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Mesoporous tungsten oxide was synthesized based on hard template method using silica as template.
The produced material was investigated structurally using X-ray diffraction and high resolution TEM.
The material was deposited on patterned alumina substrates through low frequency AC electrophoresis
of which, the deposition pattern was studied using optical microscopy and SEM. Exposure of the sensors
to NO; in the temperature range of 150-300 °C resulted in highest sensitivity at 200 °C. Increasing tem-
perature was found to produce faster response and recovery processes while the sensitivity decreased.
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1. Introduction

Exhaust gases generated by cars and factories are the focus of
many researches as the main source of air pollution. NOx (NO,
NO,) as a toxic is of great importance and many researchers have
reported metal oxide based sensors for NOx detection. Based on
American standards, concentration of NO and NO, should not
exceed 3 and 25 ppm respectively while in Japan, these fall in ppb
range. Thus, there is an increasing need to highly sensitive sen-
sors targeting NOx. A great number of sensors are reported so far
with their advantages and drawbacks [1,2]. Solid-state NOx sensors
reported so far can be categorized in several groups among which,
resistive-type (based on semiconducting oxides), amperometric-
and potentiometric-type (based on solid-electrolyte materials),
and capacitive-type are of great importance. Combined structures
are also reported presenting a combination of the properties of
individual elements used in their structure [3-6]. Although a large
number of works have been focusing on solid-electrolyte sensors
which show a high sensitivity at elevated temperatures, progress
in oxide materials and their novel structures is the motivation
for research on resistive-sensors which operate at lower tempera-
tures and benefit a simple structure. SnO», In,03, TiO5, ZnO, Fe, 03,
WO3 and several combinations of these (in some cases doped
with a catalytic material) have been studied so far [7-13]. Of the
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oxide materials used for sensing, WO3 shows promising properties
especially if possesses a large surface area [14]. In this scenario,
mesoporous materials are so far one of the best candidates pre-
senting a high sensitivity thanks to their large specific surface area.
The possibility of manipulating mesoporous materials with desired
structural features is an advantage which makes the products suit-
able for sensing gases like amines which are difficult to be sensed
by other structures [15,16].

On the other hand, the deposition process affects the device per-
formance largely since it affects the morphology and structure of
the sensing material (and thus, its properties) [17]. Thus, various
deposition methods have been implemented such as melting and
quenching [4,5], micro dropping [15,18], dip coating [19], screen
printing [12], sputtering [10], etc. Low frequency electrophoresis is
a method with high potentiality to deposit nanomaterials in a con-
trolled way [20-23]. In this article, we present the application of
low frequency AC electrophoretic deposition in sensor fabrication
where W03 nanopowder is deposited on interdigitated electrodes.
Fabricated devices are exposed to various concentrations of NO,
for which, results are presented.

2. Experimental
2.1. WO3 nano particles synthesis
Mesoporous SiO, was synthesized, as a template for impreg-

nation of WO3 nano particles based on method reported earlier
[24,25]. A solution of 6 g polyethylene oxide-polypropylene oxide
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block copolymer (Clariant PF-10), 180 ml distilled water and 30g
HCl (35wt%) was made and stirred for 6h at 35°C. Then, we
added tetraethyl orthosilicate (TEOS, Aldrich) to the resulting acidic
solution and stirred it for 24 h at the same temperature. As the
hydrothermal treatment, the solution was then heated at 100 °C for
another 24 h. pH was maintained constant at 7 by addition of NHs.
Mesoporous silica was obtained by drying the resultant product in
air atmosphere followed by 4 h calcination at 550°C.
Phosphotungestic acid hydrate (merck #art no. B684983) and
mesoporous SiO, were added to ethanol with the same ratio (1:1 by
weight). The mixture was stirred for 1 h and dried at room temper-
ature in air atmosphere. Calcination phase was performed at 570 °C
with heating rate of 10 °C/min for 5 h (dwell time). At last, the SiO,
hard template was removed by HF (2 wt%) and WO3; was collected
by centrifugation. The product was copiously washed with water
and ethanol and finally dried at 100 °C. HRTEM (JEOL 2100), XRD
(Siemens D500, Cu Ka radiation), and BET (BELsorp mini II) were
employed for characterization of the synthesized material.

2.2. Sensor fabrication

Low frequency AC electrophoresis [20-22] was applied for
deposition of WO3 nano powders on an alumina substrate with
interdigitated electrodes (with a spacing of about 100 p.m). In the
first step, a stable solution (suitable for electrodeposition) was pre-
pared through making a suspension of 0.5 g/L W03 nanoparticles
in acetone altrasonicated for 15 min. Deposition was performed
by applying 30V pick-to-pick square wave with 10kHz fre-
quency. Deposition time was 60 min. The resulting pattern was
analyzed using optical microscopy and SEM (Stereo Scan 360-
Leica/Cambridge) before exposing the device to the gas for sensing
measurements.

3. Results and discussion

N2 adsorption/desorption isotherm of synthesized silica (at
77K) is presented in Fig. 1a revealing a type IV isotherm (accord-
ing to IUPAC classification). Fig. 1b shows the corresponding BET
(Brunauer-Emmett-Teller) plot measured using a BELsorp mini Il
lab analyzer. Based on these, the specific surface area of the silica
is determined to be about 615 m?/g. BJH (Barret-Joyner-Halenda)
plot of the adsorption branch of the isotherm is presented in Fig. 1c.
The curves show that pore size of the synthesized silica falls below
10nm. This pore size distribution introduces this template as an
adequate base for synthesizing uniform mesoporous materials (in
this work: WO3). TEM image of the synthesized mesoporous silica
is shown in Fig. 2.

HRTEM image of WO3 nanoparticles depicted in Fig. 3a shows
that WO3 nanoparticles with average size of about 5 nm are formed.
Fourier transform pattern of the nanoparticle in Fig. 3b indicate d-
spacing of 3.8 A corresponding to (00 1) planes in monoclinic WO3
crystal structure.

As mentioned above, the specific surface area (SSA) of the
products determined using BET technique was found to be about
615m?2/g for mesoporous silica template. This lagre surface area
was reduced to 43 m2/g for WO3 nanoparticles after cacination and
washing the template. Before heat treatment, the specific surface
area of the coated template with tungsten containing materials
was measured to be around 350 m?/g. This reduction of the surface
is a result of surface coverage and filling the porosities by WOs.
After calcination and template removal, the surface area is reduced
largely due to the fact that WO3 cannot fill all curvatures and porosi-
ties of the host material. In addition, 4 h calcination at 570 °C may
activate the growth process.
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Fig. 1. N2 adsorption/desorption isotherm of mesoporous silica showing type IV
isotherm (a) and corresponding BET (b); BJH plot of the adsorption branch of the
isotherm (c).

Achieving a fully crystalline material with monoclinic crystal
structure was verified in XRD patterns obtained for both impreg-
nated template and mesoporous WO3 after template removal
(Fig. 4). Washed samples, obviously, present WO3 peaks only. The
absence of SiO, peaks shows that the silica template is completely
removed and pure WOj3 is remained in the system.

In this research, low frequency AC electrophoresis method is
used for sensor fabrication, a simple and reproducible technique
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Fig. 2. TEM image of mesoporous SiO, template.

for controlled-manipulation of ceramic nanoparticles and their
alignment. Process parameters such as applied voltage, frequency,
suspending media, and concentration of particles in suspension can
be designed in such a way that the particles migrate toward the gap
between two electrodes and deposit there. Particles are deposited
on both electrodes simultaneously and the deposited layer grows

Fig. 3. HRTEM image of WO3 nanoparticles array as (a) a replica of silica template
and (b) a single WOs3 nanoparticle.
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Fig. 4. XRD pattern of synthesized W03 with, and without template indicating the
successful impregnation and complete template removal.

from electrodes toward the center of the gap until the gap is filled.
Under optimum conditions, particles can bridge between the two
electrodes leaving a porous and uniform thick film between them
which is an excellent structure for sensing thanks to the pathways
facilitating gas flow.

Deposition process is visualized in Fig. 5 through SEM images
corresponding to different stages of pattern formation. Fig. 5a is a
SEM image of the deposited particles when deposition is ongoing.
As it is seen in this figure, WO3 nanoparticles are precipitated on
both electrodes and bridged them in some locations. Other bridges
are to be formed between the electrodes.

Continued deposition results in a gap fully filled with nano par-
ticles (Fig. 5b). An overall view of the sensor is shown in Fig. 5¢c and
d where deposited particles are seen in green color.

Response of the sensor toward various concentrations of NO,
was recorded using a conventional gas sensing setup (Fig. 6).
Measurements were performed in the temperature range of
150-300°C.

Response transients of the sensor at 250°C presented in Fig. 7
show the clear response of the sensor to the target gas. Obviously,
the deposited material behaves in a stable way when exposed to
NO, showing no oscillation in resistance. Moreover, resistance of
the sensors recovers its original value (air level) after switching
back to the base gas (air) presenting a fully reversible character.

Sensor transients to 500 ppb NO, at different temperatures are
shown in Fig. 8. Responses decrease with increasing temperature
while the response/recovery processes take shorter times due to
faster kinetics of the adsorption process. NO, is adsorbed on W03
surface through the following reversible reaction:

NO, +e~ < NO,~ (1)

where electrons are provided by WO3; material. As the above-
mentioned chemisorption reaction occurs at the surface, the
sensing material is depleted in the surface and as a consequence,
resistance increases when the sensor is exposed to the target gas.

At elevated temperatures, the adsorption of gas species on the
surface is quite limited so that the reversibility of the process is lost
largely and thus, the sensitivity decreases. Adsorption mechanisms
are already presented [26] and are not discussed here.

Response and recovery times (defined as time needed to reach
90% of the response or 90% of the original level, respectively) are
listed in Table 1 and show that with increasing temperature in the
range of 150-300°C, the response time changes from 22.5 to 7 min
and the time needed for recovery decreases from 22.5 to 4.5 min.
Although these values are rather long, the high stability in signals
can be considered as an advantage of the sensor which is a usual
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Fig. 5. Deposition pattern in different stages: (a) nanoparticles deposited and bridge between electrodes (b) after 60 min, nanoparticles fill the gap, (c) and (d) optical
microscopy images of the sensor in which WO3 nanoparticles appear in green color. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

problem of this family of chemical sensors. Response and recov- surface reactions and thus diminished adsorption resulting into
ery times are determined by adsorption and desorption processes lower sensitivity at higher temperatures.
occurring on the surface of the sensing material. This sharp decrease Values of the responses plotted in Fig. 9 confirm the high

in response and recovery times indicates the facile kinetics of the sensitivity of the device which is comparable to many other pre-
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Fig. 6. Gas sensing setup used in this study.
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Fig. 7. Response transients of the sensor towards 200-500 ppb NO, at 250°C.
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Fig. 8. Response transients to 500 ppb NO, in the range of 150-300°C.

Table 1
Comparison of the sensing properties of the device.

T(°C) Response time (min) Recovery time (min) Detection range (ppb)

300 7 4.5 75-500
275 12.5 9.5 75-500
250 17 125 75-500
225 20 13 75-500
200 20 13.8 50-500
150 225 225 50-150
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Fig. 9. Device sensitivity to various NO, concentrations revealing linearity in
75-500 ppb gas in the whole temperature range.

viously reported NO, sensors although some recent works report
extraordinary responses [18,26]. A linear trend is obviously seen
for all temperatures and concentrations of 100 ppb and above. At
higher temperatures the sensor tends to behave linearly in the
whole temperature range though at these temperatures (250°C
and above), the sensor response drops drastically. This advantage
can be attributed to the unique sensor structure with deposited
mesoporous material which in addition to the large surface area,
benefits its uniformity and alignment of the particles in the struc-
ture. In fact, as it is already reported by Wang et al. [27], in addition
to the particle itself, the heterogeneous structure of the deposited
layer is also an important sensitivity-controlling parameter. More-
over, Tamaki et al. [18] showed that application of nanoelectrodes
in NO, sensors can increase their sensitivity to a large extent thanks
to the increased contact between the material and electrodes. In an
excellent review by Korotcenko [17], dimensional factors (which
affect sensing properties of the devices) were listed. They have also
reported a list of all structural parameters of metal oxides which
can affect/control the gas sensing. For thick- and thin films, and also
for those sensors fabricated through microdropping of the sensing
material, the gas diffusion into the structure has been always a bot-
tleneck of the device limiting the sensitivity to the small surface
layer. In the case of the sensor presented here, however, the meso-
porous material which inherently possesses a large specific surface
area, provides the path for gas flow and surface adsorption. On the
other hand, the low frequency electrophoretic deposition, as it was
presented in SEM images, leads to a well-structured thin film of the
material facilitating sensing process.

4. Summary

Tungsten oxide nanoparticles were synthesized and charac-
terized using high resolution TEM. The product was deposited
on microelectrodes via low frequency electrophoretic deposition
method and used as NO, sensor presenting a stable device sensi-
tive to NO; in a dilute range. Response measurements performed
in the temperature range of 150-300 °C show that with increasing
temperature, the kinetics of the reactions is enhanced and faster
response and recovery is observed. However, a lower sensitivity is
seen at higher temperatures due to decreased adsorption at these
temperatures. Sensor stability was not investigated and is left for
further work.
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