-
ial applications. Therefore, the development of a novel, facile, and
ow cost route to synthesis nanostructure materials, control of
heir shapes, and exploration underlying growth mechanisms are

ery important issues for understanding relationships between the
aterials morphologies/structures and their properties and smart

ssembling of nanomaterials toward their effective applications.
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Tin oxide (SnO2) and zinc stannate (ZnSnO3), as famous
multifunctional materials, have recently attracted considerable
attention due to interesting technological properties and poten-
tial applications in various fields [5]. It is well-known that
the size and morphology of such materials very strongly affect
their properties and applications [3,6]. Recently, several meth-
ods have been employed to prepare SnO2 and ZnSnO3 nano- and
microstructures, including template-directed, vapor–liquid–solid
(VLS), chemical–vapor-deposition (CVD), thermal evaporation, and
solution-phase chemical methods. Of these techniques, hydrother-
mal method is one of the most promising routes, due to its low cost
and potential advantage for large-scale production. It is believed
that gas sensing properties of nanomaterials can be enhanced
by modulating the morphology [7]. On the other hand, synthe-
sis nanomaterial with controlled shape is a facile and effective
way to improve the sensitivity toward the target gas. Tin and zinc
compound oxides with special nanostructures show high sens-
ing performance to the detected gas due to the ultrahigh surface
to volume ratio. Thus, it has been extensively reported for syn-
thesis the mixture of the two oxides with various morphologies
[8,9]. However, little attention has been given to the synthesis of
core–shell structural SnO2/ZnSnO3 microspheres and exploration
of their sensing properties.
In this paper, we report a large-scale preparation of
SnO2/ZnSnO3 composite nanostructures using SnCl2 as a precursor
via a poly(vinyl pyrrolidone) (PVP)-assisted hydrothermal method.
In the preparation process, only water, which was friendly to
human health and the environments, was used as the solvent. The

dx.doi.org/10.1016/j.snb.2011.01.017
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s-prepared products are illuminated in terms of their crystallinity,
orphology, and structure. Moreover, the formation process has

een investigated through the morphology evolution with different
eaction times, and a possible formation mechanism is proposed.
xcellent ethanol sensing properties of sensors based on these
nO2/ZnSnO3 nanostructures have been observed.

. Experimental

.1. Synthesis and characterization of SnO2–ZnSnO3

Zn(CH3COO)2·2H2O, SnCl2·2H2O, NaOH, poly(vinyl pyrrolidone)
PVP MW = 30,000) and hydrogen peroxide (H2O2 30 wt.% in H2O)
Beijing Chemical Reagent Company) were used as received with-
ut further purification. In a typical process, PVP (1.2 g), H2O2
5 mL), Zn(CH3COO)2·2H2O (2 mmol), and SnCl2·2H2O (6 mmol)
ere added into 40 mL of an NaOH aqueous solution (contain-

ng 1.44 g NaOH). The solution was transferred into a Teflon-lined
tainless-steel autoclave and maintained at at 180 ◦C for 12 h. After
he hydrothermal procedure, the autoclave cooled naturally down
o room temperature. The white precipitates were collected by cen-
rifugation and washed for several times with absolute ethanol and
istilled water, respectively. Subsequently, the products were dried

n air at 80 ◦C for 12 h for further characterization.
X-ray power diffraction (XRD) analysis was conducted on

Rigaku D/max-2500 X-ray diffractometer with Cu K� radia-
ion (� = 1.5418 Å). Field emission scanning electron microscopy
FESEM) images were recorded on a JEOL JSM-7500F microscope
perating at 15 kV. The energy dispersive X-ray spectrometry (EDX)
esult was measured by the FESEM attachment. Transmission elec-
ron microscopy (TEM), selected-area electron diffractive (SAED),
nd high-resolution transmission electron microscopy (HRTEM)
mages were obtained on a JEOL JEM-200EX microscope with accel-
rating voltage of 200 kV and a JEOL JEM-3010 microscope operated
t 200 kV, respectively. The nitrogen adsorption–desorption
sotherm and Barrett–Joyner–Halenda (BJH) method were analyzed
n a Micromeritics Gemini VII apparatus (Surface Area and Porosity
ystem).

.2. Fabrication and measurement of sensor

A gas sensor was fabricated as follows: the as-synthesized sam-
le was mixed with water and then coated on a ceramic tube on
hich two platinum wires had been installed at each end. To keep

he sensor working at elevated temperature, a Ni–Cr alloy coil
as inserted into the ceramic tube as a heater. The gas-sensing
roperties of the sensor were measured with a RQ-2 gas-sensing
haracterization system. The measurement was processed with a
tatic method: the sensor was put into a closed glass chamber and
given amount of the tested gas was injected into the chamber for

he measurement of the sensitive performance. The gas response
is defined as the ratio Ra/Rg, where Ra and Rg are the resistances
easured in air and the tested gas atmosphere. The response and

ecovery time are defined as the time taken by the sensor to achieve
0% of the total resistance change in the case of adsorption and
esorption, respectively.

. Results and discussion

.1. Structural and morphological characteristics
Fig. 1 shows a typical X-ray power diffraction (XRD) pattern of
he as-prepared samples using the hydrothermal method at 180 ◦C
or 12 h. The crystal phase of the material was the mixed oxide of
nO2 and ZnSnO3, most of the diffraction peaks could be indexed
Fig. 1. XRD pattern of the as-synthesized sample.

to perovskite ZnSnO3, which agreed well with the reported val-
ues from the Joint Committee on Powder Diffraction Standards
card (JCPDS, 11-0274). The residual peaks were indexed to the
tetragonal rutile structure of SnO2, which was consistent with the
standard date file 41-1445. Compared with those of ZnSnO3, the
peaks of SnO2 were reversely broadened, which demonstrated that
the SnO2 had a small crystal size. The average crystal size was
calculated to be about 7 nm using the Debye–Scherer formula,
D = 0.89 �/(ˇ cos �), where � is the X-ray wavelength (1.5418 Å),
� is the Bragg diffraction angle, and ˇ is the peak width at half
maximum.

A low-magnification scanning electron microscopy (SEM) image
of the as-synthesized products is shown in Fig. 2a, from which
the uniform microspheres with an average diameter of 3 �m were
clearly observed. No other morphologies could be detected, indi-
cating a high yield of these microspheres. The core–shell structure
could be seen more clearly from an SEM image of a broken micro-
sphere (Fig. 2b). The complex shell was formed by nanorods with
an average diameter of 50 nm, the core was formed by aggregated
nanoparticles. The composition of the core was further identi-
fied by EDX measurement. The EDX result shown in Fig. 2c, it
demonstrated that the peaks of O and Sn could be clearly seen
in the survey spectrum. The selected-area electron diffraction
(SAED) pattern of samples (Fig. 2d) shows that the as-synthesized
products were polycrystalline in structure. Fig. 2e, a TEM image
of a typical as-obtained nanorod, shows that it possessed sharp
tip. The SAED pattern of an individual rod (inset of Fig. 2e) and
high-resolution transmission electron microscopy (HRTEM) image
(Fig. 2f) suggest that the nanorod was single crystalline in struc-
ture. The strong and sharp diffraction peaks in the XRD pattern
and the clear lattice fringes in the HRTEM image led us to believe
that the single crystalline nanorods were ZnSnO3. The relatively
broadened diffraction peaks in the XRD pattern, the detailed mor-
phological characteristics in the SEM images, and the result of the
EDX spectrum indicated that the aggregated nanoparticles were
SnO2.

The surface structural characteristics of the as-synthesized
SnO2/ZnSnO3 core–shell structures were analyzed by nitro-
gen sorption isotherm techniques, Fig. 3 presents the nitrogen
adsorption–desorption isotherms of the samples. As observed in

Fig. 3, the core–shell structured SnO2/ZnSnO3 microspheres exhib-
ited a type IV isotherm with a type H3 hysteresis loop for the
relative pressure P/P0 in the range 0.5–1 [10], according to the
IUPAC classification, which suggested the presence of mesoporous
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ig. 2. (a) Low-magnification and (b) SEM image of a broken microsphere. (c) The
nd SAED result of nanorods. (f) HRTEM image of the nanorod.

2–50 nm) structure in the products [11]. The inset reveals the
orresponding pore size distribution. The pore size distribution
urve was derived by the Barret–Joyner–Halenda (BJH) method,
hich revealed a correspondingly narrow pore size distribution

entered at about 3.5 nm. The BET surface area of the products was
alculated to be 91.6 m2/g by the Brunauer–Emmett–Teller (BET)
ethod.

.2. Growth process and mechanism
To understand the formation process of SnO2/ZnSnO3 core–shell
icrospheres and possible growth mechanism, we investigated the

volutional morphology of the intermediates obtained after differ-

ig. 3. Typical N2 gas adsorption–desorption isotherm of samples. The inset is the
orresponding pore-size distribution.
y dispersive spectroscopy of core. (d) The SAED pattern of samples. (e) TEM image

ent reaction times, which is shown in Fig. 4. When the hydrothermal
time was 30 min, it could be observed that the sample consisted of
some irregularly polyhedron (Fig. 4a). No nanorods were observed.
X-ray power diffraction (XRD) of sample (see the inset) confirmed
that mainly of the diffraction peaks could be clearly indexed as
ZnSn(OH)6 and matched well with the reported values from the
Joint Committee on Powder Diffraction Standards card (JCPDS file
no. 73-2384). Weak diffraction peaks from the tetragonal SnO2
(JCPDS file no. 41-1445) were also observed. This indicated that
ZnSn(OH)6 was formed at early stage. With an extension of the
reaction time to 4 h, a rodlike morphology was observed and the
diameter of nanorods was less than 30 nm, which was estimated
from the SEM image (Fig. 4b). As the hydrothermal process was
prolonged to 12 h, the hierarchical SnO2/ZnSnO3 spheres in bulk
quantity were obtained (Fig. 4c), and the detailed characteristics
of them are described in the above part. However, upon further
increasing the reaction time to 24 h led to the formation of smooth
microspheres, as shown in Fig. 4d.

On the basis of the SEM and TEM observations, along with crys-
tal structure analyses, we proposed a possible three-step growth
mechanism for the formation of SnO2/ZnSnO3 core–shell spheres.
The main evolving steps are schematically illustrated in Fig. 5.
Firstly, Zn(OH)4

2− and Sn(OH)6
2− anions were formed by the com-

plexation between Zn2+, Sn4+ and OH− ions in the strong alkaline
solution. Under hydrothermal conditions, ZnSn(OH)6 nuclei formed
quickly, followed by the growth of the nuclei into polyhedron-
shaped crystals (Fig. 5, step 1). Then, secondary nucleation occurred
on the edges and surfaces of these polyhedron-shaped crystals,
followed by subsequent growth of the branched structures that
provided high-energy sites for nanocrystal growth (Fig. 5, step
2) [12]. Finally, the metastable ZnSn(OH)6 intermediate phase
decomposed and recrystallized to form different morphologies

(Fig. 5, step 3) according to the “dissolution–recrystallization”
mechanism [13]. The detailed mechanism for the formation of
SnO2/ZnSnO3 core–shell structure is still under investigation by our
group. Here is a working hypothesis that agreed with the electron
microscopy.
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ig. 4. SEM images of morphology evolution of samples prepared with different tim
s-synthesized sample at 30 min.

To understand the effect of PVP on the formation of well-defined
ierarchical structures, the controlled experiments had been car-
ied out. The results indicate that the amount of PVP was crucial
n the synthesis, while keeping other experimental conditions
nchanged. By adjusting the amount of PVP, samples with dif-
erent morphologies could be obtained accordingly. When no PVP
as used, it could be observed that the samples consisted of some

gglomerates (Fig. A.1a, supplementary materials). Even when the
ydrothermal time was prolonged, the morphology of products
as still preserved. As 0.4 g PVP was introduced into the reaction

ystem, it can be seen that these agglomerates transformed into
he rodlike shapes with the diameter of about 20–30 nm, although
small amount of products remained the aggregated nanoparti-

les (Fig. A.1b, supplementary materials). Further increased in the
mount of PVP (0.8 g and 1.2 g) led to the generation of relatively
egular spheres, which were constructed by many one-dimensional
anorods with an average diameter of 50 nm (Fig. A.1c–d, supple-

entary materials), and nearly no aggregated nanoparticles could

e observed. Therefore, on the basis of the morphological study,
t can be concluded that PVP plays an important role in forming
nO2/ZnSnO3 core–shell structure.

Fig. 5. Schematic illustration of the formation proces
) 30 min, (b) 4 h, (c) 12 h and (d) 24 h. The inset of (a) shows the XRD pattern of the

3.3. Ethanol sensing properties

The schematic drawing of the sensor tested is shown in
(Fig. A2, supplementary materials), and the details of fabrication are
described in the experimental section. The gas sensing properties of
SnO2/ZnSnO3 core–shell structure were investigated. Fig. 6 shows
the gas response of the sensor based on SnO2/ZnSnO3 core–shell
structure to volatile organic compound (VOC) testing gases, such
as ethanol, acetone, methanol, etc. All of the gases were tested
at an operating temperature of 275 ◦C with a concentration of
100 ppm. In Fig. 6, the results indicate that the sensor exhibited
little responses to acetone and formaldehyde, and were almost
insensitive to methanol, butanone, xylene, and chloroform. The
highest response of the sensor was 36.5 to ethanol, while the
responses to other gases were no greater than 12. From the results,
it is concluded that the selectivity of the sensor to ethanol against
other VOC gases was exceeding almost by 3 times.
It is well known that the response of a semiconductor gas
sensor is greatly influenced by operating temperature. At low tem-
peratures the tested gas molecules are not activated enough to
overcome the activation energy barrier to react with the adsorbed

s of hierarchical SnO2–ZnSnO3 nanostructures.
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Fig. 6. Response of the sensor to different test gases.
xygen species, while at temperatures which are too high the dif-
culty in gas adsorption is not adequately compensated by the

ncreased surface reactivity [14–17]. In order to determine the opti-
um operating temperature, the response of the SnO2/ZnSnO3

ig. 7. (a) Response versus operating temperature of the sensor exposing to 100 ppm eth

ig. 8. (a) Response transients of the sensor to 20 ppm ethanol. The inset displaying th
oncentrations of ethanol.
ors B 155 (2011) 606–611

core–shell structure gas sensor to 100 ppm ethanol vapor was
tested as a function of operating temperature, as shown in Fig. 7a.
It is obvious that the response to ethanol increased with the oper-
ating temperature, which attained the maximum at 275 ◦C, and
then decreased with a further rise of the operating temperature.
Therefore, a temperature of 275 ◦C was believed to be the opti-
mum operating temperature for the detection of ethanol, which
was applied in all the investigations hereinafter. Response of the
gas sensors depends on the concentration of the tested gas, too.
In this study, therefore, different gas concentrations were tested
at the optimum temperature. The results are shown in Fig. 7b. It
is obvious that the sensor had a wide detection range for ethanol
from 20 to 1000 ppm. When the concentration of ethanol was in the
range of 20–90 ppm, the responses showed good linearity with the
increasing concentration (the inset of Fig. 7b). With increasing con-
centration of ethanol, the responses greatly increased. However,
the responses slowly tended to saturation when concentrations
reached higher levels.

Response and recovery times are also important parameters
of a gas sensor, Fig. 8a shows the response transients of sen-
sor to 20 ppm ethanol at 275 ◦C, and the results indicate that the

SnO2/ZnSnO3 sensor had a fast response-recovery process. The
response and recovery time of the sensor based on the as-fabricated
SnO2/ZnSnO3 hierarchical structures were about within 3 and 30 s,
respectively. The three reversible cycles of the response curve indi-
cated a stable and repeatable characteristic, as shown in the inset

anol. (b) Relationship between response of sensor and ethanol concentration.

ree periods of response curve. (b) Response transients of the sensor to different
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f Fig. 8a. The response and recovery behaviors were further inves-
igated. Fig. 8b shows the response and recovery curves of the gas
ensor upon being orderly exposed to different concentrations of
thanol at 275 ◦C. The responses are about 2.4, 4.8, 7.2, and 11.1 to
0, 20, 30, and 40 ppm ethanol respectively. The fast response and
ecovery of SnO2/ZnSnO3 sensor may be ascribed to the framework
f gas diffusion toward the materials surface and its reaction with
urface oxygen. The hierarchical structures provide well-defined
icro- and nanoporosity for effective gas diffusion. Therefore, a

ast response and recovery can be achieved using hierarchical struc-
ures.

Semiconducting metal oxides have great potential as gas-
ensing materials, owing to the fact that chemical interaction of
as molecules with the semiconductor surface leads to changes in
he electrical conductivity [18–21]. The unique hierarchical struc-
ures of SnO2/ZnSnO3 consisting of 1D nanorods provide efficient
ransport of electrons and present abundant active sites. The sens-
ng mechanism can be considered as the following: when the
nO2/ZnSnO3 core–shell structure sensor is exposed to air, oxy-
en molecules can be adsorbed on its surface and capture free
lectrons from the conduction band to form chemisorbed oxygen
pecies. Therefore, a space–charge region will be created on the
urface of oxides, resulting in a decrease of the carrier concentra-
ion. When the sensor is exposed to a reducing gas such as ethanol
t a moderate temperature, the adsorbed oxygen species on its sur-
ace will react with these gas molecules. This process releases the
rapped electrons back to the conduction band and finally leads to
n increase of electron concentration, which results in a decrease
n the resistances.

. Conclusions

In summary, core–shell structural SnO2/ZnSnO3 microspheres
ave been successfully synthesized by means of a hydrother-
al method using PVP as the surfactant. The effects of PVP and

ydrothermal time on the morphology of SnO2/ZnSnO3 were inves-
igated. The results indicate that PVP plays an important role in the
ormation of such well-constructed microstructures. A possible for-

ation mechanism is discussed by a three-step growth mechanism.
n addition, the gas-sensing properties of our SnO2/ZnSnO3-based
ensor exhibit high sensitivity, fast response, and good repeatability
o ethanol.
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