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In this work, a simple solvothermal method was used for the synthesis of cuboid WOs crystals without any

surface active agent. The calcined WOz was characterized using field emission scanning electron
microscopy (FESEM), X-ray powder diffraction (XRD) and transmission electron microscopy (TEM). The
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results indicate that the sample is composed of cuboid nanobulks. The gas sensing property of a sensor

based on the cuboid WOsz was also investigated. It is found that the sensor has a high response to low

DOI: 10.1039/c4ra00445k

www.rsc.org/advances

1. Introduction

With the increasing attention on atmospheric pollution, the
detection of harmful gases at low concentrations becomes an
important issue. So, a lot of effort has been devoted to the
exploration of new material with enhanced gas sensing perfor-
mance in recent years. The existing gas sensor materials include
semiconducting metal oxides,"” silicon,** organic®® and fiber
optic chemical materials.”® Among them, semiconducting
metal oxides have gained much more focus due to their superior
properties. Up to now, a variety of semiconductor nano-
materials have been successfully synthesized, such as ZnO,>*°
Sn0,,'*2 Cu0,"* Fe,0; (ref. 15 and 16) and In,0;.""*® As is well
known, NO, is a highly harmful gas among the toxic gases,
causing acid rain and photochemical smog, and further
affecting people's health, even their lives. WO, is found to show
a high response to NO, with high selectivity."** However,
achieving a high response to ppb levels of NO, is still a
challenge.

In order to improve the performance of the sensors based
on WOg3;, various structures with different morphologies have
been investigated: nanoplates,> nanorods,* nanospheres,*
nanoflowers* and other hierarchically complex architec-
tures. At the same time, different physical and chemical
synthetic methods have also been explored to obtain WO;
crystals.**?® Among all these methods, the solvothermal
method is considered a simple and practicable operation to
synthesize high yield crystals with good monodispersity.
Moreover, this low-cost synthesis is also a key point of
researchers’ pursuit all the time. Consequently, it is strongly
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concentration NO, at low operation temperature, so the cuboid nanobulks might have a potential
application in the fabrication of highly sensitive and low power consumption NO, gas sensors.

desirable to develop a simple, effective, and economical
approach for the synthesis of WO; with excellent NO, sensing
performance.

Herein, we report a facile method for the preparation of WO;
crystals by a simple process. Further, sensing performance
based on the calcined WO; nanocrystal is also investigated here.
It is found that the sensor showed a high response to ppb levels
of NO, at 100 °C.

2. Experimental
2.1. Synthesis and characterization of WO; nanobulks

All the reagents (analytical-grade purity) were used without
any further purification. In a typical synthesis, 10 mL glycerol
and 25 mL distilled water were mixed together by stirring.
One hour later, 0.66 g sodium tungstate was added to the
solution to form a homogeneous solution. Then, 2.5 mL 12 M
HCI was dropped to the sodium tungstate solution, and
yellow precipitates formed. Five minutes later, the above
solution was transferred into a Teflon-lined stainless
steel autoclave, sealed tightly, and maintained at 180 °C for
12 h. After the autoclave was cooled to room temperature
naturally, the precipitates were washed with deionized
water and absolute ethanol several times using centrifuge,
and then dried at 80 °C for 24 h. The precipitates were
calcined at 500 °C for 2 h with a heating rate of 2 °C min .
The calcined products were then collected for further
analysis.

X-ray power diffraction (XRD) analysis was conducted on a
Rigaku D/max-2500 X-ray diffractometer with Cu Ka1 radia-
tion (A = 1.54056 A) in the range of 20-60°. The morphology
was examined by field-emission scanning electron micros-
copy (FESEM, JEOL JSM-7500F, operated at an acceleration
voltage of 15 kV). Transmission electron microscopy (TEM)
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and selected-area electron diffraction (SAED) were obtained
on a JEOL JEM-2100 microscope operated at 200 kV.

2.2. Fabrication and measurement of sensor

The calcined powders were mixed with deionized water to
form a paste, which was then coated onto an alumina tube (4
mm in length, 1.2 mm 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
brushing, a thick film was formed. After drying at room
temperature, the sensing device was then sintered at 300° for
2 h in air. 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. A schematic structure of the as-
fabricated sensor is shown in Fig. 1a.

The gas sensing property of the sensor was measured by a
static process, and the schematic diagram is given in Fig. 2b.
The resistance in the chamber (the volume is 50 L) filled
with air is R,, and then a certain amount of target gas is
injected into this closed chamber. When the resistance
reached R,, the gas is discharged with the help of an air
blower and fan. The data are collected by digital precision
multimeter every second. S = R,/R, is defined as the response
of the sensor for oxidizing gas and R,/R, for reducing gas;
here, R, and R, is the resistance of the sensor in the air and
target gas.

Pt wire Pt wire

Alumina tube Gold electrodes

Sensing material

Ni-Cr heater Ni-Cr heater
Pt wire Pt wire
(a)
]
Digital precision njultimeter DC jpower supply 2
- ?a:s___:out Fan
" = 2 = ; Sgrggrw
Ggs in
PC
Host

(b)

Fig. 1 (a) Schematic structure of the gas sensor. (b) The testing
schematic diagram.
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Fig. 2 X-ray diffraction patterns of the calcined product.

3. Results and discussion

3.1. Structural and morphological characteristics of the
calcined WO,

The X-ray diffraction (XRD) patterns of the calcined products
are shown in Fig. 2. It can be seen from Fig. 2 that all of the
diffraction peaks can be well indexed to the standard WO,
(JCpDS file no. 83-950). No other diffraction peaks from any
impurities are observed, indicating the high purity of the
product. The XRD patterns (not shown here) of the sample
without calcination are almost the same as the calcined
products.

The morphology of the calcined product was investigated by
field emission scanning electron microscopy (FESEM). The
typical SEM images are shown in Fig. 3a and b. As can be seen
from Fig. 3a and b, the products are mostly composed of cuboid

Fig. 3 (a and b) Typical SEM images of the calcined product. (c) TEM
image of the WOz cubic nanobulks. (d) The corresponding SAED
pattern.
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Fig. 4 Correlations between the gas response and response time to
80 ppb NO, and the operating temperature for the sensor using the
as-obtained WO-.
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Fig. 5 (a) Response transients of the sensor to different NO,

concentration at 100 °C. (b) Gas response of the sensor as a function
of NO, concentrations. Error bars are the standard deviations.
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three-dimensional nanobulks. The TEM image is shown in
Fig. 3c; an individual typical cuboid three-dimensional nano-
bulk is also observed, which agrees with the SEM results.
The selected area electron diffraction pattern (SAED) was also
performed on the calcined products, as shown in Fig. 3d,
which confirmed that the nanobulks are single crystalline
monoclinic WO;.

3.2. Gas sensing properties for NO,

The sensing properties of a sensor based on the as-prepared
WO; samples were investigated. In order to determine the
optimum operating temperature, the response of the sensor to
80 ppb NO, was measured at different temperatures. As shown
in Fig. 4, the response of the sensor increases from 75 °C to
100 °C. When the temperature further increases above 100 °C,
the response begins to decrease gradually. This phenomenon
could be explained as follows: at low temperatures (between
75 °C and 100 °C), the increase of the response can be attributed
to the increase of the surface reaction (NOy) + €~ — NO» ™ (aa5))-
Such adsorption can capture the electrons from WOj3, resulting
in the increased electrical resistance. However, when the
temperature is higher (between 100 °C and 200 °C), the chemi-
adsorbed oxygen becomes larger and plays a significant role
(O(ads)zf +NO, — NO, (ad5) + € ), and this kind of reaction goes
against the adsorption of NO,. On the other hand, the rate of
adsorption is lower compared to desorption at the higher
temperature, which might be another reason for the decrease of
the sensor’s response.**” Accordingly, at the temperature of the
maximum response, the optimum balance between adsorption
and desorption has been established for the NO, molecules.
Therefore, the optimal working temperature of 100 °C is chosen
to further examine the characteristics of the gas sensor.

The response transient curve of the sensor to stepwise
increase of the NO, concentration from 0 to 160 ppb at
optimum operating temperature is shown in Fig. 5a. The
inset is the resistance transient in the presence of only 80 ppb
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Fig. 6 Response transients of the sensor to 160 ppb NO, at 100 °C,
the inset displaying four periods of response curve.

RSC Adv., 2014, 4, 18365-18369 | 18367


http://dx.doi.org/10.1039/c4ra00445k

Published on 16 April 2014. Downloaded by Library of Chinese Academy of Sciences on 08/04/2015 08:40:48.

RSC Advances

View Article Online

Paper

Table 1 Gas responses to NO in the present study and those reported in the literature

Material Preparation NO, concentration

Operating temperature Response Reference

WO, Hydrothermal

WO, Acidification

WO; Thermal evaporation
WO, Template method
WO, Hydrothermal

40 ppb
50 ppb
100 ppb
1 ppm
1 ppm

of NO,. It is obvious that the resistance increases when
exposed to gradually increased concentrations of NO,. In
other words, the response increases with increasing
concentration. The relationship between the response of
the sensor and the concentration of NO, is shown in Fig. 5b;
the error bars are also displayed. The error bars represent the
standard deviation at a fixed concentration, and they are
small in all cases, which means a low experimental vari-
ability. It is worth noting that this sensor responds to low
concentrations of NO,, and even the 10 ppb NO, can also be
detected. The response transients of the sensor to 160 ppb
NO, was measured at 100 °C (Fig. 6). The four reversible
cycles of the response curve indicate a stable and repeatable
characteristic, as shown in the inset of Fig. 6. A comparison
between the sensing performances of the sensor fabricated in
our work and in literature reports is summarized in Table 1.
From the comparison, it can be seen that the sensor based on
cuboid WOj; crystals has a correspondingly high response
and low operating temperature. The high response of this
cuboid nanobulk material may be attributed to the following
reasons. On one hand, the product has a good crystalline
character. The high crystallization will result in low bulk
defects, thus lowering the conductivity of the sensing body.
Due to this reason, only a small amount of NO, adsorption
will cause the resistance to change greatly. The conductivity
of the sensor with the variation of operating temperature is
also shown in Fig. 7; it can be clearly observed that the
conductivities increase rapidly between 50 °C and 75 °C, and
then increase slowly between 75 °C and 200 °C. On the other
hand, the cuboid structure has trim edges, which will form
grain boundaries in the sensing body. According to Li et al.**
and Hyodo et al.,** grain boundaries or grain junctions are
considered as the active sites, and they act positively on the
sensor response. Therefore, the sensor is expected to have a
high response to NO,.

It is well known that selectivity is another important
parameter of a sensor in view of its practical application;
therefore, at the optimum operating temperature, the
response of the cuboid nanobulk-based sensor to various
kinds of gases, such as Cl,, CO, H,S, NHj;, acetone and
ethanol, was investigated. The results are shown in Fig. 8
with error bars. It can be seen that the sensor has a high
response to NO, compared to the other gases. Such result
demonstrates that the sensor using the WO; nanostructure
synthesized here exhibits an excellent selectivity to NO,
against the other tested gases at the working temperature
of 100 °C.
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Fig. 8 Comparison of responses of the sensor based on WOs to
various gases at 100 °C. Error bars represent the variability obtained in
measurements.

4. Conclusion

In summary, cuboid WO; crystal has been successfully synthe-
sized through a simple one-step solution route combined with a
subsequent calcining process. Field emission scanning electron
microscopy and transmission electron microscopy results
demonstrate that the products are composed of nanobulks and

This journal is © The Royal Society of Chemistry 2014
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that they are single crystal. In addition, the gas sensing prop-
erties of the calcined WO;-based sensor toward NO, were
investigated. The sensor based on the cuboid WO; nanobulks
exhibits excellent NO, sensing properties at 100 °C. In partic-
ular, the response to 40 ppb reaches 23 at 100 °C. These results
indicate that our sensor might have potential application in
fabricating highly sensitive and low power consumption NO,
gas sensor devices.
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