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Abstract: The sol–gel method was used to prepare WO3 powder as well as film. The addition of block 
copolymer F 127 surfactant during synthesis resulted in a highly porous structure with reduced grain 
size. WO3 thin films prepared without surfactant addition showed a lamellar structure on annealing at 
350º C, while the surfactant - added samples showed spherical nodules. NO2 gas response was 
enhanced for thin films prepared in presence of surfactant as compared to the films without surfactant. 
The film annealed at 600° C showed higher response magnitude as compared to 350º C annealed film. 
The gas response for a thick film was quite low as compared to thin film sensor derived through 
similar route. Copyright © 2009 IFSA. 
 
Keywords: Oxides, Chemical synthesis, X-ray diffraction, Electrical properties 
 
 
 
1. Introduction 
 
NOx gas is one of the most hazardous air pollutants and its detection is of great importance in both 
environmental protection and human health [1]. Semiconducting metal oxides such as WO3 and SnO2 
have been widely used for NOx detection [1, 2]. These sensors need to be operated at 200 - 500° C to 
improve the response by enhancing the chemical reaction between gas and the sensor material [3, 4]. 
WO3 thin as well as thick film have been investigated for NOx detection [1-14]. Thin film WO3 sensors 
showed good selectivity, high sensitivity, fast response and recovery time for low concentrations of 
NOx gas [6]. The sensitivity to NO2 is higher than for NO, and catalysts that convert NO to NO2 show 
high sensitivity towards NOx. It has been reported that the sensitivity of the WO3 thin films to NO2 
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was enhanced by the addition of metals such as Au, Pd, Pt [7]. The gas sensing properties of these 
materials are influenced by various fabrications and processing conditions that affect the 
microstructure of the gas-sensing element. As gas adsorption occurs on the surface, an increase in the 
active surface area of the semiconductor oxide would enhance the properties of materials used as gas 
sensors. The surface to bulk ratio for a nanocrystalline material is much greater than for a material with 
large grains, which yields a large interface between the solid and a gaseous or liquid medium. In order 
to increase the active surface area, several synthetic routes have been used. Recently, much interest has 
developed in the chemical synthesis of materials in presence of surfactants [15-20]. The surfactant 
addition, during synthesis, works as structure directing agents to generate mesoporous materials. 
Cationic surfactant n-cetyltrimethylammonium bromide (CTAB) addition was used to synthesize SnO2 
[16]. Mesoporous WO3 thin films with lamellar structure were synthesized by electrodeposition using 
SDS as a templating agent [17-18]. Mesostructured WO3 was synthesized by means of hard template 
route from two silica templates: three-dimensional cubic (KIT –6) and two- dimensional hexagonal 
(SBA –15) structure and the introduction of copper as catalytic additive improved both sensor response 
and recovery time [19]. In a recent work, mesoporous WO3 thin film have been synthesized by sol gel 
process using triblock copolymer surfactant as templates, the films showed high sensitivity even at 
temperatures as low as 50º C and detect low concentrations of NO2 with high sensitivity [20]. A high 
surface area and small crystallite size present in the mesoporous WO3 film was attributed to this high 
sensitivity. 
 
In the present work, WO3 films are derived by the sol gel route in the presence of surfactant, Pluronic 
F 127, and the annealing temperature was varied between 250 to 600º C to investigat the effect of 
annealing temperature on the NO2 response characteristics. FTIR, XRD, TEM, SEM were used to 
characterize the material. 
 
 
2. Experimental 
 
Poly(alkylene oxide) block copolymer (Pluronic F127) was used as surfactant to prepare thin films as 
well as thick films. About 2.5 g of F127 copolymer was dissolved in 10 ml of ethanol. Then 1 g 
anhydrous tungsten chloride precursor, WCl6 (Aldrich 99.9 %), was added into the F127 ethanol 
solution with vigorous stirring for 1 h. To prepare thin films, the resulting sol solution was coated over 
Al2O3 substrates that were pre-coated with Au electrodes for contacts by drop coating technique. The 
thin films were dried at 100°C, and annealed at 250 and 350º C for 4 h or at 600º C for 30 min; washed 
with ethanol to remove the residual block copolymer (WS). For comparison, films were similarly 
prepared without surfactant addition (W). For thick film sensor fabrication, the sol solution was heated 
at 60°C in air to dryness and calcined at 350º C for 4 h to obtain WO3 powder. This powder was used 
to prepare thick films by screen-printing method and annealed at 600º C for 30 minutes. 
 
WO3 films were characterized by a variety of methods. Fourier transformed infrared spectroscopy 
(FTIR), in the range of 4000–400 cm−1, were recorded on Perkin-Elmer Spectrum BX infrared 
spectrophotometer. X-ray powder diffraction (XRD) patterns were obtained on a BRUKNER AXS 
Power -X-ray diffractometer using Cu Kα radiation with Ni filter. High magnification nano-scale 
characterization was carried out employing a transmission electron microscope (TEM, model JEOL 
JFM 200x) operated at the electron accelerating voltage of 160 KV. The samples for TEM were 
prepared by directly dispersing the fine powders of the product onto 200 mesh Cu grids. The 
morphology of WO3 films was observed by scanning electron microscope (SEM, LEO-440). 
 
The resistance of the sensors was measured in air and in presence of NO2 with a multimeter (Keithely-
2000). The samples under test were placed in a test chamber (250 cm3) and exposed to 1 ppm or  
5 ppm NO2 gas. Gas-sensing properties of the films were studied at various operating temperatures in 
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the range of 100° C to 300° C. The gas response S was defined as Rg/Ra, where Rg and Ra are the 
electrical resistances in test gas and air, respectively. 
 
 
3. Results 
 
3.1. Structure 
 
In order to examine the effect of surfactant addition on the structural evaluation of WO3 films, FTIR 
spectra were taken. Fig. 1 presents the FTIR spectra of WO3 thin films annealed at 350° C with (WS) 
and without surfactant (W). The broad bands between 500 and 1000 cm−1 have been attributed to the 
framework vibrations of WO3 [21, 22]. The thin film without surfactant (W) showed mainly two peaks 
present at 538 and 800 cm-1, while WS showed the 538 peak shifted to 522 cm-1; and the second peak 
split into two peaks at 780 and 842 cm-1. Orel et al. [23] observed bands at (a) 880 cm−1  
{ν(W–Ointer–W) bridging+ν (W–O–O–W) stretch}, (b) 798 cm−1 {ν(W–Ointra–W) bridging stretch and 
at (c) a deformational mode of W–Ointra at 555 cm−1 for films prepared by dip coating from a 
peroxotungstic acid sol. Hexagonal and monoclinic WO3 films grown by anodic oxidation give rise to 
bands at 690 and 713 cm−1 which correspond to the W–O stretch [24]. Thus the peak present at 522 or 
538 cm-1 can be assigned to the W-O stretching and other peak near 800 cm-1 is due to W-O-W 
stretching mode. No peaks were observed corresponding to surfactant or carbon after annealing the 
films at 350º C, indicating that the surfactant was completely removed and the sample was carbon-free. 
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Fig. 1. FTIR spectra of samples after calcination at 350º C; (W) without surfactant (WS) with surfactant. 
 
 
Fig. 2 (a) shows the XRD patterns for the WO3 powder calcined at 350° C for 4 hours The XRD 
pattern for the powder prepared in presence of surfactant (WS) showed more broadening of the peaks 
as compared to that without surfactant addition (W). Fig.2 (b) shows the XRD pattern for thin films 
annealed at 600º C. The crystal structure of the films as well as powder showed a polycrystalline 
structure with all peaks belonging to monoclinic WO3 phase (JCPDS No: 1043) and indexed 
accordingly. XRD peaks for the thick film are broadened as compared to the thin film. 
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Fig. 2(a). XRD pattern for WO3 powder calcined at 350˚ C for 4 h. 
 
 

 
 

Fig. 2(b). XRD pattern for WO3 thin films annealed at 600˚ C for 30 minutes. 
 
 
Fig. 3 (a, b) shows the SEM micrographs of the WO3 thin films synthesized without surfactant and 
with surfactant respectively and annealed at 350° C. Sample prepared without surfactant consisted of 
large sheet like grains (>1µm) (lamellar structure) with some spherical granules. Most of these 
lamellas are not aligned in a particular direction; hence create a highly non-uniform and porous 
structure. In contrast, the sample prepared in presence of surfactant showed a more uniform, porous 
structure with spherical clusters of about 100 nm size. Such structure of nodular grain morphology 
with uniform sized nodules is likely to facilitate the adsorption process of NO2 molecules because of 
the capillary pores and large surface area. In contrast, the lamellar morphology as shown in Fig. 3 (a), 
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consist of larger sized pores. Fig. 4 (a, b) shows the SEM micrographs of the WO3 thin films annealed 
at 600° C. Sensor sample that was prepared without surfactant addition (Fig.4 a) showed large sized 
pores (~100 nm) as compared to the sample prepared in presence of surfactant (Fig.4 b). Fig.4 b shows 
a uniform structure with nodular grains, wherein nodules consist of small sized crystallites with small 
sized pores.  
 
 

  
 

(a) 
 

(b) 
 

Fig. 3. SEM micrograph of WO3 thin film annealed at 350° C: (a) without surfactants, (b) with surfactants. 
 
 

  
 

(a) 
 

(b) 
 

Fig. 4. SEM micrograph of WO3 thin film annealed at 600 °C: (a) without surfactants, (b) with surfactants. 
 
 
The TEM morphology of the WO3 powders after calcinations at 350º C is shown in Figs. 5-6. The 
WO3 without surfactants shows particles of different sizes. As shown in Fig.5 (a), large sized particles 
of about 300-500 nm in size (Fig. 5a) were present together with large number of small sized particles. 
The particles were well facetted with sharp edges, exhibiting crystalline nature of this material. Inset in 
Fig. 5(a) shows a magnified image of a particle with the size about 200 nm and the length of the edge 
is about 100nm. Fig. 5 (b) shows the TEM image of this sample in another region where smaller sized 
particles with a mean size of 12-26 nm were clearly seen. The micro structural details from TEM 
support the information obtained in SEM Fig.3 (a), i.e., under this condition some large sized lamellas 
(100-200 nm size) are present together with small sized particles (12-26 nm size). The addition of 
surfactants during WO3 formation leads to a more refined and porous structure (Fig. 6) as compared to 
bare WO3 (Fig. 5). Surfactant – treatment of WO3 material leads to ultrafine refined nano structure in 
two ways: (i) the individual nanoparticles are in size about 40-60 nm (Fig. 6a). Moreover these 
nanoparticles mostly consist of sub- nanoscaled refined microstructure (inset Fig. 6a); and (ii) the 
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larger size nanoparticles are constituted of cellular microstructure with ultrafine porosity (5-10 nm) 
distributed throughout the entire area of the specimen (Fig. 6a). Under these circumstances, the 
surfactant- added WO3 has significantly larger surface area compared to the bare WO3. Fig. 6(b) shows 
TEM image of surfactant- added WO3 which reveals that the framework consist of meso-structured 
nanocrystals with particle size of 3-9 nm ( the image corresponds to WO3 nanocrystals 3 nm size) 
and agrees with the broadened peaks in XRD spectra as shown in Fig. 2. 
 
 

  
 

(a) 
 

(b) 
 

Fig. 5. TEM images of WO3 powder (without surfactant) annealed at 350° C for 4 h. 
 
 

 
 

 
(a) 

 
(b) 

 
Fig. 6. TEM images of WO3 powder (with surfactant) annealed at 350°C for 4 h. 

 
 
3.2. Gas-sensing Properties 
 
3.2.1 Thin Film 
 
The response to NO2 was measured on WO3 films annealed at different temperature 250, 350 and 
600°C. The response was measured at different temperatures - from 100 to 300°C towards  
NO2 concentration of 1 and 5 ppm. The films that were annealed at 250ºC showed high resistance of 
the order of 100 Mohm to G ohm at 100-250°C in air, and increased on exposure to NO2. But the 
response was not reproducible; hence the results on this sample were not reported here. The response 
to 1 ppm and 5 ppm NO2 at temperatures of 250°C and 300°C for WO3 films annealed at 350ºC are 
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shown in Fig. 7. The sensor response increases when operating temperature is increased from 250 to 
300ºC. The sensitivity was higher for surfactant - added sample. 
 
 

 
 

Fig. 7. Response Vs temperature for thin film annealed at 350ºC to 1 and 5 PPM NO2. 
 
 
Fig. 8 shows the gas response S vs. temperature plot for WO3 thin films annealed at 600ºC for  
30 minutes with surfactant (WS) and without surfactant (W), the gas response was measured between 
100 to 300º C. Gas response to NO2 increases on decreasing temperature. A large enhancement in gas 
response was observed for surfactant - added sample WS. A response of magnitude 62.5 was observed 
to 1 ppm NO2 at 100ºC for surfactant- added sample. In an earlier report, WO3 thin films prepared by 
DC magnetron sputtering and annealed at 600ºC for 4 hours were monoclinic and showed high 
sensitivity to low concentrations of NO2 [12], similar to present results showing enhanced response for 
samples annealed at higher temperature. Further, the NO2 response increased on decreasing the 
operating temperature. In contrast, the response and recovery times increased on increasing the 
operating temperature. At temperatures lower than 150ºC the sensors become too resistive in NO2 
atmosphere increasing the measurement noise and affecting reproducible data. Therefore 150º C is the 
best optimum temperature of NO2 detection using such thin film sensors. 
 
 

 
 

Fig. 8. Response Vs temperature for thin film annealed at 600ºC to 1 PPM NO2. 
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3.2.2 Thick Film 
 
Fig. 9 illustrates the gas response for thick film WO3 sensors to 1 ppm NO2 from 100 to 300°C. It is 
evident that the films are also able to detect 1 ppm of NO2 in air at low temperature but the response 
was poor (100°C; S =13.8) in comparison to thin film sensor. These results (Fig. 6-9) show a 
systematic change of WO3 response with decreasing operating temperatures; i.e. in general the 
response increases on decreasing operating temperature, with best response at 150ºC for thin film and 
200ºC for thick film. More importantly, the results clearly show that a sample prepared in presence of 
surfactant has a much better response to low concentration of NO2 gas. Thus, the sol- gel derived WO3 
thin film sensors in the presence of surfactant have the advantage of detection of low concentrations 
such as 1 ppm with response of about 60 and low operating temperature such as 150°C. In an earlier 
work, the effect of thickness was investigated and it was revealed that the sensors with film thickness 
of 0.6 µm showed excellent sensing properties to dilute NO2 and that NO2 response decreases steeply 
on increasing thickness [25]. The decrease in response for the thick film (~ 20 µm) sensor as compared 
to thin films observed in present work may be due to increased film thickness using screen printing 
method. These results suggest that even though the powder prepared in presence of surfactant is better 
for NO2 gas detection, the thin films are quite advantageous in enhancing the response drastically. 
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Fig. 9. Gas response Vs temperature thick film annealed at 600ºC to 1 ppm NO2 with (W/T/S)  
and without surfactants (W/T). 

 
 
3.2.3 Transient Response 
 
Fig. 10 (a-c) shows the transient response curves for WO3 thin film giving the best response, i.e., the 
prepared in presence of surfactant and annealed at 600° C. Fig. 10 (a) shows response curve for 1 and  
5 ppm NO2 measured at 250° C. Fig. 10(b) shows response curve for 1 and 5 ppm NO2 measured at 
300° C. Fig. 10 (c) shows response curve for 1ppm NO2 measured at 150° C. As shown in figure, the 
response time was less than 1 minute at 200-300° C in thin film sensor, response time increased 
drastically on decreasing the temperature. The recovery time was about 5 minutes at 200 –300° C, but 
increased to 10-15 minutes at 150° C. At still lower temperatures even though response magnitude 
increased, but actual resistance was too high making measurements difficult, and the recovery time 
increased drastically. 
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(a) 
 

 
(b) 

 
 

(c) 
 

Fig. 10. Response curve for mesoporous WO3 thin film sensor annealed at 600º C:  
(a) measured at 250° C, (b) measured at 300°C, (c) measured at 150° C. 

 
 
Especially for atmospheric pollution detection, a low concentration of NOx detection is desired. As 
shown in Fig. 10 (c), surfactant - added WO3 thin film sensor detected 1 ppm NOX with a gas 
sensitivity of 35 at a temperature of 150° C. Even though this temperature is higher as compared to the 
mesoporous WO3 thin film sensor reported earlier [26] where in gas detection at still lower 
temperature of 50-80° C was reported, but in the present work the sensitivity data at lower temperature 
were not obtained due to increase in recovery time at low temperatures and too high resistance that 
increases further in presence of NO2. 
 
Tungsten trioxide is an n-type semiconductor and belongs to the surface resistance controlled type 
sensor i.e. the sensor surface resistance changes on exposure to gaseous species. The sensor resistance 
decreases in the presence of reducing species (NH3) and increases in the presence of oxidizing species 
(NO2). Meso-structured materials are expected to provide heightened gas responses, as well as 
enhancing selectivity towards specific gases by tailoring the internal pore environment. Further, while 
there are many examples of tungsten trioxide meso-structure formation in the literature, there are few 
instances in which these materials were examined as sensor materials, mostly due to the difficulty in 
stabilizing the meso-structure upon surfactant removal. In the sol gel derived process in presence of 
surfactants, known as evaporation induced self-assembly EISA process, with solvent evaporation the 
concentration of the surfactant in the sol solution begins to exceed the critical micelle concentration 
and a self-assembly procedure is triggered [27]. The derived microstructure depends on the synthesis 
conditions. The crystallization of the material has been delayed by the presence of surfactant as 
compared to that in normal sol gel process, as revealed in Fig. 2 (a), which had shown a more 
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broadened XRD patterns for surfactant added samples. As had already been pointed out, the most 
important factors that influence the WO3 sensor characteristics are probably the microstructure and 
surface area. The films prepared in presence of surfactant exhibit a mesoporous structure, having a 
large fraction of atoms residing at surfaces and interfaces between the pores, showed improvement in 
NO2 gas response. This suggests that such microstructures with small and uniform pores are suitable 
for gas-sensing purposes, if the pores are easily accessible to diffusion of gas. On the other hand, a 
microstructure, which consists of a matrix of small sized particles having a few large sized platelets, 
creates larger sized pores, that are not suitable for improving gas response. Further, for a long time 
operations of the sensors at operating temperatures of 150-200° C demand the sensor to be stabilized at 
high temperatures, and therefore in the present work we investigated the effect of annealing the sensors 
at 350 and 600° C. The response to NO2 for the sensor annealed at 600° C and prepared in presence of 
surfactant is far better, as compared to that annealed at 350° C. On annealing the sensors at such high 
temperatures, the derived mesoporous structure might have collapsed, as we could not see any ordered 
arrangement of pores in the TEM/ SEM pictures. But the presence of surfactants during synthesis, that 
causes the formation of porous structure during the initial stages of firing, causes a decrease in grain 
size for the final product and enhances the surface area even after the removal of the surfactant, by 
keeping the grains apart during calcinations and sintering steps. Further the resulting microstructure 
was more uniform, with small sized pres. Better gas response observed for surfactant added WO3 
sensor samples as compared to sensors prepared without surfactant addition (even at very low 
temperature for NO2) suggests that the higher response is most likely due to the smaller grain size and 
uniform small sized pores. Further the response for 600º C annealed film was higher as compared to 
film annealed at 350º C, which suggests that the crystallinity of the resulting WO3 grains are also 
influencing the gas response. 
 
The sensor response to NOx has been reported to be dependent on the particle size of the WO3 crystal, 
showing higher response with lowering of the size [28]. In another work, it has been reported that high 
annealing temperature leads to better NO2 sensor response despite increased grain size in screen 
printed gas sensors based on SnO2 nanopowders [29]. This was attributed to the improvement of the 
crystalline quality and the faceting of nanograins which improved NO2 adsorption. The influence of 
thermal annealing on the microstructure and NO2 sensing properties of WO3 sensors revealed that thin 
films annealed at 500° C showed quickest response / recovery and highest response to 10 ppm NO2 
[30, 31]. Similar result on better gas response for a sensor annealed at higher temperature were 
reported earlier, i.e., a WO3 gas sensor annealed at 700°C showed a better response to NO2 in air than 
400°C annealed WO3 [32]. The formation of chemical bonds between gaseous species and metal 
oxides depends on the presence of unsaturated bonds on the surface of materials, so the amount of 
chemisorbed species increases with surface defect concentration. It was suggested that when annealing 
temperature increases over 400° C oxygen deficiencies may drift to the surface of the grains and 
become reactive sites for adsorption of NO2 and oxygen molecules and thus improve sensor response. 
Apart from pore accessibility, crystallinity and oxygen deficiency also affect the sensor response. For 
example a change in oxygen stoichiometry leads to different sensor response [8]. Consequently the 
thermal treatment of films has a direct impact on the overall sensor response, and present results 
confirmed an improved response for a higher temperature (600° C) annealed sensor as compared to 
lower one (350° C). 
 
In summary, NO2 gas sensing measurements have been carried out to investigate the effect of 
surfactant on WO3 thin films sensors annealed at different temperatures. The films showed monoclinic 
structure. The films annealed at 600° C and prepared in presence of surfactant, block polymer pluronic 
F127, showed quick response and highest response magnitude. These results highlight the importance 
of achieving porous structure for improving the gas sensor performance. Both 350 as well as 600º C 
annealed films are good sensing material to NO2 and the response is quite low for thick film sensors as 
compared to the thin films derived through similar route. 
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4. Conclusions 
 
Nanocrystalline WO3 thin films were prepared at different temperatures by the sol–gel process in 
presence of block copolymer surfactant. The TEM microstructure revealed that the sol gel derived 
WO3 powder in presence of surfactant is meso-structured having nanopores of size 5-7 nm. The sol gel 
derived WO3 thin films in the presence of surfactant and annealed at 600˚ C showed enhanced sensing 
properties upon exposure to low concentration (1ppm) of NO2. Fast Response and better response 
magnitude was observed in thin film sensor as compared to thick films. Thus the synthesis of WO3 thin 
films in presence of block copolymer surfactants should be a promising technique for advanced 
miniaturized chemical sensors. 
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