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Mesoporous three-dimensional (3D) network of crystalline WO3 nanowires was prepared by nanocasting
method using 3D SBA-15 silica with hexagonally ordered mesopores as hard template. After impregna-
tion, mineralization and template removal, a mesoporous 3D framework of ordered crystalline WO3
nanowires with high specific surface area and stable mesopore channels was formed through the ran-
domly distributed bridging between the neighboring nanowires. The mesostructure of the product was
confirmed by low-angle X-ray diffraction (XRD) and nitrogen physisorption measurements. High resolu-

_’;ﬁ{l Wgtred:oxi de tion transmission electron microscopy (HRTEM) images indicate the single crystal structure with differ-
Naniwires ent crystal orientation for mesoporous particles. The gas sensing properties of the mesoporous 3D W03
Gas sensor nanowires replica were investigated at 50 °C up to 200 °C over NO, concentration ranging from 15 to

500 ppb. The results indicate that the mesoporous 3D WO3; nanowires exhibits high response, good selec-
tivity and fast response-recovery characteristics in the detection of sub-ppm and ppb level NO, at the
optimal operating temperature of 125 °C due to the stable mesopore channels, large surface area and per-
fect single-crystal structure.
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1. Introduction

Semiconductor metal oxides have been widely used for sensing
gases and vapors [1,2]. Their sensing mechanism lies in the
changes of electrical conductivity in the presence of toxic gases
and oxygen due to catalytic reduction/oxidation reactions occur-
ring at the metal oxide surface. Therefore, the sensing response
of oxide films is highly dependent on their surface structure and
morphology [3,4]. For a high sensitivity and a fast response rate,
sensing materials should exhibit large specific surface areas and
high accessibility of gas molecules to the materials surface by dif-
fusion. At present, various nanostructured metal oxide materials
with one-dimensional or mesoporous features have been widely
investigated as candidates for high performance gas sensors appli-
cations. Semiconductor metal oxides with one-dimensional nano-
structure, such as nanowires, nanorods and nanobelts, can
exhibit very good gas sensing properties at relative low operating
temperature due to their large specific surface areas and dimen-
sions comparable to Debye length [5,6]. In addition, nanostruc-
tured mesoporous oxides presenting well defined porosity and
remarkably large surface areas are another class of sensing materi-
als with wide application prospect [7,8].
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Since the successful synthesis of MCM-41 [9], great efforts were
made to prepare mesoporous oxide materials other than silica. Up
to now, many mesoporous oxides such as Co,03, Cr;03, SnO,,
In,03, MnO,, etc. have been synthesized successfully by nanocast-
ing method, i.e. hard template route [10-12]. In this method, the
voids of a preformed mesoporous solid are used as templates for
accommodating appropriate precursors by means of impregnation.
Further mineralization of the precursors and removal of the solid
templates leads to a mesostructured replica of the desired oxide.
Usually, MCM-41, SBA-15, FDU-12 and SBA-16 are the most fre-
quently used hard templates for preparing mesoporous metal oxi-
des. Among various metal oxide semiconductors, tungsten oxide,
which is a wide band-gap n-type semiconductor, has been consid-
ered as a promising sensing material for detection of toxic and dan-
gerous gases such as NO,, Hy, O3, NH3, H,S [13,14]. Mesoporous
WOs replica synthesized by using cubic KIT-6 or traditional SBA-
15 as hard template have shown high sensitivity and response rate
to NO, gas at the optimal operating temperature of 230 °C [15,16].
Of the used hard templates, great interests have been focused on
SBA-15 due to its unique mesoporous system, i.e. hexagonal-
ordered cylindrical pores with interconnected micropore channels
in the walls [17]. The micropore channels between the hexagonally
ordered 1D pores of the traditional SBA-15 can be expand to form
3D mesoporous network by rising the temperature of hydrother-
mally synthesis or adding organic cosolvents [18]. Thus, it is possi-
ble to synthesize 3D frameworks of crystalline nanowires with
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stable mesopore structure and high specific surface area by choos-
ing 3D SBA-15 as template. In this work, we prepared a semicon-
ductor gas sensor based on the mesoporous 3D single crystalline
WO3 nanowires. The material was synthesized by a structure rep-
lication procedure from 3D SBA-15, which was prepared hydro-
thermally using butanol as organic cosolvent. The unique
properties of the nanocasted 3D W03 nanowires, such as well de-
fined porosity, highly stable mesoporous structure and large spe-
cific surface area, arise from its unique microstructure. The
sensing properties of the material to NO, gas was investigated
and found to be capable of NO, detection at ppb level with quick
response-recovery characteristics and good selectivity.

2. Experiment
2.1. Synthesis and characterization

The synthesis of mesoporous 3D WO5 nanowires network was accomplished by
using mesoporous 3D SBA-15 silica as structure matrix.

3D SBA-15 was synthesized in acidic conditions by the modified process shown
in the literature [18] using the pluronic P123 triblock copolymer (EO»oP070EO,0) as
template and tetraethyl orthosilicate (TEOS) as silicon source. P123 and TEOS were
all purchased from Aldrich Corporation. Five grams of P123 was dissolved in 181 ml
deionized H,0 and 9.8 g of concentrated HCl (35%) at room temperature to form a
solution. Then 4 g butanol was added into the above solution under vigorously stir-
ring. After stirring for 1 h at 35 °C, 10.75 g of TEOS was added and continue to stir
for 24 h at 35 °C. The resulted gel was transferred to and sealed in a Teflon-lined
stainless steel autoclave. The hydrothermal treatment was conducted at 100 °C
for 24 h in an electric oven. After that, the autoclave was cooled naturally to room
temperature. The solid product was centrifuged and washed sequentially by deion-
ized water and ethanol several times, and the obtained white powder was dried at
room temperature and calcined at 550 °C for 4 h in air for the removal of the P123
block copolymer.

For the synthesis of mesoporous 3D WO5 nanowires powder, the 3D SBA-15 sil-
ica got above was used as hard template and silicotungstic acid was used as precur-
sor in a two-step impregnation process. In a typical synthesis, 2 g of silicotungstic
acid was dissolved in 20 ml of ethanol, and then 1.2 g of silica template was added.
After stirring for 6 h at room temperature, the mixture was centrifuged, dried and
calcined at 300 °C for 1 h in air. In the second impregnation step, the resultant solu-
tion of the last centrifugation was used again and the same impregnation step was
repeated. After drying at room temperature, the second calcination was performed
at 600 °C for 4 h in air (heating rate 1°/min). Finally, the silica template was re-
moved by stirring the SBA-15/WQ03 sample in 40 ml of 10% (v/v) HF solution for
6 h at room temperature. The WOs replica was thus obtained by centrifuging, wash-
ing sequentially with deionized water and ethanol, and then air-dried.

The morphology and crystalline structure of as-prepared samples are character-
ized with a field emission transmission electron microscopy (TEM, TECNAI G?F-20)
and an X-ray diffractometer (XRD, RIGAKU D/MAX 2500 V/PC, Cu Ko radiation).
Brunauer-Emmett-Teller (BET) nitrogen physisorption measurement was per-
formed on a Quantachrome NOVA automated gas-sorption system. Prior to mea-
surement, sample was vacuum-dried at 200 °C for 10 h.

2.2. Sensor preparation and measurement

The gas sensing properties of the WOs; replica was evaluated by measuring the
change in resistance of the mesoporous 3D WO3 nanowires based sensor under
varying NO, concentration. The sensor was fabricated by spin coating the slurry
of synthesized mesoporous W03 nanowires powder on the cleaned alumina sub-
strates which were attached with a pair of interdigitated Pt electrodes. With the
aid of a shadow mask, the patterned electrodes were deposited on the substrates
by rf magnetron sputtering technique in a pure argon ambience, using a metallic
Pt target (99.95%). The vacuum chamber was first evacuated to a base pressure of
4 x 10~* Pa and then was kept at 2 Pa during Pt film deposition by controlling argon
flow with a mass flow controller. After pre-sputtering about 10 min with the shut-
ter closed, the deposition process was performed for 8 min under a fixed sputtering
power of 100 W. The obtained Pt electrodes was about 100 nm in thickness. The
coating slurry was prepared by ultrasonically mixing terpineol and tungsten oxide
powders in appropriate quantity. For preparing the film, the spinning was con-
trolled to 3000 rpm and the period of coating was 20 s. The coated sensing film
was dried in air for 30 min and subsequently annealed at 300 °C for 1 h at ambient
atmosphere in a program-controlled furnace to burn out the organic vehicle (i.e.
terpineol) used in the preparation of the coating slurry as well as to enhance the
adherence of the sensing film to the sensor substrate. Temperature was raised using
a slow ramp of 2.5 °C/min in order to avoid the possible occurrences of cracks in the
films.

To investigate the film thickness effects on the gas sensing properties, two other
tungsten oxide film samples with the estimated film thickness of 500 and 1500 nm
were prepared by increasing the number of spin-coatings to two and five times,
respectively. When spin-coatings were repeated, the coated film was dried at
100 °C for 15 min before the next coating.

The gas-sensing measurements were carried out in a computer-controlled gas
sensing testing system consisting of a test chamber, a flat heating plate, a profes-
sional digital multimeter and a data acquisition system [19]. The pure NO, gas
was injected into the chamber directly to get the desired concentration. An UNI-T
UT70D professional digital multimeter was used for continuously monitoring the
resistance change of the sensors during the whole measurement process. The sam-
pling interval was set to 1 s. The operating temperature changed from 50 to 200 °C
by adjusting the temperature controller of the heating plate.

3. Results and discussion
3.1. Characterization of mesoporous W03

The powder WOs replica was investigated by X-ray diffraction
(XRD). Fig. 1(a) shows the low-angle XRD of the sample obtained
after two cycles of impregnation and oxide formation at 600 °C,
as described in the experimental section. The inset is the low-angle
XRD pattern of 3D SBA-15 silica. WOs replica exhibits characteris-
tic peak of the same space groups as the silica template. The obvi-
ous diffraction peak appearing at low angle region, which can be
assigned to the (100) reflection of the hexagonal SBA-15 silica ma-
trix [20,21], revealed the formation of ordered mesoporous struc-
ture. However, in comparison to the XRD pattern of SBA-15
template shown in the inset in Fig. 1(a), the other two peaks with
lower intensity below 20=2° ie. (110) and (200) diffraction
peaks, could not be distinguished, indicating the relative lower
overall nanostructural order of the WOs; replica than the respective
silica matrix. The wide-angle XRD pattern of the mesoporous W03
is shown in Fig. 1(b). All peaks are in agreement with the mono-
clinic phase of WO; with lattice parameters of a=7.297A,
b=7539A, c=7.688A and f=90.91° (JCPDS No. 43-1035). The

(a)
(100) (100)

E (110),
S (200)

= . : SBA-15

15 o 1 2 3 4 5
S 20 )

WO; replica
0 1 2 3 4
20 (%)
(b) g ..
* 4 monoclinic WO3

3

&

=y .

&

Q

R

X ¢ * o
J o % oaee
15 25 35 45 55
26 (())

Fig. 1. Low-angle (a) and wide-angle (b) XRD patterns of tungsten oxide powder
replicated from mesoporous 3D SBA-15 silica phase. The inset in (a) is the low-angle
XRD pattern of 3D SBA-15.
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