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Flower-like WO3; composed of nanosheets were successfully synthesized by calcining the acid-treated
hydrothermal precursor. Field emission scanning electron microscopy and transmission electron
microscopy results reveal that the flower-like WO3 are assembled by a number of irregular-shaped
nanosheets, which are cross-linked in the interior of the microflower. A possible formation mechanism is
proposed on the basis of the results of time-dependent experiments. Moreover, the gas sensing properties
of the obtained flower-like nanostructured WO3; were investigated. It is found that the sensor based on
the flower-like WO3 nanostructure exhibits good selectivity and high response to NO,, and the detection
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1. Introduction

Inrecent years, functional materials have been extensively stud-
ied due to their unique physical and chemical properties compared
to solid structures [1]. Among them, oxide semiconductor materi-
als occupy an important position. Therefore, much effort has been
devoted to the study of various oxide semiconductor materials such
as ZnO [2,3], SnO, [4,5], CuO [6,7], In,03 [8,9] and TiO, [10,11].

Tungsten oxide is a very important n-type (Eg~3.2eV) oxide
semiconductor which offers manifold technological applications
including lithium ion batteries, photoelectrochemical, solar energy
and so on [12-15]. One of the most important applications of W03
material is in gas sensors which has been found to show remark-
able gas sensing properties for the detection of NO; [38-40]. Due
to its excellent performance and practical application, a variety of
routes have been employed to obtain WO3 crystal such as thermal
evaporation [16], electrochemical precipitation [17] and sol-gel
[18]. It is well known that high response and superior selectivity
are important parameters in designing semiconductor gas sen-
sors [19]. Therefore, increasing the response and improving the
selectivity of oxide semiconductor gas sensors are major scientific
challenges for developing new sensor strategies. As many groups
have reported before, the morphology plays an important role in
determining the properties of materials [20-22]. Hence, various
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morphologies of WO3 with different dimensional nanostructures
have been synthesized in order to improve the performance of
devices based on W03, such as nanowire [23], nanoplate [24],
hollow-sphere [25], urchin-like [26] and many other hierarchically
complex micro/nanostructures [27-30]. However, it is still a chal-
lenge to organize the 1D/2D WO nanostructure into well-defined
3D nanostructure in order to obtain high performance NO, gas
sensor.

In this work, the precursor was synthesized by using NiCl,-6H,0
and Na;WO4-2H,0 through a hydrothermal method. Then, an acid-
treated method and subsequent heat treatment at 500°C for 2h
were used to prepare the flower-like WO5. Moreover, the formation
process has been investigated through the morphology evolu-
tion with different acidification times, and a possible formation
mechanism is speculated. The sensors based on the synthesized
flower-like WO3 exhibit a high response to NO,, and the response
of the sensor to 2 ppb NO, is about 12.8. To our knowledge, W03
with this novel nanostructure with such high sensitivity was first
synthesized.

2. Experimental

All the reagents (analytical-grade purity) were used without any
further purification.

The precursor was synthesized under hydrothermal condition.
In a typical synthesis, 4 mmol Na,WQO4-2H,0 and 0.8 g of sodium
dodecyl benzene sulfonate (SDBS) were dissolved in 20 ml distilled
water to form a homogeneous solution under vigorous stirring.
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Fig. 1. Schematic structure of the gas sensor.

Then 20ml aqueous NiCl, solution (0.2 M) was added into the
above solution. Ten minutes later, the mixture solution was trans-
ferred into a Teflon-lined stainless steel autoclave, sealed tightly,
and maintained at 160°C for 24 h. After the autoclave was cooled
to room temperature naturally, the green product was collected
by washing with deionized water and absolute ethanol for several
times, and dried at 80°C for 1 day.

To get the flower-like WO3 sample, the acidification experiment
was then performed. The green precursor was immersed in 4 M
HNO3 and maintained at room temperature for 21 h statically. Dur-
ing this process, the color of the solution was changed gradually
from green to yellow. The yellow product was then washed with
deionized water and absolute ethanol for several times and dried at
80°Cin air. Finally, the acid-treated product was calcined at 500 °C
to get the WO3 sample.

A sensor device was fabricated using the obtained WO3 powder.
Firstly, a suitable amount of WO3 powder was mixed with ethanol
to obtain a paste which was then coated onto an alumina tube
(4mm in length, 1.2mm in external diameter and 0.8 mm in
internal diameter) using a small brush slowly and lightly. The tube
was installed with a pair of gold electrodes, and each electrode was
connected with two Pt wires. After drying in air for a while, the thin
film with proper thickness was formed. Then the tube was placed
in a muffle furnace and the temperature was kept at 300 °C for 2 h.
When the temperature was reduced to room temperature, the tube
with sensing film was soldered to the pedestal. Finally, a Ni-Cr
alloy coil was inserted into the alumina tube as a heater in order
to control the operating temperature of the sensor. The structure
of the sensor is shown in Fig. 1. The gas-sensing properties of the
sensor were measured with a static gas-sensing characterization
system, as diagrammed in Fig. 2: sensor was put to the testing
chamber from the air chamber, standard NO, gas with a certain
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Fig. 2. Testing schematic diagram.

concentration was injected into the testing chamber in order to get
NO, gas with ideal concentration. When the resistance reached Rg,
the gas is discharged with the help of air intake and exhaust system
and electrical fan. The response of the sensor is defined as S=Rg/Ra
for oxidizing gas or Ra/Rg for reducing gas, here, Ra and Rg are the
resistances of the sensor in the air and target gas, respectively. The
response time and recovery time are defined as the time taken by
the sensor to achieve 90% of the total resistance change during the
adsorption and desorption process, respectively.

The crystal phase and morphologies of the acid-treated products
and calcined products were observed by X-ray powder diffraction
(XRD, Rigaku D/max-2550) with Cu Ka1 radiation (A =0.15406 nm)
at 50kV/200mA and the scanning speed was 12° per minute,
field emission scanning electron microscopy (SEM, JEOLJSM-7500F,
15kV), high resolution transmission electron microscopy (HRTEM,
JEM 2100F, 200 kV), and selected area electron diffraction (SAED).
Thermogravimetric (TG) analysis and differential scanning calori-
metric (DSC) measurements were also carried out using a NETZSCH
STA 449F3 simultaneous thermogravimetric analyzer under air
atmosphere in the temperature range from 25 to 800°C with a
heating rate of 10°Cmin~!.

3. Results and discussion

3.1. Structural and morphological characteristics of the prepared
Wo;

The XRD patterns of the precursor are given in Fig. S1. The
diffraction peaks could not be well indexed to a known substance
(not shown here). Fig. 3 shows the XRD patterns of acid-treated
product and the sample obtained by calcining acid-treated prod-
uct at 500°C. It can be seen that before calcination (Fig. 3b), all the
diffraction peaks could be indexed to H,W,4013 (JCPDS file no.1-
583). No peaks of other impurity phases are detected from this
pattern. And after calcining at 500°C, H,W4043 was converted
into pure monoclinic structure of WO3 according to JCPDS card
No. 89-4480. No characteristic peaks from any other impurities can
be observed, indicating that no impurity exists and the HyW4013
has completely transformed into the monoclinic WO3 phase after
calcining.

The morphologies and microstructures of the acid-treated and
calcined products were illustrated by FESEM observations. Fig. 4a
and b shows the detailed morphology of the acid-treated sam-
ple, from which 3D flower-like nanostructures with fine nanosheet
building units are clearly observed. The average diameter of the
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Fig. 3. X-ray diffraction patterns of the as-prepared samples before and after cal-
cining.
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Fig. 4. Morphological characterization of as-synthesized samples: (a) and (b) SEM image of the acid-treated products, (c) and (d) SEM image of the calcined products.

flower-like nanostructures is about 1 wm. Fig. 4b exhibits a high
magnification SEM image of the acid-treated sample, demonstrat-
ing that dozens of 2D nanosheets with a thickness of about 70 nm
are intercrossed with each other and assembled into hierarchical
flower-like microstructure. On the basis of the above results, the
as-synthesized flower-like structure can be generally classified as
hierarchical structures. From the SEM images shown in Fig. 4c and
d, the hierarchical nanostructures are maintained after calcining
at 500°C for 2 h. Sintering treatment only induces HyW4043 into
WOs3 without collapse of the structure. Moreover, the size of each
micro-flower diminishes slightly as shown in the high magnifica-
tion SEM image (Fig. 4d). This might be attributed to the release of
water from the thermal decomposition of HyW4015.

The constituent nano-units of the flower-like WO3; obtained
after calcining were further investigated by transmission electron
microscopy (TEM). The observation of the abundant flower-like
nanostructure in Fig. 5a indicates the high yield of the morphol-
ogy. As can be seen that the size and shape of the product are
uniform, which is in agreement with the SEM observation. An
individual microflower is given in Fig. 5b, which clearly indicates
that the flower-like nanostructure is assembled by loose-packed
nanosheets. Fig. 5¢ is the corresponding HRTEM image taken from
a random nanosheet on the flower-like hierarchical WOs3. The
space between adjacent lattice planes along a certain direction is
0.387 nm, which is found to correspond to (002) plane of mono-
clinic WOj5 crystal (JCPDS No. 89-4480). The selected area electron

Fig. 5. (a) Typical TEM image of the as-prepared hierarchical flower-like WOs, (b) the image of an individual flower-like structure, (c) HRTEM image of a nanosheet of the

flower, (d) the SAED pattern of an individual WO3 nanosheet.
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Fig. 6. TG and DSC curves of the acid-treated products.

diffraction (SAED) pattern is shown in Fig. 5d, further confirming
that the W03 nanosheets are single crystalline in nature.

It is well known that the conversion from H,W4013 to W03
is realized by release of H,O after calcining at high temperature.
The weight loss was confirmed by Thermogravimetric (TG) and
differential scanning calorimetric (DSC) analysis. The curves are
displayed in Fig. 6. As shown on the TG curve, the first weight loss
(~6.5%) appears between 25 °C and 250 °C (endothermic DSC peak
at 148°C). Here, the slope of the TG curve is very steep. The first
weight loss could be attributed to the removal of the water weakly
adsorbed to the surface of HyW4013. The second weight loss, of 2%
occurring between 250 and 500 °C, might be assigned to the release
of the water from the thermal decomposition of HyW4013, and the
combustion of the organics adsorbed on the surface of the sample.
After 500 °C, the weight loss does not change significantly, which
indicates that the H,W4013 is almost entirely converted into WO3,
and the weight tends to be stable. After being oxidized to tungsten
trioxide thoroughly (over 500 °C), the crystal will continue to grow
in order to lower the surface energy. At the same time, the crystal-
lization of the crystal will improve gradually, corresponding to the
exothermic process between 500 and 800 °C of the DSC curve.

To reveal the growth process of flower-like WO3 and possi-
ble growth mechanism, the study of the morphology evolution
of flower-like WO3 nanostructures was conducted with different
acidification time. The corresponding results are shown in Fig. 7.
When the acidification time was 1 h, only some colloidal nanopar-
ticles could be observed (Fig. 7a). When the acidification time was
6h, the product was entirely comprised of a relatively uniform
aggregates (Fig. 7b). Prolonging the acidification time to 12 h, the
flower-like nanostructure became more and more obvious, and the
size of the micro-flowers became even more uniform (Fig. 7c). As
the reaction time was extended to 21 h, fully developed flower-like
architectures were observed (Fig. 7d).

Based on the above experimental results, the growth mech-
anism of the hierarchical WO3; nanostructures is tentatively
proposed. We consider that the evolution of morphology can be
explained by Ostwald ripening mechanism and self assembly pro-
cess. In the early stage, the nuclei were generated and grew into
nanoparticles. In order to minimize the total surface energy, these
nanoparticles further aggregated into sphere-like structure with
protuberances via the mechanism of Ostwald ripening [31,32].
According to the rule of crystal growth, the secondary nucleation
occurs preferentially at sites with more defects as these sites could
provide high energy for the growth of nanocrystals [32,33]. There-
fore, the dissolving nanoparticles spontaneously nucleated onto
these protuberances through an oriented attachment. Due to this
anisotropic growth of the crystallized particles along the 2D direc-
tion, numerous nanosheets formed gradually. With the consuming
of the reactants, these nanosheets assembled into 3D hierarchical
microflowers at last.

In order to investigate the gas sensing property, sensor based
on the final calcined samples was fabricated. As we all know that
the operating temperature has a great influence on the response
of a gas sensor based on oxide semiconductor materials [34]. So
the optimum temperature of the sensor is first studied here. The
responses of the sensor to 40 ppb NO, are measured at different
temperatures, as shown in Fig. 8. From 50 °C to 90 °C, the response
increases with a raise of operating temperature and reaches the
maximum value of 96 at 90°C. When the temperature is further

Fig. 7. SEM images of the products obtained at different acid-treated time: (a) 1h, (b)6h, (c) 12h, (d) 21 h.
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Fig. 8. Response of the sensor to 40 ppb NO, as a function of operating temperature.

increased, the response decreases gradually, and it is only about
1.66 at 175°C, indicating that the response is greatly influenced
by working temperature. This phenomenon could be explained as
follows: when the temperature is too high, larger amount of oxy-
gen molecules dissociate and adsorb on the active sites, resulting
in the decrease of the free active sites for the adsorption of NO,.
On the other hand, the rate of adsorption is lower than desorption
at such higher temperature [31,35,36]. Therefore, 90°C is chosen
for the optimum working temperature, which is applied in all the
investigations hereinafter.

The response transient curve of the sensor to different concen-
trations of NO, from O to 80 ppb at optimum operating temperature
is shown in Fig. 9a. The resistance increases when exposed to
the gradually increased NO, concentration. Namely, the response
increases with the increasing of NO, concentration. It is interest-
ing to note that the response of the sensor was about 12.8 to 2 ppb
of NO,, indicating that the sensor based on the flower-like WO;
synthesized here exhibits high response to low concentration of
NO,. The sensing performance between our sensor fabricated here
and the literature are compared and shown in Table 1. The results
demonstrate that the sensor here has a quite high response to NO,
and a relative low working temperature.

Asis known that the change in resistance is mainly caused by the
chemical adsorption and reaction of gas molecules on the surface
of the sensing material [37]. In air ambient, oxygen molecules are
adsorbed onto the surface of the as-synthesized WO3 and generate
the chemisorbed oxygen species (0,~, O~ and 0%~) by capturing
electrons from the conduction band of WOs, depletion region is
formed on the surface area of WO3 nanosheets [19]. WO3 is a kind
of n-type oxide semiconductor material with electrons as the major
charge carriers and NO, is an oxidation gas. Upon exposure to
an oxidizing gas (NO,), gas molecules can easily adsorb on their
active sites in the form of NO,~ (NOy(g) + €~ — NO2 ~(545)) [35]. Such
adsorption and reaction can capture the electrons from WO3, the
thickness of the depletion layer will increase and the carrier con-
centration decreases. In other words, the resistance of WO3 will
increase when exposed to NO,.

The reasons for the high response of the sensor to NO, are pro-
posed here. One is their unique hierarchical structures of WO3
assembled by the nanosheets, which offer abundant active sites
on the surface and provide favorable conditions for the adsorption
of NO,. It can be observed that the flower-like microstructures are
very loose. When the W03 are exposed to NO, gas, the gas can eas-
ily spread inward the sensing body, which is beneficial to enhance
the diffusion of NO,, further induces a higher response. Hence, the
unique flower-like microstructure assembled by nanosheets is an
important factor to the gas sensing property. On the other hand,
a large amount of surface defects can be seen on the single crystal
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Fig.9. (a) Response transients of the sensor to different NO, concentration at 90°C.
(b) Gas response of the sensor as a function of NO, concentrations.

nanosheet (Fig. 5¢), making the adsorption and reaction of NO, eas-
ier. We believe that these reasons are the dominating parameters
to cause the high response to NO, for the nanosheets assembled
microflower. The more detailed reason and qualitative explanation
need further investigation.

The selectivity is also the pursuit for a sensor in the view of prac-
tical application. Based on this purpose, various gases including
oxidizing gases (Cl,), and reducing gases (CO, H,S, NH3, acetone,
ethanol) were tested at the optimum working temperature, as
shown in Fig. 10. It can be obviously seen that the sensor based on
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Fig. 10. Comparison of responses of the sensor based on WOj3 to various gases at
90°C.
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Table 1

Gas responses to NO, in the present study and those reported in the literatures [14,38-40].
Material Preparation NO, concentration Operating temperature Response Reference
WO0; Acid treated 80 ppb 90°C 152 Present study
WO; Acidification 100 ppb 200°C 40 [38]
WOs3 Hydrothermal 100 ppb 125°C 92 [14]
WO; Sol-gel 100 ppb 300°C 2 [39]
WOs; Thermal evaporation 100 ppb 100°C 18.2 [40]

the flower-like microstructure WOs3 has a larger response to NO,
compared to the other gases with a high concentration. The results
indicate that the sensor has a rather good selectivity to NO,.

4. Conclusion

In summary, the flower-like WO3 nanostructures assembled by
a number of nanosheets have been successfully synthesized by
an acidification method combined with a subsequent annealing
process. The characterization results demonstrate that the WO3
microflowers are composed of numerous nanosheets. The assem-
bled nanosheets are single crystal with ragged edges. In addition,
the sensing performance of the sensor based on the as-obtained
WOs3 was investigated. The sensor fabricated from these hierar-
chical structures exhibits excellent sensing properties to NO, at
relative low operating temperature. The sensor response is about
12.8 to 2 ppb NO, at 90°C. These results suggest that our sensors
might have potential application to fabricate highly sensitive and
low power consumption NO; gas sensor devices.
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