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a b s t r a c t

Well-defined three-dimensional (3D) hierarchical tin dioxide (SnO2) nanoflowers with the size of about
200 nm were successfully synthesized by a simple template-free hydrothermal method. X-ray diffraction
(XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM) and N2 adsorption-
desorption analyses were used to characterize the structure and morphology of the products. The as-
synthesized full crystalline and large specific surface area SnO2 nanoflowers were assembled by one-
dimensional (1D) SnO2 nanorods with sharp tips. A possible self-assembly mechanism for the formation
the SnO2 nanoflowers was speculated. Moreover, gas sensing investigation showed the sensor based on
SnO2 nanoflowers to exhibit high response and fast response-recovery ability to detect acetone and
ethanol at an operating temperature lower than 200 °C. The enhancement of gas sensing properties was
attributed to their 3D hierarchical nanostructure, large specific surface area, and small size of the sec-
ondary SnO2 nanorods.

& 2016 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
1. Introduction

One-dimensional nanostructures with their extensive applica-
tions in these fields, such as wires, rods, belts and tubes have
gained prominent attention due to their unique physical and
chemical properties [1–6]. Self-assembly of 1-D functional na-
noscale building blocks for preparing 2D or 3D hierarchical
structures has also attracted considerable interest [7–11]. Unitl
now, the successful applications of various synthetic strategies,
including chemical modification [12], electrostatic induction [13],
surface-interface interaction [14,15] and template addition [16] for
preparing hierarchical structures, such as flowers [14,17], den-
drites [18] and urchins [19], have been obtained. However, it is still
a challenge to develop complex architectures assembled by 1D
nanocrystals by a simple, solution-based, and template-free
method.

Tin dioxide (SnO2), as a wide band n-type semiconductor
(Eg¼3.6 eV at 300 K), due to its high conductivity, fast response,
good stability and low cost, is often applied as a semiconductor-
based gas-sensing material for reductive gases such as hydrogen,
methane, carbon monoxide, methanol, ethanol and other volatile
organic compounds [20–25]. In order to meet the demand for large
.l. All rights reserved.
specific surface area and surface accessibility of analyte molecules,
various hierarchical structures of SnO2 and SnO2-based composites
such as flowers, hollow nanostructures, and mesoporous solids
have been synthesized [11,22,25–30]. For gas sensing, very pro-
mising results of these nanostructures have been demonstrated.
For example, Wang and co-workers [27] have prepared SnO2 na-
noflowers via a one-pot hydrothermal treatment using cetyl-
trimethylammonium bromide (CTAB) as the soft template, which
have exhibited enhanced gas sensing properties for n-butanol.
Chen et al. [11] have successfully synthesized SnO2 nanopolyhe-
drons assembled by ultrathin SnO2 nanowires based on the so-
dium dodecyl sulfate (SDS)-assisted hydrothermal process. Com-
pared with other methods, hydrothermal synthesis has been
proven an effective, convenient and economical way to prepare
hierarchical nanostructured SnO2. At the same time, applications
of the synthesis hierarchical SnO2 nanostructures can be expanded
by developing a simple template-free hydrothermal method.

In this work, a simple template-free hydrothermal synthesis is
used to obtain a 3D flower-shaped SnO2 self-assembled by SnO2

nanorods. The crystallinity, morphology and crystal structure of
the as-prepared SnO2 are characterized in detail. Moreover, sys-
tematic experiments were performed to understand the formation
mechanism of the hierarchical SnO2 nanostructures. Excellent
acetone and ethanol sensing properties of the hierarchical SnO2

nanoflowers were observed at the operating temperature lower
than 200 °C. The result indicates that it is possible for as-prepared
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SnO2 nanostructures to be promising applications as the chemical
sensor.
Fig. 1. (a) Standard reflection peaks of rutile SnO2 (JCPDS card No. 41-1445) and
(b) XRD pattern of the as-synthesized SnO2 products.
2. Experimental section

2.1. Materials and methods

Materials used were all of analytical grade without further
purification. In a typical synthesis, K2SnO3 �3H2O (0.299 g,
1.0 mmol) and Zn(CH3COO)2 �2H2O (0.219 g, 1.0 mmol) were dis-
solved in 30 mL of ethanol-deionized water mixture (10 mL
ethanol and 20 mL deionized water) and stirred for 10 min, re-
spectively. Then the K2SnO3 �3H2O solution was added dropwise to
the Zn(CH3COO)2 �2H2O solution and their mixture was stirred for
15 min. After that, the urea (1.8 g, 30 mmol) was dissolved in the
above system to obtain a white suspension solution, which was
then transferred into a 100 mL Teflon-lined stainless steel auto-
clave and heated at 180 °C for 24 h. After it cooled down to the
room temperature, the white precipitate was washed several
times with deionized water and ethanol, and then dried under
vacuum at 50 °C overnight. The final product was annealed at
450 °C for 2 h in air.

2.2. Characterization

The morphology and size of the resulting powder were char-
acterized by a field-emission scanning electron microscope (FES-
EM, JEOL-6701 F, operated at 10 kV) and transmission electron
microscopy (TEM, JEOL2010). Powder X-Ray diffraction (XRD)
patterns were collected on a Rigaku D/max-2500 with filtered Cu
Kα radiation (λ¼0.1542 nm) at 40 kV and 100 mA. The nitrogen
adsorption and desorption isotherms were measured using a
Quantachrome Autosorb AS-1 instrument.

2.3. Sensor fabrication and test

The fabrication procedure of side-heated gas sensor was briefly
described typically as our previous study [31]: the as-prepared
SnO2 products were mixed with deionized water at a weight ratio
of 2:1 to form a homogeneous paste. Then the paste was coated
onto an alumina ceramic tube (size and dimension of about
2.5�4.0 mm) to form a thin 20 mm sensing film. The ceramic tube
was previously positioned with a pair of Au electrodes and two Pt
wires on each end. A Ni–Cr alloy coil was inserted into the tube as
a heater to provide the working temperature of the gas sensor by
tuning on the heating voltage. Finally, the alumina tube was
welded onto a pedestal with six probes.

The electrical properties of the gas sensor were measured by a
CGS-8 gas-sensing testing system (Beijing Elite Tech Co. Ltd.,
PR China). A stationary-state gas distribution process was per-
formed to complete the measurement: a given amount of tested
gas was injected into a glass chamber and fully mixed with air. The
response of the sensor was defined as the ratio (Ra/Rg) of the re-
sistance of the sensor in air (Ra) to that in a testing gas (Rg). 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

3.1. Structural and morphological characterization

The phase purity and the crystallographic structure of the as-
synthesized products were characterized by X-ray diffraction. The
XRD patterns of the flower-like SnO2 are shown in Fig. 1b, where
all the diffraction peaks can be indexed to the standard diffraction
pattern of rutile SnO2 (Fig. 1a, JCPDS card No. 41-1445). No other
reflection peaks such as ZnO, ZnSnO3, etc., could be observed, in-
dicating the full crystallinity of the obtained SnO2 products. The
formation of nanosized SnO2 crystals are indicated by the broad
peaks, which is confirmed as below.

The size and morphology of the obtained SnO2 sample were
examined by scanning electron microscopy (SEM). The low-mag-
nification SEM image in Fig. 2a shows that the sample almost
completely consisted of uniform flower-like structures with an
average diameter of about 200 nm. At an enlarged magnification
(Fig. 2b), it can be apparently observed that each of the hier-
archical nanostructures is composed of tens of similar SnO2 na-
norods with a diameter of about 25 nm and a length of about
80 nm.

The detailed hierarchical structures of the flower-like SnO2

products are further characterized by transmission electron mi-
croscopy (TEM). From the representative low-magnification TEM
image of the as-synthesized products (Fig. 3a), it can be seen that
well-dispersed nanoflowers with average size around 200 nm are
in accordance with the SEM results. The high-magnification TEM
image (Fig. 3b) reveals that the flower-like hierarchical nanos-
tructures actually are self-assembled by uniform SnO2 nanorods
with diameter of about 20–25 nm with sharp tips, which is con-
sistent with the broadened XRD patterns. In Fig. 3c, it is apparent
that the lattice spacing of 0.335 nm corresponds to the (110)
planes of tetragonal rutile SnO2. Interestingly, it is noteworthy that
the hierarchical flower-like nanostructures are sufficiently stable,
which cannot be destroyed even after the ultrasonication for
60 min

The nitrogen adsorption-desorption was performed to de-
termine the specific surface areas of as-prepared hierarchical SnO2

nanoflowers. As shown in Fig. 4, the Brunauer-Emmett-Teller (BET)
specific surface area of the sample calculated from N2 adsorption is
51 m2/g, and the isotherm of the SnO2 sample exhibits a hysteresis
loop at the P/P0 ranges of 0.88–0.98, which is associated with the
filling and emptying of mesopores by capillary condensation. The
pore size distribution of the SnO2 nanoflowers show that a broad
peak appears in the pore size region of 6–120 nm. The larger
specific surface area of the SnO2 can be ascribed to its three-di-
mensional hierarchical nanostructures. It is well-known that por-
ous nanostructures with large specific surface area as gas sensors



Fig. 2. (a) Low- and (b) high-magnification SEM images of the as-synthesized SnO2 products.

Fig. 3. (a) Low-magnification TEM images of the flower-like SnO2 products. (b) High-magnification TEM images of individual SnO2 nanoflower. (c) Lattice-resolved HRTEM
image taken from the tip of SnO2 nanorod.
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enable more detected gases to participate in surface reactions,
suggesting the potential application of SnO2 nanoflowers as gas
sensors.

3.2. Growth mechanism and formation process

To understand the formation process of the hierarchical SnO2

nanoflowers and the possible growth mechanism, a series of
controllable experiments were also carried out. The composition
and morphology of the samples prepared at different reaction
times were investigated. Uniform cubic nanostructures with edge
size of 80–100 nm can be observed before the hydrothermal
treatment in Fig. 5a. The crystallinity and phase information of the
cube-like precursors are confirmed by XRD measurements in
Fig. 6a. It is indexed to the standard ZnSn(OH)6 phase (JCPDS card
No. 20-1455), demonstrating a phase transformation after the
hydrothermal reaction. As the hydrothermal process was pro-
longed to 6 h, the SEM image in Fig. 5b shows a large quantity of
nanorods on the surface of ZnSn(OH)6 nanocubes. The diffraction
peaks marked “◆” in Fig. 6b can be indexed to tetragonal SnO2

(JCPDS card No. 41-1445), suggesting that the composites of ZnSn
(OH)6 and SnO2 are obtained. When the reaction time increased to
12 h, 3D SnO2 nanoflower nanostructures can be assembled by the
SnO2 nanorods. Meanwhile, the amount of ZnSn(OH)6 also de-
creased and cannot be detected by XRD in Fig. 6c. When the re-
action time proceeded to 18 h, it can be seen in Fig. 5d that ZnSn
(OH)6 nanocubes completely disappeared and further changed
into SnO2 nanoflowers, which is also illustrated based on the XRD
result in Fig. 6d.

On the basis of the time-dependent experiments results, a
possible growth mechanism can be proposed in Fig. 7. In the first
step, after the mixture of reactants (Zn2þ and SnO3

2�) are ob-
tained, H2SnO3 and Zn(OH)42� are produced to form ZnSn(OH)6
nanocubes (Fig. 5a) due to the dual-hydrolysis-assisted liquid
precipitation reaction. Then, with the increase of temperature
during the hydrothermal reaction process, urea is hydrolyzed
(when the temperature was higher than 60 °C) as follows:

(NH2)2COþH2O-2NH3þCO2 (1)



Fig. 4. Typical nitrogen adsorption and desorption isotherms of the SnO2 nano-
flowers with corresponding pore-size distribution (inset) calculated by the BJH
method from the desorption branch.

Fig. 5. SEM images of morphology evolution of the SnO2 nanostructures prepared with different reaction times: (a) 0 h, (b) 6 h, (c) 12 h, (d) 18 h. The scale bar is 200 nm.

Fig. 6. XRD patterns of the SnO2 nanostructures prepared with different reaction
times: (a) 0 h, (b) 6 h, (c) 12 h, (d) 18 h.
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Fig. 7. Schematic illustration of the transformation process of SnO2 nanoflowers.
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Interestingly, under the hydrothermal reaction system, ZnSn
(OH)6 is dissolved by NH3, which lead to the formation a soluble
complex Zn(NH3)42þ kept in the mother solution. Meanwhile,
SnO2 was easily formed by the Sn4þ ions at basic conditions
[32,33]. Chemical reaction process of SnO2 can be formulated as
follows:

ZnSn(OH)6þ4NH3-SnO2þ[Zn(NH3)4]2þþ2OH�þ2H2O (2)

According to the previous reports, SnO2 (001) crystal exhibits
the highest surface energies, and it is more favorable for crystal to
grow along the (001) direction so that SnO2 nanorods can be ob-
tained [34–36]. Obviously, in this reaction system, urea molecules
also played an important role in the formation of SnO2 nano-
flowers. As the reaction proceeded, more NH3 were produced, thus
resulting in more SnO2 primary nanorods. Finally, in the step Ⅲ,
the hierarchical SnO2 nanoflowers with many rod-like structures
were obtained through a self-assembled process. The detailed
mechanism of the self-assemble process is still under investigation
by our group.

3.3. Gas sensing properties

A sensor based on the as-synthesized SnO2 nanoflowers was
developed and tested by a method similar to that in our previous
reports [31]. As shown in Fig. 8a, in order to determine the optimal
working temperature of the sensor based on the SnO2 nano-
flowers, the gas sensing responses values of the sensor to 50 ppm
acetone and ethanol were investigated at the working tempera-
ture in the range of 120–300 °C. It can be seen that the optimal
working temperatures of gas sensors to acetone and ethanol are
170 °C and 200 °C, and the maximum responses to 50 ppm acet-
one and 50 ppm ethanol reach 29.2 and 21.1, respectively. The
difference in the working temperature can be attributed to the
different activation energy barriers related to different sensing
Fig. 8. (a) Gas sensing responses values of as-fabricated gas sensors with different work
response of the sensors based on the SnO2 nanoflowers with different gases with a con
gases [37]. In general, the SnO2 sensors are usually operated at
relatively high temperature of 300–500 °C [38–40], which is not
favorable in many practical fields. In addition to loading noble
metals (e.g. Pt, Pd, Au, and Ag) on the surface of SnO2, reduction of
the grain size of SnO2 is also an available approach to lower the
sensor's working temperature. In Fig. 3b and c, it can be clearly
seen that the diameter of the SnO2 sample tips is less than 2 L
(about 6 nm), where L is the depth of the space-charge layer, thus
the response and operating temperature can be greatly influenced
[41–43].

Selectivity is an important parameter of gas sensors and in-
dicates the response ability of a sensor to a certain gas in presence
of other gases. As shown in Fig. 8b, the sensing selectivity of the
SnO2 nanoflowers sensor is also investigated, and the gas response
towards ethanol, acetone, methanol, toluene and chloroform with
concentration 50 ppm each at 170 °C and 200 °C are compared,
respectively. It is found that the SnO2 nanoflowers-based gas
sensor exhibits high response ability to acetone and ethanol. In-
terestingly, its response to acetone is obvious, reaching a max-
imum value of 29.2 but no higher than 10 to other gases at 170 °C.
The results indicates a preferable selectivity of the SnO2 nano-
flowers-based sensor in the detection of acetone.

Fig. 9 shows the real-time response curves and the sensor re-
sponses of the SnO2 nanoflowers sensor device upon exposure to
different concentrations of acetone and ethanol at a working
temperature of 170 °C and 200 °C, respectively. It can been see that
the response value of the sensor increases quickly with the in-
jection of tested gases while decreases rapidly and recovers to its
initial value with the release of tested gases. Furthermore, with
increasing concentration at their optimal operating temperatures,
the obtained gas sensor presented sensitive and reversible re-
sponses to both acetone and ethanol. As shown in Fig. 9a and c, the
sensor exhibits a lower response ability to ethanol gas from 5 to
200 ppm compared with that to acetone gas, with the response
ing temperatures in 50 ppm acetone and ethanol, respectively. (b) The plots of the
centration of 50 ppm at 170 °C (gray) and 200 °C (black), respectively.



Fig. 9. Real-time response curves and sensor responses of the SnO2 nanoflowers sensor to different concentrations of acetone (a and b), ethanol (c and d) at a working
temperature of 170 °C and 200 °C, respectively. Logarithm plots of the acetone sensor (inset of Fig. 9b) and ethanol sensor (inset of Fig. 9d) on response value versus the gas
concentration (5–200 ppm).

Q. Wang et al. / Ceramics International 42 (2016) 15889–1589615894
values of 5.5, 8, 12, 21, 32 and 46 to 5, 10, 20, 50, 100, 200 ppm
ethanol gas versus the response values of 6.5, 9.5, 15, 29, 39 and 55
to 5, 10, 20, 50, 100, 200 ppm acetone gas. When the concentration
of tested gases (acetone and ethanol) is in the range of 5–200 ppm,
the logarithm of the sensor response exhibits good linearity with
that of the tested gas concentration (as shown in the inset of
Fig. 9b and d).

Response and recovery times are also important parameters of
a gas sensor. 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. In
Fig. 10. Response-recovery curves of the SnO2 nanoflowers in 20 ppm (a) acetone
Fig. 10, it can been clearly seen that the response and recovery
time of the SnO2 nanoflowers sensor in 20 ppm acetone are 3 and
30 s (Fig. 10a), whereas the response and recovery times are 4 and
22 s when exposed to 20 ppm ethanol (Fig. 10b), suggesting the
good response and recovery properties of the sensor. Table 1
shows the acetone-sensing properties of SnO2� based gas sensors.
As shown in the Table 1, the as-synthesized SnO2 nanoflowers
exhibit good gas-sensing performance, especially at a low oper-
ating temperature among those have been reported up to now.
and (b) ethanol at a working temperature of 170 °C and 200 °C, respectively.



Table 1
Comparison between SnO2 nanoflowers and other SnO2 nanostructures reported in the literatures.

Materials Temperature (°C) Acetone concentration Sensor response Response-recovery time (s) Reference

SnO2 nanopolyhedrons 370 200 ppm 48 9.7/5.8 [5]
SnO2 nanospike arrays 320 200 ppm 65 5/23 [24]
SnO2 hollow nanospheres 400 100 ppm 8.5 17/19 [15]
SnO2 nanosheets 310 100 ppm 9.8 3.6/19 [25]
SnO2 hollow nanosheets 300 50 ppm 18.3 0.9/5.8 [30]
SnO2 nanoflowers 170 50 ppm 29.2 3/28 This work
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3.4. Sensing mechanism

As a typical n-type semiconductor oxide, the gas-sensing me-
chanism for SnO2 gas sensors belongs to the surface-resistance
controlled model. In general, gas sensing on the surface of SnO2 is
an adsorption-desorption process that leads to a change in the
electrical resistance of the sensing material. At the working tem-
perature in air, the oxygen will be adsorbed on the SnO2 surfaces.
The electrons from the conduction band of SnO2 can be captured
by those oxygen molecules, which leads to the formation of che-
mically-adsorbed oxygenate species, such as O2� , O� and O2

� . As
a result, the resistance of SnO2 reaches the highest level. With the
reaction between oxygenate species and reductive gases, such as
acetone and ethanol, electrons are then released to SnO2 surfaces,
resulting in a dramatic decrease of the resistance of SnO2. This
redox progress can be described by the following equations:

O2(gas)-O2(ads) (3)

O2(ads)þe�-O�(O2
� , O2�)(ads) (4)

C2H5OH þ 6O�(O2
� , O2�)(ads)-2CO2þ3H2Oþ6e� (5)

CH3COCH3þ8O�(O2
� , O2�)(ads)-3CO2þ3H2Oþ8e� (6)

The capability to adsorb oxygen molecules in air is crucial to
improve the gas sensing performance. It is apparent that the gas
sensing properties of SnO2 are also influenced by its crystalline
size and surface modification besides microstructure. As shown in
Fig. 4, the BET specific surface area of the SnO2 nanoflowers cal-
culated from N2 adsorption is 51 m2/g, which is much larger than
that of the commercial SnO2 samples. Larger specific surface area
is adopted to provide more chance for oxygen molecules to be
absorbed on the surface of the SnO2 sensor in air, and for free
electrons from the conduction band to participate in the formation
of chemisorbed oxygen species (O2� , O� and O2

�). Furthermore,
the enhancement in gas-sensing properties on the nanoflower
SnO2 sensor, including high response and fast response-recovery
ability, are also attributed to the unique 3D hierarchical nanos-
tructure, which can significantly facilitate gas diffusion and mass
transportation in the sensing materials. Besides the large specific
surface area and the nanoflower structure, it is generally con-
sidered that the presence of SnO2 nanorods as building blocks can
be an important reason to improve the gas-sensing performance.
In Fig. 3b and c, it is apparent that the diameter of the SnO2 sample
tips is less than 2L (L¼3 nm, thickness of the depletion layer), and
that the 1D materials is also the smallest dimension structure to
transport electrons more efficiently than other morphologies, so
that the response and operating temperature can be greatly
influenced.

4. Conclusions

In summary, nanorod self-assembled 3D SnO2 flower-like na-
nostructures with size about 200 nm have been successfully
synthesized by a one-pot hydrothermal synthesis process without
any templates and surfactants in the reaction system, and as-
synthesized products have been nearly monodispersed and ag-
gregated by the assembly of SnO2 nanorod with length and dia-
meter of about 80 nm and 25 nm, respectively. According to the
morphology and crystal structure on the evolution of hierarchical
SnO2, a possible formation mechanism is proposed base on the
observation of precipitation-hydrolysis-nucleation and self-as-
sembly of 1D SnO2 nanorods as building blocks. When evaluated
as the potential application in gas sensing materials, the SnO2

nanoflower architectures exhibits high response and fast re-
sponse-recovery ability to acetone and ethanol at a working
temperature lower than 200 °C. The 3D hierarchical SnO2 nanos-
tructures are also excepted to be applicable in other fields such as
lithium-ion batteries, catalysis and dye-sensitized solar cells.
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