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The flower-like WO;5 structures were successfully synthesized by a simple calcination of W;g049
nanowires obtained by a microwave-assisted solvothermal method. The as-prepared products were
characterized by field emission scanning electron microscopy, X-ray powder diffraction, transmission
electron microscopy, and nitrogen adsorption and desorption measurements. The results indicated that
the building blocks of the flower-like structure were intercrossing single crystalline WO3 nanorods with
diameter of about 30-40 nm and length of about 300-400 nm. The gas sensing properties of as-prepared
products to NO, and acetone were investigated. It was found that the sensor based on W03 nanostruc-
tures exhibited excellent selectivity and high sensitivity toward NO, at optimum temperature of 90°C,
giving a response of about 42 to 40 ppb NO,. Significantly, operating at 300 °C, the sensor’s response and
recovery time to 100 ppm acetone was only 1s and 6, respectively.

© 2013 Published by Elsevier B.V.

1. Introduction

In recent years, complex micro/nanostructures, especially
three-dimensional (3D) hierarchical architectures that are assem-
bled using 1D and 2D nanoscale building blocks including
nanowires, nanobelts, nanoplatelets, nanotubes, etc., caused a lot of
attention. Compared to solid structures, functional materials with
hierarchical structure have some unique physical and chemical
properties. So they will provide more opportunities for exploring
novel properties and superior device performances, such as cataly-
sis [1], adsorption [2], separation [3], self-cleaning [4], and so on. It
is a precondition to assemble functional nanoscale building blocks
into appropriate superstructures for electronic and optoelectronic
applications of nanocrystals. Motivated by this, a lot of researches
have been carried out for the synthesis of complex inorganic mate-
rials and investigating how architectures, sizes, morphologies, and
patterns influence their collective optical, magnetic, and electronic
properties. To prepare the hierarchical architectures, various routes
have been employed successfully to assemble building blocks into
3D ordered superstructures [5-8]. However, these methods are
either time-consuming or involve some additives, which possibly
increase pollution or limit the potential applications. Consequently,
it is strongly desirable to develop a simple, effective, and econom-
ical approach for the synthesis of 3D hierarchical nanostructures.
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Microwave-assisted hydrothermal/solvothermal method is one of
the most promising methods due to its good characters such as
energy-conserving, rapid, efficient, environment friendly. A vari-
ety of semiconductor nanomaterials with hierarchical structures
have been successfully prepared using this route in the past few
years, such as ZnO [9,10], Fe,03/Fe304 [11,12], CuO [13,14], TiO,
[15-17], and SnO, [18].

The metal oxide, as an important kind of functional materials,
has tunable properties and important technological applications.
Among them, tungsten oxide (WO3), a N-type semiconductor with
band-gap of 2.5eV, has some unique and interesting properties
which enable its application in many aspects, such as gas sen-
sors [19], photocatalysts [20], electro/gas/photo chromic devices
[21], field-emission devices [22], and solar-energy devices [23].
Much effort has been made to synthesize tungsten oxide with
various nanostructures. To obtain those desired structures, a lot
of efficient methods were involved, including template directed
synthesis [24], solution-based approach [25], and chemical vapor
deposition [26] and hydrothermal reactions [27]. Significantly,
Yan et al. have reported WO3 hydrate nanowire netted-spheres
synthesized in the glycol solution using a facile solvothermal
approach with F127 as surfactant [28]. Yella et al. reported tung-
sten oxide nanobrushes synthesized using a solvothermal approach
in the presence of citric acid and hexadecylamine as surfactants
[29]. According to these reports, surfactant plays an important
role in the synthesis of WO3 hierarchical architectures. So far,
it is still a challenge to prepare WOs3 hie-structures without
surfactant.
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Herein, we report the preparation of flower-like WOj3 hierarchi-
cal architectures by a simple surfactant-free microwave-assisted
solvothermal process followed by calcination. To demonstrate a
potential application of the material, the gas-sensing properties
were investigated.

2. Experimental

WClg (99%, Aladdin Chemical Reagent Company, Shanghai)
and absolute ethanol (Beijing Chemical Reagent Company) were
used as received without further purification. In a typical pro-
cess, 0.2g WClg was added into 40 mL absolute ethanol. After
stirring vigorously for 30 min, the homogeneous solution was
transferred into a Teflon-liner and then put into a microwave diges-
tion system (Ethos One, Milestone Inc., Italy), the reaction was
conducted at 200°C for 2 h. After cooling to room temperature by
the inherent air-cooling system, the products were washed with
deionized water and absolute ethanol by centrifugation for sev-
eral times. After that, the as-prepared products were collected
and dried at 80°C for 10 h. In order to obtain the final flower-like
WOs3, the precipitate was calcined at 500°C for 2 h. X-ray power
diffraction (XRD) analysis was conducted on a Rigaku D/max-
2500 X-ray diffractometer with Cu-Ka1 radiation (A =0.15406 nm)
and the scanning speed was 12°min~!. Field emission scanning
electron microscopy (FESEM) images were recorded on a JEOL
JSM-7500F microscope operating at 15kV. Transmission elec-
tron microscopy (TEM), selected-area electron diffraction (SAED),
and high-resolution transmission electron microscopy (HRTEM)
images were obtained on a JEOL JEM-200EX microscope with accel-
erating voltage of 200 kV and a JEOL JEM-3010 microscope operated
at 200 kV, respectively. Thermogravimetric (TG) analysis and dif-
ferential scanning calorimetric (DSC) measurements were carried
out using a NETZSCH STA 449F3 simultaneous thermogravimetric
analyzer under air atmosphere in the temperature range from 30
to 800°C with a heating rate of 10°Cmin~!. The specific surface
areas and the pore size distribution of the sample were charac-
terized with Brunauer-Emmett-Teller (BET) method (Gemini VII,
Micromeritics Co. Ltd.).

A sensor device was fabricated as follows: proper amount of
the as-prepared W03 powder was mixed with deionized water to
obtain a paste, and then coated on an Al,03 ceramic tube (4 mm in
length, 1.2 mm in external diameter, and 0.8 mm in internal diam-
eter, attached with a pair of gold electrodes). After drying under
a mercury lamp for 10 min, the tube was then sintered at 500°C
for 2h. To keep the sensor working at elevated temperature, a
Ni-Cr alloy coil was inserted into the ceramic tube as a heater. The
gas-sensing properties of the sensor were measured with a static
gas-sensing characterization system, as diagrammed in Fig. 1: the
sensor was put into a closed glass chamber and a given amount
of the tested gas was injected into the chamber for the measure-
ment of the sensitive performance. The relative humidity in the
measurement atmosphere is between 30% and 40%. The response
of the sensor was defined as Rg/Ra and Ra/Rg for oxidizing gas and
reducing gas, respectively, where R, and Rg stand for the resistances
of sensor in air and in the target gas.

3. Results and discussion

Fig. 2 shows the X-ray diffraction (XRD) patterns of the pre-
cursors prepared by microwave-assisted solvothermal process and
the products obtained by calcining the precursors. As can be seen,
before calcinations, the diffraction peaks could be indexed to
the standard W;g049 with the monoclinic structure and matched
well with the reported data (space group: P2/m, lattice constant
a=18.28A, b=3.775A, c=13.98A, beta=115.2°, JCPDS: 5-392).
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Fig. 1. Schematic illustration of sensor testing system.

After calcining at 500 °C for 2 h, the W1g049 precursors were thor-
oughly converted into pure monoclinic WO3 according to JCPDS
card no. 89-4476, with space group P21/n and lattice parame-
ters of a=7.3271A, b=7.5644A, c=7.7274A, beta=90.488°. No
other diffraction peaks were observed, indicating that no impurity
existed and the W;g049 completely transformed into the WOs.
The morphology, structure, and size of the samples were char-
acterized with FESEM, TEM, and HRTEM. Fig. 3a corresponds to
a SEM image of the W;g049 precursors. As can be seen, the pre-
cursors were nanowires with lengths about 1 um and diameters
about tens of nanometers. Fig. 3b is a typical SEM image of the
as-synthesized WO3 sample, from which a number of flower-like
particles with diameters about 300-400 nm were clearly observed
and the building blocks of the flower-like WO3 architectures were
a lot of intercrossing nanorods with diameters about 30-40 nm.
Although a few of nanorods can be seen in sight, but most of
the resultant showed a flower-like morphology, indicating a high
yield of these flower-like architectures. It also can be observed that
the sample was unconsolidated, what is a good character for gas
sensing properties. The typical TEM image in Fig. 3c shows that
the size and shape of WO3; were corresponding well to those of the
FESEM observations. Fig. 3d and e was the corresponding SAED pat-
tern and the HRTEM image taken from a random nanorod on the
flower-like WO3 particles, respectively. Both of them confirmed

after calcination
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Fig. 2. X-ray diffraction patterns of the as-prepared samples before and after
sintering.
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Fig. 3. Morphological characterization of as-synthesized samples: (a) FESEM image of W;5049, (b) FESEM images of WO3 architectures, (c) TEM image of a flower-like particle,
(d) HRTEM, and (e) SAED image of a randomly chosen nanorod on the flower-like architectures.

that the nanorods building up the flower-like architecture were
single-crystalline structures.

From the SEM images we can see that after calcination the
W;13049 nanowires became flower-like hierarchical structures
which were composed of nanorods. The procedure can be described
as follow: when annealing in air, on the first stage, the W;gQO4g pre-
cursors would be oxidized by reacting with oxygen and turn into
WOs. This stage can be described as the following equation:

2W 18049 + 505, — 36WO;3 (1)

Secondly, the obtained WO3; would re-crystallize and begin to
grow. At this stage, to lessen the free energy, those crystal grains
will readjust to reduce grain boundaries in the material, conse-
quently, the intercrossing nanowires became thicker and shorter,
and those with a same intersection finally grew into a WO3 flower-
like architecture.

The N, adsorption-desorption isotherms and the correspond-
ing BJH pore size distribution plot (inset) of the as-obtained WO3
nanostructures are shown in Fig. 4. According to the IUPAC classifi-
cation, flower-like WO3 architectures show a type IV isotherm with
atype H3 hysteresis loop. These are typical characteristics of meso-
porous materials. The BET surface area and the pore volume of the
WOs3 nanoparticles are 13.6 m?/g and 0.09 cm?3/g, respectively. The
inset reveals the corresponding pore size distribution derived by
the Barret-Joyner-Halenda (BJH) method. From the curves, we can
see that this sample has two peaks at the pore-size distribution plot

about 11 nm and 61 nm, respectively, displays porous structures
with a wide range of pore size distributions from 4 nm to 154 nm.
Thermogravimetric (TG) and differential scanning calorimetric
(DSC) curves of the obtained precursors are displayed in Fig. 5. On
the TG curve, the first weight loss, of 6.5% between 30 and 200°C
(endothermic DSC peak at 120°C), corresponded to the removal of
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Fig. 4. Nitrogen adsorption-desorption isotherm and corresponding pore-size dis-
tribution of WO3 powders.
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Fig. 5. TG and DSC curves of the as-synthesized W13049 precursor.

the water and those organics such as ethanol weakly adsorbed to
the surface of W1gQO49. It can be seen that TG curve’s slope became
smaller between 200 and 500°C, and the low weight loss (2%) in
this range can be assigned to the weight gain during the W;gO49
oxidation and the simultaneous weight loss caused by the organics
removal. Over 500 °C the weight did not change significantly, which
indicated that W;g049 had evolved to WO3 and those organics had
been removed thoroughly. After the thoroughly oxidation, the crys-
tal continued to grow and the crystallinity improved, which was an
exothermic process (corresponding to the 500-800°C part of the
DSC curve).

The sensing properties of the sensor based on the as-prepared
WO3; sample were investigated. In order to determine the opti-
mum operating temperature, the responses of the sensor to 80 ppb
NO, were measured at different temperatures, from 50 to 125°C,
as shown in Fig. 6. The response increased with a raise of operat-
ing temperature and reached the maximum value of 190.8 at 90 °C,
followed by a decrease with further increase of operating tempera-
ture. Therefore, to further examine the characteristics of the sensor,
the optimal operating temperature of 90°C was chosen for NO,
detecting. When the temperature increased from 50 to 90°C, the
increase of the response could be roughly explained as the increase
of the surface reaction rate (NOyg) + €~ — NOy(545)~ ), but when the
temperature further increased, the response might be limited by
the low diffusion depth and began to decrease. At the optimum
temperature (90°C), the optimum balance between the reaction
and diffusion depth has been established for the NO, molecules
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Fig. 6. Response of the sensor to 80 ppb NO; as a function of operating temperature.
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[30]. The characteristic of low temperature working makes the
sensor significantly energy saving, which is corresponding to the
pursuit of gas sensor design in recent years.

It is well-known that selectivity is one of the important parame-
ter for the gas sensors. To test the selectivity of the sensor based on
the as-prepared W03, the responses of the sensor to various testing
gases at the operating temperature of 90 °C were tested, including
two kinds of oxidation gases (NO,, SO,) and four kinds of reduc-
ing gases (H,S, NH3, acetone, and ethanol). In Fig. 7, the results
indicate that the sensor using flower-like WO particles exhibited
much lower responses to HyS and SO,, than that of the response
to NO,, although the concentrations of them were much higher.
And the sensor showed scarcely any response to 100 ppm NHj3 or
1000 ppm acetone and ethanol, which might can be attributed to
the low operating temperature of the sensor. The highest response
of the sensor was about 190.8 to 80 ppb NO,, while the responses to
other gases were no greater than 6.2. Therefore, it was concluded
that the sensor using as-synthesized WO3; nanoparticles showed
selectivity toward NO, against other examined gases.

The relationship between response and NO, concentrations for
the sensor at operating temperature is depicted in Fig. 8. The inset
of Fig. 8 shows the sensor’s gas response to lower concentra-
tion of NO; clearly. As can be seen, the response increased with
the increase of NO, concentration from 5 to 80 ppb. It is worthy
to notice that even when the sensor based on the as-prepared
flower-like WO3 exposed to only 5 ppb NO,, the response can also
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Fig. 8. Response of the sensor versus the NO, concentration at 90 °C.
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Table 1

Gas responses to NO; in the present study and those reported in the literatures [19,31-34].
Material Preparation NO, concentration (ppb) Operating temperature (°C) Rg/Ra References
WO3 Hydrothermal 40 125 24 [31]
WO; Wet process 50 200 3 [32]
WOs3 Acidification 50 200 13 [19]
Re-WO03 Wet process 50 200 15 [33]
MnO,-WOs3 Sputtering 10 200 2 [34]
WO03 Microwave assisted solvothermal 40 90 42 Present study
WO03 Microwave assisted solvothermal 5 90 3 Present study

be measured. A comparison between the sensing performances
of the sensor fabricated in our work and literature reports was
summarized in Table 1. From comparison, it can be seen that the
sensor using flower-like WO3 nanostructures has a relatively high
response and a relatively low operating temperature, so it can be
expected to serve as a promising functional material in NO, gas
sensors. The dynamic response curve of the sensor to NO, gas was
shown in Fig. 9.

Gas-sensing properties of the sensor fabricated with flower-like
WOs5 to volatile organic compounds (VOCs) were also investigated.
Fig. 10 presents the relationship between the responses to 100 ppm
acetone/ethanol/methanol and the operating temperature of the
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Fig. 9. Dynamic response and recovery curve of the sensor to different concentra-
tions of NO, gas at optimum temperature of 90 °C.
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Fig. 10. Response of the sensor to 100 ppm acetone, ethanol and methanol as a
function of operating temperature.

sensor. It is obvious that the operating temperature played an
important role on determining the response of sensor to VOCs. At
the beginning, the responses of the sensor increased as the operat-
ing temperature increased and reached maximum at 300 °C. After
that, the responses decreased rapidly with further increasing of
the operating temperature. Therefore, 300 °C was considered as the
optimum operating temperature and chosen for further examining
the gas-sensing properties of the sensor to acetone, ethanol and
methanol.

The response and recovery characteristics to 100 ppm ace-
tone/ethanol/methanol at operating temperature of 300°C were
investigated, and the response transients are shown in Fig. 11. The
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Fig. 11. Response transients of the sensor to 100 ppm acetone, ethanol and
methanol at 300°C, the inset displaying the corresponding response and recovery
time.
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Fig. 12. Five cycles of response curves for 100 ppm acetone, ethanol and methanol
at300°C.
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Fig. 13. (a) Responses to 80 ppb NO; at different relative humidity, (b) AC responses (Z/Z,) at different testing frequencies and (c) a response and recovery curve to 100 ppb

NO, measured at 10 Hz.

results indicate that the sensor had a fast response-recovery pro-
cess. The response and recovery times were about 1/2/2 and 6/9/8 s,
respectively, as is shown in the inset of Fig. 11. Compared with
the sensing properties of other WOs3 architectures based sensors
[35,36], it could be seen that the sensor using flower-like WO;
structure had a relative shorter response and recovery times. From
the application point of view, such as rapid and continuous detec-
tion, the sensors should have a fast response and recovery process.
So, although our sensor’s response was not as high as those reported
in some literatures, its advantage of shorter response and recovery
times could not be ignored. Five reversible cycles of the response
curve indicated that the sensor had good repeatability and stability,
as shown in the inset of Fig. 12. The fast response-recovery prop-
erties and good repeatability engaged the WO3-based gas sensor
potential applications at the industrial level. There are several fac-
tors influence the response and recovery times of the sensor, such as
the gas diffusion, the thickness of sensing layer, and the amount of
gas adsorption on the sensing material at different operating tem-
peratures [37-39]. At a certain temperature, the amount of target
gas and the surface reaction between the gas and the adsorbed oxy-
gen will not vary significantly. Accordingly, the diffusion of oxygen
and reducing gases toward the surface of the sensing material could
be regarded as the key factor. So we ascribed the fast response and
recovery properties to the sensing layer’s unconsolidation charac-
teristics.

The gas sensing mechanism of the sensor fabricated of the
as-prepared flower-like W03 particles should follow the surface
charge model, which may be explained by the change in resis-
tance of the sensor upon exposure to different gas atmospheres.
If we transfer the sensor from air to an oxidation gas atmosphere
like NO,, NO, molecules will take away electrons from the con-
ductance band of W03 and cause the sensor’s electric resistance
increasing. Similarly, when the sensor exposed to a reducing gas
such as acetone, these gas molecules can react on the surface
of W03 nanoparticles and release electrons back to the conduc-
tion band, causing the decrease of electric resistance. The possible
reasons for the good sensing properties might be attributed to
this: the as-prepared WO3; nanoparticles were relatively disper-
sive, which leads to a porous sensing layer and provides a good
situation for NO, molecules to pass through it from top to down
easily, in another word, the utility factor of the sensing body should
be enhanced. In addition, the high response could be attributed to
the good crystallinity of the as-prepared W03, as evidenced by the
XRD pattern and the SAED image. The good crystallinity guaranteed
a good circumstance for electronic transmission, with less electron
traps, such as crystal defects, the electron could transfer easier in
the material. The result of which was the R, of the sensor should
be small and when the sensor exposed to NO, gas, the sensor could
provide electrons continuously and its resistance got larger easily.

It is known that humidity may have effects on the response
properties at temperature less than 100 °C. To estimate the effects
of humidity, we measured the sensor’s responses to 80 ppb NO,

under different relative humidity. From Fig. 13(a) we can see that,
increasing the relative humidity, the response decreased. When
the relative humidity increased from 30% to 90%, the response
decreased from about 200 to 3. This result indicated that the rela-
tive humidity really had great effects on the response of the sensor
to NO,. In this paper, we evaluated the DC properties of the sensing
material at 90 °C and 30-40% RH, and the gas response was defined
as the ratio of the DC electrical resistance in the target gas (Rg) to
that in air (R,). To compare, under the same condition to DC test-
ing, we measured the impedance of the sensor in air and target gas
at different frequency to evaluate the response properties of the
sensing material to NO,, the response was defined as the ratio of
the impedance in 100 ppb NO; (Zg) to thatin air (Z). From Fig. 13(b)
we can see that when the frequency was between 0.01 Hz and 1 Hz,
the gas response was stable. When the test frequency was within
1-1000 Hz, the response of the sensor decreased with the increase
of frequency. However, when the test frequency was higher than
1000 Hz, the sensor showed no response to NO,. Fig. 13(c) shows a
response and recovery curve measured at 10 Hz, 90 °C and 30-40%
RH. As can be seen, the response time was relatively short, how-
ever, the recovery time was ultra long. So it is a drawback of AC
test, which cannot be ignored. The reason to this phenomenon is
not clear, needing further study.

4. Conclusion

Dispersive flower-like WO3; architectures composed of
nanorods were synthesized successfully by calcining WigOg4g
nanowires prepared by a microwave-assisted solvothermal
method. The sensor fabricated from the as-prepared WO3; showed
high response and good selectivity to ppb level NO, at 90°C.
Besides, the sensor exhibited fast response and recovery process
to 100 ppm acetone at 300°C. The gas-sensing mechanism was
also briefly introduced. These results suggest that our sensor has
potential applications in low concentration NO, detection and fast
acetone detection.
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