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SnO2 nanosheets  with  the  thickness  of  10  nm  were  successfully  synthesized  by a  simple  hydrothermal
process  at  180 ◦C for 12  h. The  samples  were  characterized  by  X-ray  power  diffraction,  scanning  electron
microscopy,  transmission  electron  microscopy,  and  high-resolution  transmission  electron  microscopy.
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The  sensor  performance  of  the  as-prepared  SnO2 nanosheets  for  ethanol  and  carbon  monoxide  was  mea-
sured.  The  results  indicate  that  the  sensor  exhibited  high  response,  quick  response–recovery  kinetics,
and  good  repeatability.

© 2011 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, great attention has been focused on synthesis
nd applications of one dimensional nanostructures materials such
s nanowires, nanorods, nanobelts, and nanotubes [1–4]. Because of
heir unique structures and different specific properties from bulk

aterials, they have wide-ranging potential applications. On the
ther hand, two dimensional nanostructures are less thoroughly
nvestigated. The properties and applications of two  dimensional
anostructures are yet to be exploited. Metal oxides are the basis
f smart and functional materials that have tunable properties
nd important technological applications. Among them, tin oxide
SnO2), which has a large band gap (Eg = 3.6 eV at 300 K), is an
mportant n-type semiconductor that has outstanding properties
nabling its application in various fields, such as gas sensors [5–8],
olar cells [9],  and transistors [10]. Its properties highly depend
n the synthesis method, size, morphology, crystal structure, and
urface properties of the sample. Over the past years, several dif-
erent morphologies of nanoscale SnO2 have been synthesized via
arious methods [11–15].  However, until now, little attention has
een given to the synthesis of dispersive SnO2 nanosheets and
xploration of their sensing properties.

Solution-phase synthetic strategy has attracted most attention

n attempt to obtain metal oxides with different morphologies, due
o its facile method, mild fabrication condition, and low cost. In
his paper, we report the synthesis of dispersive SnO2 nanosheets
ia a sodium citrate assisted hydrothermal process. The gas sens-

∗ Corresponding authors. Tel.: +86 431 85167808; fax: +86 431 85167808.
E-mail addresses: syf@jlu.edu.cn (Y. Sun), lugy@jlu.edu.cn (G. Lu).

925-4005/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.snb.2011.02.038
ing properties of the sensors based on these dispersive SnO2
nanosheets are examined.

2. Experimental

All the reagents were of analytical grade (Beijing Chemicals Co.,
Ltd.) and used as-received without further purification. In a typi-
cal procedure, SnCl2·2H2O (4 mM)  and Na3C6H5O7·2H2O (10 mM)
were dissolved in a basic mixture of ethanol and water (1:1 by vol-
ume, pH ≈ 11) to form a homogeneous solution. The solution with
dissolved precursor was magnetically stirred for 1 h before being
transferred to a Telflon-lined stainless steel autoclave and then
heated in an electric oven at 180 ◦C for 12 h. After the hydrothermal
procedure, the autoclave cooled down to room temperature natu-
rally. A yellow precipitate was  collected after centrifugation and
dried at 80 ◦C for 12 h. Finally, the sample was sintered at 400 ◦C
for 2 h. The crystal structure and morphology of the obtained sam-
ples were characterized by X-ray power diffraction (XRD, Rigaku
D/max-2500) with Cu K� radiation (� = 1.54056 Å), field emission
scanning electron microscopy (FESEM, JEOL JSM-7500F, operated at
15 kV), transmission electron microscopy (TEM, JEOL JEM-200EX,
operated at 200 kV), selected-area electron diffraction (SAED), and
high-resolution transmission electron microscopy (HRTEM, JEOL
JEM-3010, operated at 200 kV), respectively.

Gas sensors were fabricated as follows: the as-prepared pow-
der was  dispersed in the deionized water and ultrasonicated to

make a paste, and then coated on an alumina tube (4 mm in length,
1.2 mm in external diameter, and 0.8 mm in internal diameter,
attached with a pair of gold electrodes) by a small brush to form a
thick film. The thickness of sensing films was about 100 �m. After
drying under air at room temperature for 1 h, the devices were sin-

dx.doi.org/10.1016/j.snb.2011.02.038
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ig. 1. Morphological characterization of as-synthesized SnO2 samples: (a) panora

ered at 400 ◦C for 2 h. The operating temperature was controlled
y adjusting the heating power, using a Ni–Cr alloy coil placed
hrough the alumina tube. The sensing properties of the sensors
ere determined using a RQ-2 gas-sensing characterization sys-

em under laboratory conditions (50 RH %, 22 ◦C). The measurement
as processed by a static process in a test chamber (50 L in vol-
me). Environmental air was used as both a reference gas and a
iluting gas to obtain desired concentrations of target gases. A typ-

cal testing procedure was as follows. The sensor was put into the
hamber at the beginning. Then the calculated amount of the tar-
et gas or liquid was injected into the chamber by a microsyringe.
hen the response reached a constant value, the upper cover of

he test chamber was removed and the sensor began to recover in
ir. For the target gases obtained from liquid, the concentration of
arget gas was calculated by the following formula,

 = 22.4  × � × V1

M × V2
× 100
here C (ppm) is the target gas concentration, � (g/mL) is the den-
ity of the liquid, V1 (�L) is the volume of liquid, V2 (L) is the volume
f the chamber, and M (g/mol) is the molecular weight of the liquid.
he gas response S was defined as the ratio Ra/Rg, where Ra and Rg

Fig. 2. FESEM images of samples obtained by using (a) 5 mmol  
) enlarged FESEM images, (c–e) TEM, SAED, and HRTEM images of the nanosheets.

are the resistances measured in air and the tested gas atmosphere.
The response and recovery time were defined as the time taken by
the sensor to achieve 90% of the total resistance change in the case
of adsorption and desorption, respectively.

3. Results and discussion

The morphology, structure, and size of the SnO2 nanosheets
were characterized with FESEM, TEM, and HRTEM. Fig. 1a is a typ-
ical low-magnification scanning electron microscopy (SEM) image
of the as-synthesized sample, from which a number of uniform
nanosheets were clearly observed. No other morphologies could
be detected, indicating a high yield of these nanosheets. The high-
magnification SEM image of sample is shown in Fig. 1b. It can be
seen that the nanosheets were mostly rectangular in shape, but
some of them exhibited irregular shapes. Higher magnification SEM
image of nanosheet is shown in the inset of Fig. 1b. As can be seen

from it, the surface of the SnO2 nanosheet was  rather smooth, and
the thickness of the SnO2 nanosheet was  about 10 nm. The typi-
cal TEM image in Fig. 1c shows that the size and shape of SnO2
were similar to those of the FESEM observations. The correspond-
ing SAED pattern (Fig. 1d) and the HRTEM image (Fig. 1e) confirm

sodium citrate, (b) 10 mmol sodium citrate, (c) 0.9 g PVP.
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for the sensor at operating temperature of 250 C is depicted in

F

ig. 3. XRD patterns of the as-prepared SnO2 samples before and after sintering.

hat the SnO2 nanosheets were polycrystalline structures in nature.
To investigate the role of sodium citrate in the formation of

nO2 nanosheets, the controlled experiments of the hydrothermal
rocess with different concentrations of sodium citrate and with
eplaced poly (vinyl pyrrolidone) PVP had been carried out, respec-
ively, keeping other experimental conditions constant. When the
oncentration of sodium citrate was 5 mM,  it could be observed
hat the sample consisted of large number of smaller nanosheets
Fig. 2a). The increasing of the concentration (10 mM)  led to the gen-
ration of relatively dispersive nanosheets (Fig. 2b). When we used
VP as a surfactant instead of sodium citrate, the as-synthesized
ample consisted of a large scale of rugged microspheres with the
izes of 800 nm to 1 �m (Fig. 2c). On the basis of above results, it
an be concluded that sodium citrate plays an important role in
orming SnO2 nanosheets.

The typical XRD patterns of the SnO2 nanosheets before and
fter sintering are shown in Fig. 3. All the diffraction peaks from
he sample could be very well indexed to tetragonal rutile struc-
ured SnO2 with the lattice parameters of a = 4.738 Å and c = 3.187 Å,
hich was consistent with the standard data file (JCPDS file no.

1-1445). No other diffraction peaks were observed. After sinter-
ng, diffraction peaks in the XRD pattern suggested that the sample

as of high crystallinity. Compared with those of the bulk mate-
ial, the peaks were relatively broadened, which demonstrated that
he SnO2 had a small crystal size. The mean crystallite size was
alculated to be around 11 nm using the Debye–Scherer formula,
 = 0.89�/(  ̌ cos �), where � is the X-ray wavelength, � is the Bragg
iffraction angle and  ̌ is the peak width at half maximum. The
alculated value almost accords with the thickness of nanosheet
bserved from the SEM image (inset of Fig. 1b).

ig. 5. (a) Responses of the sensor using SnO2 nanosheets to 100 ppm various test gases a
Fig. 4. Response of the sensor to 100 ppm ethanol as a function of operating tem-
perature.

The sensing properties of the sensor using uniform SnO2
nanosheets were investigated. In order to determine the optimum
operating temperature, the response of the SnO2 nanosheets sensor
to 100 ppm ethanol was  tested as a function of operating temper-
ature, as shown in Fig. 4. The response increased with a raise of
operating temperature and reached the maximum value of 73.3
at 250 ◦C, followed by a decrease with further increase of operat-
ing temperature. Therefore, the optimal operating temperature of
250 ◦C was chosen for ethanol, to further examine the characteris-
tics of the sensor.

Fig. 5a shows the gas responses of the SnO2 nanosheets-
based sensor to various testing gases of 100 ppm at the operating
temperature of 250 ◦C. Eight kinds of volatile organic compound
(VOC) gases were tested, including ethanol, butanone, acetone,
etc. In Fig. 5a, the results indicate that the sensor using SnO2
nanosheets exhibited lower responses to acetone, isopropanol,
toluene, methanol, and butanone than that of the response to
ethanol, and were almost insensitive to dimethylbenzene and
formaldehyde. The highest response of the sensor was about 73.3
to ethanol, while the responses to other gases were no greater than
33. The different responses observed toward different carbon com-
pounds can be ascribed to their polar character. Test gas molecule
with strong polarity is more easily decomposed and oxidized than
that with weak one [16].

The relationship between response and ethanol concentrations
◦

Fig. 5b. From the curve, it is found that the response increased with
the increase of ethanol concentration from 20 to 1100 ppm. When
the ethanol concentrations reached higher levels, the response
almost tended to saturation. When the ethanol concentrations

t 250 ◦C. (b) Response of the sensor versus the ethanol concentration at 250 ◦C.
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ig. 6. (a) Response of the sensor using SnO2 nanosheets to 500 ppm CO as a fun
00 ◦C, the inset displaying six periods of response curve.

ere in the range of 20–90 ppm, it should be noted that the lin-
ar dependence of the responses on the ethanol concentrations is
bserved, as shown in the inset of Fig. 4b. Specifically, the sen-
or using SnO2 nanosheets was found to exhibit high responses to
thanol gas even at low concentrations. Compared with the sensing
roperties of other SnO2 nanostructure sensors [17–19],  the advan-
age of our SnO2 sensors is a relatively higher response to ethanol
as, so it can be expected to serve as a promising functional material
n ethanol gas sensors.

For the gas sensing mechanism of SnO2 nanosheet-based sensor,
t should follow the surface charge model, which may  be explained
y the change in resistance of the sensor upon exposure to differ-
nt gas atmospheres. When the sensor is exposed to air, oxygen
olecules are adsorbed on the surfaces of the SnO2 nanosheets

nd ionized to O2
−, O− or O2− by capturing free electrons from the

onductance of SnO2 nanosheets, which results in the increase of
esistance of the sensor. When the sensor is exposed to a reducing
as such as ethanol, these gas molecules can react with adsorbed
xygen species on the surface of SnO2 nanosheet. This process
eleases the trapped electrons back to the conduction band and
nally leads to a decrease in the resistances. In addition, the high
esponse is attributed to the small size of the SnO2 nanosheets. For
-type semiconductor metal oxides, if the size of them is reduced
o a scale comparable to the space-charge layer thickness, the oxide
hould show high sensitivity to a target gas [20,21].

Gas-sensing properties of the sensor based on SnO2 nanosheets
o carbon monoxide were also investigated. Fig. 6a presents the
elationship between the responses to 500 ppm CO and the oper-
ting temperature for the sensor based on SnO2 nanosheets. It is
lear that the operating temperature had an obvious influence on
he response of sensor to CO. The responses of the sensor increased
nd reached maximum at 300 ◦C, and then decreased rapidly with
urther increasing the operating temperature. It is considered that
00 ◦C was the optimum operating temperature for the sensor
sing SnO2 nanosheets. Therefore, the temperature of 300 ◦C was
hosen for further examining the gas-sensing properties of the sen-
or to CO gas.

The response and recovery characteristics to 200 ppm CO at
perating temperature of 300 ◦C were investigated, and the curve
s shown in Fig. 6b. The results indicate that the SnO2 nanosheet-
ased sensor had a fast response–recovery process. The response
nd recovery times of the SnO2 nanosheet-based sensor were
bout 1 and 3 s, respectively. Compared with the sensing proper-
ies of sensors using other SnO2 nanostructure [22–24],  it could be

een that the SnO2 nanosheet-based sensor had a relative shorter
esponse and recovery times. Although, some sensors exhibit rel-
tively higher response compared with our work, the potential
pplications, such as rapid and continuous detection, were lim-
ted due to the longer response and recovery times. Therefore, the
f operating temperature. (b) Response transients of the sensor to 200 ppm CO at

advantage of our SnO2 sensors is the relatively shorter response and
recovery times. Six reversible cycles of the response curve indicated
that the sensor had good repeatability and stability, as shown in
the inset of Fig. 6b. The fast response and recovery times and good
repeatability of the SnO2 nanosheet-based gas sensor support its
promising applications at the industrial level. The fast response and
recovery times may  be ascribed to the framework of gas diffusion
toward the SnO2 surface and its reaction with surface absorbed
oxygen [25]. The response and recovery times of the sensor are
influenced by several factors such as the gas diffusion, the thick-
ness of sensing layer, and the amount of gas adsorption on the
sensing material at different operating temperatures [26–28].  At
a constant temperature, the amount of target gas and the surface
reaction between the gas and the adsorbed oxygen will not vary sig-
nificantly. Accordingly, the diffusion of oxygen and reducing gases
toward the surface of the sensing material could be regarded as
the key factor. Nano-sized particles are generally used to maximize
the response [29]. However, significant aggregation between par-
ticles is inevitable due to the van der Waals attractions. Thus, for
the target gas, it is difficult to diffuse through the nano-scale pores
in the aggregates. In contrast, gas diffusion toward the surfaces of
SnO2 nanosheets is relatively easy due to many channels and pores
between the SnO2 nanosheets.

4. Conclusions

In summary, dispersive SnO2 nanosheets with the thickness
of 10 nm have been successfully synthesized through a simple
hydrothermal method. The gas-sensing properties of our SnO2
nanosheets-based sensor exhibits high response to ethanol, and
fast response–recovery, good repeatability to CO. Typically, the
response and recovery times of the sensor using SnO2 nanosheet
to 200 ppm CO are about 1 and 3 s. These results indicate that the
present SnO2 nanosheets are promising for gas sensors.
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