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Abstract 

WO3-based semiconductor-type gas sensors were fabricated, and their sensing properties to 

methylmercaptan (CH3SH) were examined in this study. The Ru loading on WO3 was an effective 

way of an increase in the CH3SH response. In addition, the CH3SH response increased with a decrease 

in the operating temperature as well as with an increase in the thickness of the Ru-loaded WO3 sensing 

layer. The increase in the porosity of the Ru-loaded WO3 sensors, which were fabricated by utilizing 

polymethylmethacrylate microspheres as a template, was also effective in improving the CH3SH 

response, especially at a low temperature of 150°C. In addition, the lamination of the Ru-loaded WO3 

sensor with an α-Al2O3 film improved the CH3SH response at 200°C. Moreover, the Ru loading on 

the WO3 powder increased the catalytic activities of CH3SH oxidation, and CH3SH was partially 

oxidized to CH3SSCH3 at temperatures less than 330°C. It was suggested that the increase in the 

positively charged adsorption of the partially oxidized products onto the bottom part of the sensing 

layer is effective for enhancing the CH3SH response, especially at lower operating temperatures. 

 

Keywords: semiconductor-type gas sensor; CH3SH; Ru-loaded WO3; CH3SSCH3, positively charged 

adsorption;   
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Introduction 

Exhaled breath of the patients contains a higher concentration of specific gases than those of 

healthy people. For example, the patients suffering from lung cancer, diabetes and malfunctioning of 

liver and/or kidney release a high concentration of toluene, acetone and ammonia, respectively [1‒3]. 

Therefore, the highly sensitive and selective analyses of gaseous components in the exhaled breath 

by utilizing gas-sensing devices are quite useful in diagnosing these diseases non-invasively. Among 

various kinds of gas sensors, semiconductor-type gas sensors have been widely studied because of 

the advantages of a simple structure, low fabrication cost, and rather easy customization for the 

detection of specific gases [4‒6]. 

Halitosis of the patients suffering from periodontitis contains a high concentration of various 

volatile sulfur compounds (VSCs), such as hydrogen sulfide (H2S) and methyl mercaptan (CH3SH), 

and the formation of large periodontal pockets between gums and teeth increases the percentage of 

CH3SH in the exhaled breath [7]. Therefore, sensitive and selective detection of CH3SH is necessary 

to evaluate periodontal disease accurately.  

Many researchers have attempted to develop highly selective and sensitive semiconductor-type 

VSCs sensors, but there are only a few reports on the detection of CH3SH [8–12]. On the other hand, 

most of them have focused on the detection of H2S. In particular, WO3 is well known as one of the 

attractive sensing materials, and the loading of a small amount of metal onto WO3 was quite effective 

in improving H2S-sensing properties [13–20]. For example, Shen et al. reported that the optimal 

deposition of Pt on the surface of a WO3 sensor effectively enhanced the H2S response [17]. Yin et al. 

showed that the surface modification of WO3 nanoplates with Au-loaded SnO2 nanocrystals 

drastically improved the sensing properties to H2S [18]. Lee et al. reported that nanosized oxide 

particles such as ZnO, SnO2 and WO3 sensitively detected H2S and concluded that 0.01 wt% Au-

loaded WO3 was the most suitable material for the detection of sub-ppm H2S [19]. Quite recently, 

Kruefu et al. reported that Ru loading onto WO3 improved the sensor response to sub-ppm H2S 

together with improved response and recovery behavior and the sensor showed the selective H2S 
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response against NO2, SO2, C2H5OH and NH3 [20].  

In addition, thickness and porosity of the sensing layer are well known as important factors in 

determining gas-sensing properties of semiconductor-type gas sensors [21–29]. For example, we have 

actually reported that the porous metal oxides (e.g., In2O3 or SnO2) prepared by utilizing a self-

assembly of surfactants such as n-cetylpyridinium chloride (several nm in diameter) or 

polymethylmethacrylate (PMMA) microspheres (28–1500 nm in diameter) as a template showed 

excellent gas-sensing properties, due to the enhancement of both the gas diffusivity and the gas 

reactivity on their oxide surface [25–29].  

We therefore focused on WO3 as a CH3SH-sensing material of semiconductor-type gas sensors, 

and discussed the effects of Ru loading onto WO3 on the CH3SH-sensing properties in this study. In 

addition, we also examined the effects of introducing a porous structure using PMMA microspheres 

into the sensing layer or laminating a catalytic layer onto the sensing layer on the CH3SH response of 

the sensors. The impacts of catalytic activity of WO3-based powders for CH3SH oxidation on their 

CH3SH response were also discussed in this study. 

 

Experimental 

2.1 Preparation of WO3 powders loaded with and without Ru 

 HNO3 aq. (0.10 mol dm-3) was added dropwise into a Na2WO4 aqueous solution (0.15 mol dm-3), 

and then the yellow resultant precipitate was calcined at 400–700°C for 2 h in air. It was confirmed 

that the crystal structure of the prepared powders, which was investigated by X-ray diffraction 

analysis (XRD; Rigaku Corp., RINT2200) using Cu Kα radiation (40 kV, 36 mA), was monoclinic 

WO3 (JCPDS No. 43-1035). In addition, the specific surface area (SSA) was measured by the 

Brunauer-Emmett-Teller (BET) method using a N2 adsorption isotherm (Micromeritics Inst. Corp., 

TriStar 3000). The as-prepared WO3 powders were impregnated in aqueous solution dissolving an 

appropriate amount of RuCl3 with ultrasonic treatment. After the solvent was evaporated to dry the 

mixtures at 100oC, the obtained powders were heat-treated in H2 at 200ºC for 2 h. The obtained Ru-

loaded WO3 powders were denoted as nRu/WO3 (n: the loading amount of Ru (wt%)). These powders 
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were heat-treated at 500°C for the fabrication of the sensors (see the next section), and the loaded Ru 

components were confirmed to be RuO2 by X-ray photoelectron spectroscopy using Al Kα radiation 

(XPS, Kratos Analytical Ltd., ACIS-TLATRA DLD), the data is not shown here). 

 

2.2 Fabrication of thick film sensors and measurement of their gas-sensing properties 

The obtained nRu/WO3 powder was mixed with the same weight of α-terpineol, and the 

obtained paste was screen-printed onto the sensor substrate equipped with a pair of interdigitated Pt 

electrodes (gap size: ca. 100 μm), followed by drying at 100ºC. Porous-structured oxide layers were 

prepared by applying the paste mixed with an appropriate amount of PMMA microspheres (Soken 

Chem. & Eng. Co., Ltd., MP1000, ca. 400 nm in diameter). The same kind of paste was repeatedly 

over-coated on the dried green film, to increase the thickness. Only the thickest sensing layer 

(thickness: ca. 50 μm) was fabricated by applying the paste with a wooden pick. Then, Pt wires were 

attached onto the edge of the electrodes, followed by heat treatment at 500ºC for 2 h. The n wt% Ru-

loaded WO3 sensors fabricated were denoted as nRu/WO3(T,t) (T: calcined temperature of WO3, t: 

thickness of the sensing layer (μm)). The porous nRu/WO3 sensors fabricated by employing the 

PMMA microspheres were denoted as p-nRu/WO3(T,t). In some cases, Al2O3 powders (α-Al2O3; 

Taimei Chemicals Co., Ltd., TM-DAR, SSA: 15 m2 g−1) or m wt% Pd-loaded Al2O3 (mPd/α-Al2O3) 

powders, which were prepared by impregnation method [30], were mixed with an appropriate 

amount of α-terpineol, and they were laminated by applying on the sensing layer as a catalytic layer. 

The 0.5Ru/WO3(500,20) sensors laminated with the catalytic layer were denoted as 

M//N//0.5Ru/WO3(500,20) or N//0.5Ru/WO3(500,20) (m: the loading amount of Pd (wt%), M//N or 

N: catalytic layer, M: mPd/α-Al2O3 upper layer, N: α-Al2O3 (under layer). 

The microstructural images of the fabricated sensors were obtained by scanning electron 

microscopy (SEM; JEOL Ltd., JSM-7500F). Gas responses of these sensors were measured to 0.5 

ppm CH3SH balanced with wet air (65%RH at 20°C) at temperatures of 200–400°C, which were 

controlled by using a Pt heater on the back side of the sensor substrate. The CH3SH response (Rs = 

Ra/Rg) was defined as the ratio of sensor’s resistance in air (Ra) to that in the target gas (Rg).  
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2.3. Evaluation of catalytic combustion behavior of CH3SH over sensing materials 

The WO3 or 0.5Ru/WO3 powder was pressed into disc, and then crushed into granules (ca. 20–

60 mesh). The granules of about 0.6 g, which were fixed in a glass reactor of the flow apparatus, were 

exposed to 80 ppm CH3SH balanced with wet air (65%RH at 20°C), at a flow rate of 30 cm3 min−1 (a 

gas hourly space velocity (GHSV) of 5560 h−1). The catalytic combustion behavior of CH3SH over 

WO3 or 0.5Ru/WO3 powders was then evaluated in the temperature range of 30‒400°C, by using a 

gas chromatography mass spectrometer (GC-MS; Shimadzu Corp., QP-5500,).  

 

Results and discussion 

Figures 1 (a)‒(e) show cross-sectional SEM photographs of the sensing layers of representative 

0.5Ru/WO3(500,t) sensors, together with their thickness. The thickness of the sensing layer increased 

with an increase in the number of screen printing, and the thickness of the sensing layer fabricated by 

application was larger than those of the sensing layer fabricated by the screen printing. The thickness 

of the sensing layer was controlled in a range of 5–50 μm. A surface SEM photograph of only the 

0.5Ru/WO3(500,32) sensor as a representative was shown in Fig. 1 (f). Large submicron-sized cracks 

were observed on the surface, probably due to sintering among WO3 nanoparticles during the heat 

treatment after the screen printing, and the each flake-like sensing layer was rather uniform, 

consisting of well-developed pores with a diameter of less than 100 nm. 

Figure 2 shows effects of the thickness of the sensing layer of the 0.5Ru/WO3(500,t) sensors on 

the magnitude of response to 0.5 ppm CH3SH at operating temperatures of 200, 300 and 400°C. The 

magnitude of response at 400°C was the smallest over the whole thickness range examined, and the 

response at 400°C slightly decreased with an increase in the thickness. The CH3SH response at 300°C 

was larger than that at 400°C, and the value was the largest when the thickness was ca. 15 μm. On 

the other hand, the CH3SH response increased with an increase in the thickness of the sensing layer 

at 200°C, and it saturated over 30 μm in thickness. Figure 3 shows response transients of the nRu-

WO3(500,20) sensors to 0.5 ppm CH3SH in wet air at 200, 300 and 400ºC. The Ru-unloaded 
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WO3(500,20) sensor (namely, 0Ru-WO3(500,20) sensor) showed quite a low resistance, and the 

loading of Ru on WO3 increased the sensor resistance values in base air at all temperatures, because 

the concentration of electrons in WO3 decreased due to the electron transfer from WO3 to Ru-based 

components (RuO2 in this case) [31, 32]. Introduction of CH3SH into wet air decreased resistance 

values of all the sensors, and then the CH3SH response increased with an increase in the amount of 

Ru loading at 200°C and 300°C while the CH3SH response decreased with an increase in the amount 

of Ru loading at 400°C. In addition, the nRu/WO3(500,20) sensors (n=0.10, 0.25) showed the largest 

CH3SH response at 300°C, while the CH3SH response of the 0.5Ru/WO3(500,20) sensor decreased 

with an increase in the operating temperature. Among them, the 0.5Ru/WO3(500,20) sensor exhibited 

the largest CH3SH response at 200°C. Figure 4 shows calcination-temperature dependence of the 

CH3SH response of the 0.5Ru/WO3(T,t) sensors at 200°C and SSA of the 0.5Ru/WO3 powders, 

together with the thickness of their sensing layers. The magnitude of responses was less dependent 

on the calcination temperature in the range of 500‒700°C, while the response at 400°C was larger 

than those at 500‒700°C. The SSAs of the 0.5Ru/WO3 powders increased with a decrease in the 

calcination temperature, and the SSA of the 0.5Ru/WO3 powder calcined at 400°C was much larger 

than those calcined at 500‒700°C. The thickness of the sensing layer increased with a decrease in the 

calcination temperature. This is because that lower calcination temperature does not accelerate 

sintering among WO3 particles and then maintains porous structure.  

The thickness of the sensing layer is quite an important factor in controlling the gas-sensing 

properties of semiconductor-type gas sensors. In the case of the thick film semiconductor n-type gas 

sensors designed for VOC gas detection, the most sensitive region in the bottom part of the sensing 

layer close to interdigitated electrodes on the substrate [14]. Thus, the diffusivity and reactivity of 

CH3SH in the sensing layer are quite important to determine the magnitude of the response, because 

the actual concentration of CH3SH and the partially oxidized products (namely, chemical species 

which can react with negatively adsorbed oxygen) at the bottom part of the sensing layer is largely 

dependent on them. Actually, Figs. 2‒4 show that the loading of Ru onto WO3, the decrease in the 

operating temperature, the increase in the thickness of the sensing layer and the increase in the SSA 
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of nRu/WO3 powders obviously enhanced the CH3SH response. 

Catalytic combustion behavior of 80 ppm CH3SH over WO3 and 0.5Ru/WO3 powders in wet air 

was investigated as shown in Fig. 5, to clarify the reactivity of CH3SH in the sensing layer. CH3SH 

was oxidized over both the powders even at temperatures less than 100°C, and the catalytic activity 

of 0.5Ru/WO3 was higher than that of WO3 especially in the temperature range of 75–200°C. Most 

of CH3SH was oxidized over both the powders at temperatures higher than 250°C. In addition, the 

amount of dimethyl disulfide (CH3SSCH3, one of partially oxidized products) increased with an 

increase in CH3SH conversion of both the powders. The largest amount of CH3SSCH3 generated at 

around 175°C and 125°C for WO3 and 0.5Ru/WO3 powders, respectively. In addition, the amount of 

CH3SSCH3 generated over the 0.5Ru/WO3 powder was larger than that over the WO3 powder in a 

wide temperature range. Furthermore, SO2 was generated for both the powders at temperatures higher 

than 200°C, and the amount of SO2 tended to increase with a rise in temperature. In addition, 

CH3SSCH3 was hardly produced at over 350°C for both the powders. This indicates that CH3SH was 

completely oxidized at elevated temperatures. 

On the basis of the results of catalytic activities of WO3 and 0.5Ru/WO3 powders for CH3SH 

oxidation, a possible CH3SH-sensing mechanism of the sensors is illustrated in Fig. 6. Generally, the 

CH3SH response of this type of sensors arises from the resistance change at the bottom part of the 

sensing layer between interdigitated Pt electrodes. The sensor resistance probably decreases with a 

decrease in negatively adsorbed oxygen consumed by the reaction with CH3SH (oxidation of CH3SH) 

and with an increase in positively charged adsorption of CH3SH and/or the partially oxidized products 

such as CH3SSCH3 onto the oxide surface at the bottom part of the sensing layer, when CH3SH was 

induced into base air. The amount of CH3SH oxidized in the surface region of the sensing layer 

probably increased with a rise in temperature, due to the temperature-dependent catalytic activity. 

Since only a small amount of CH3SH can reach to the bottom part of the sensing layer at elevated 

temperatures, the response of all the 0.5Ru/WO3(500,t) sensors is really small at 400°C, as shown in 

Fig. 2. On the other hand, the amount of CH3SH which can reach to the bottom part of the sensing 

layer decreased with an increase in the thickness of the sensing layer, as the given amount of CH3SH 
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is oxidized in the surface region of the sensing layer increased. Therefore, the CH3SH response of the 

0.5Ru/WO3(500,t) sensors slightly decreased with an increase in the layer thickness at 400°C (see 

Fig. 2). The amount of CH3SH completely oxidized in the surface region of the sensing layer at 300°C 

is much smaller than that at 400°C (see Fig. 5), and thus the amount of CH3SH which can reach to 

the bottom part of the sensing layer is expected to increase. In addition, CH3SSCH3 slightly produced 

as a partially oxidized product in the surface region of the sensing layer, as shown in Fig. 5. These 

results indicate that both CH3SH and CH3SSCH3 react with negatively adsorbed oxygen and 

positively adsorbed on the bottom part of the sensing layer and thus the magnitude of CH3SH response 

of all the 0.5Ru/WO3(500,t) sensors at 300°C is larger than that of 400°C. Furthermore, the 

0.5Ru/WO3(500,15) sensors showed the largest CH3SH response at 300°C, probably because the 

consumption of negatively adsorbed oxygen by the reaction with CH3SH and CH3SSCH3 and 

positively charged adsorption of CH3SH and CH3SSCH3 synergistically made the largest contribution 

toward the decrease in the sensor resistance at the medium temperature. The CH3SH response of the 

0.5Ru/WO3(500,t) sensors largely increased with an increase in the thickness of the sensing layer at 

200°C. This is probably due to the lower catalytic activity for CH3SH oxidation and the larger amount 

of partially oxidized products (such as CH3SSCH3) in the surface region of the sensing layer at 200°C 

than those at 300°C (see Fig. 5). Namely, the increase in the thickness of the sensing layer increased 

the amount of positively charged adsorption of CH3SH and CH3SSCH3 on the bottom part of the 

sensing layer, which resulted in an increase in the CH3SH response. However, the CH3SH response 

of the 0.5Ru/WO3(500,5) sensor at 200°C was smaller than that observed at 300°C. This fact suggests 

the amount of CH3SSCH3 produced in the surface region of the sensing layer is quite small due to the 

thin sensing layer, and amount of positively charged adsorption of CH3SSCH3 on the bottom part of 

the sensing layer at 200°C was smaller than that at 300°C. Besides, the CH3SH response of the 

nRu/WO3(500,20) sensors increased with an increase in the loading amount of Ru at 200°C and 

300°C, and the effect of the Ru loading on the CH3SH response at 200°C was larger than that at 300°C 

(see Fig. 3). This is probably because the amount of CH3SSCH3 produced at the bottom part of the 

sensing layer was increased by Ru loading onto WO3. However, the CH3SH response of the 
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nRu/WO3(500,20) sensors (n = 0, 0.1 and 0.25) at 300°C was larger than those at 200°C due to the 

large contribution of consumption of negatively adsorbed oxygen by the reaction with CH3SH on the 

bottom part of the sensing layer. The CH3SH response of the nRu/WO3(500,20) sensor at 400°C was 

smaller than that at 200°C or 300°C, probably because the large amount of CH3SH oxidized in the 

surface region of the sensing layer at 400°C in comparison with those observed at lower temperatures. 

On the other hand, the CH3SH response of the 0.5Ru/WO3(400,27) sensor was larger than that of the 

0.5Ru/WO3(500,50) sensor (see Figs. 2 and 4). This fact means the SSA of the sensing layer also has 

a large impact on the diffusivity and reactivity of CH3SH in the sensing layer. 

To increase the porosity of the sensing layer and then improve the diffusivity of CH3SH as well as 

CH3SSCH3 in the sensing layer, the sensing layers were fabricated by screen printing employing the 

pastes containing PMMA microspheres as a template. The surface and cross-sectional SEM 

photographs of representative p-0.5Ru/WO3(500,t) sensors are depicted in Fig. 7. The thickness of 

the sensing layers increased with an increase in the number of the screen printing. In addition, 

homogeneous porous structures with a size of 100‒200 nm in diameter, which originated from the 

morphology of PMMA microspheres, were observed on the surface and the cross-sectional view of 

the sensing layer. In addition, any cracks in the sensing layer were not observed, probably because 

the sintering among WO3-particles was suppressed in the heat-treatment process for the sensor 

fabrication, due to the well-developed porous structure derived from PMMA microspheres. Figure 8 

shows typical response transients to 0.5 ppm CH3SH of the p-0.5Ru/WO3(500,40) and 

0.5Ru/WO3(500,36) sensors and variations in response of the p-0.5Ru/WO3(500,t) sensors to 0.5 ppm 

CH3SH with the thickness of the sensors at 150 and 200°C. The resistance in base air largely increased 

with an increase in the porosity of the sensing layer at both operating temperatures. The CH3SH 

response of the 0.5Ru/WO3(500,40) sensor was comparable to that of the p-0.5Ru/WO3(500,36) 

sensor at 200°C, while the CH3SH response of the p-0.5Ru/WO3(500,40) sensor was obviously larger 

than that of the 0.5Ru/WO3(500,36) sensor at 150°C. Generally, the gas diffusivity decreases with a 

decrease in the operating temperature. However, many submicron-sized cracks were in the sensing 

layers of the 0.5Ru/WO3(T,t) sensors. Thus, CH3SH can easily diffuse though these cracks to the 
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bottom part of the sensing layers. On the other hand, CH3SH diffused only through the porous 

structure well-developed in the sensing layer, as for the p-0.5Ru/WO3(500,40) sensor. Therefore, the 

large amount of partially oxidized products such as CH3SSCH3 were effectively produced in the 

surface region of the sensing layer of the p-0.5Ru/WO3(500,40) sensor at 150°C, and most of them 

could easily reach to the bottom part of the sensing layer than that of the 0.5Ru/WO3(500,36) sensor, 

leading to the large CH3SH response of the p-0.5Ru/WO3(500,40) sensor at 150°C. These results 

probably indicate that the positively charged adsorption of partially oxidized products such as 

CH3SSCH3 on the bottom part of the sensing layer is effective in enhancing the CH3SH response at 

150°C. The CH3SH response of the p-0.5Ru/WO3(500,t) sensors increased with an increase in the 

thickness of the sensing layer at both temperatures, and the CH3SH response at 150°C was much 

larger than that at 200°C. This is probably because the large amount of partially oxidized products 

was positively adsorbed on the bottom part of the sensing layer especially at 150°C, and the 

hypothesis is supported by the fact that the larger amount of CH3SSCH3 was produced over 

0.5Ru/WO3 powders at 150°C than that at 200°C (see Fig. 5). 

The effects of the lamination of the 0.5Ru/WO3(500,20) sensor with a catalytic layer on the 

CH3SH-sensing properties were also investigated in this study. Table 1 summarizes the CH3SH 

responses of the M//N//0.5Ru/WO3(500,20) and N//0.5Ru/WO3(500,20) sensors, together with their 

composition, and Fig. 9 shows response transients of these sensors to 0.5 ppm CH3SH at 200°C. All 

the sensors showed larger CH3SH responses than that of the 0.5Ru/WO3(500,20) sensor, probably 

due to the production of partially oxidized products such as CH3SSCH3 in the catalytic layer and 

positively charged adsorption thereof on the bottom part of the sensing layer. The lamination of the 

0.5Ru/WO3(500,20) sensor with only a Al2O3 layer largely enhanced the CH3SH response, while the 

further lamination of the Al2O3//0.5Ru/WO3(500,20) sensor with a mPd/Al2O3 layer was not effective 

in improving the CH3SH response. It is expected that the catalytic activity of Al2O3 is generally much 

smaller than those of these mPd/Al2O3. Therefore, the large amount of CH3SH was effectively 

oxidized in the mPd/Al2O3 layer, and thus the small amount of CH3SH and partially oxidized products 

such as CH3SSCH3 reached the bottom part of the sensing layer, to show the small CH3SH responses. 
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On the other hand, the lamination of the sensing layer with only an Al2O3 layer is considered to be 

suitable for the enhancement of the CH3SH response, because the poor catalytic activity of the Al2O3 

for CH3SH oxidation probably enhanced the production of the partially oxidized products such as 

CH3SSCH3 and the positively charged adsorption on the sensing layer. 

Conclusion 

The CH3SH-sensing properties of WO3-based semiconductor-type gas sensors were examined and 

factors for enhancing the CH3SH-sensing properties were discussed. The Ru loading on WO3 

improved the CH3SH response, and the CH3SH response of the nRu/WO3(T,t) sensors increased with 

a decrease in the operating temperature as well as with an increase in the thickness of the sensing 

layer. In addition, the calcination temperature of the 0.5Ru/WO3 powders also affects the CH3SH 

response. The 0.5Ru/WO3(400,27) sensor showed the largest CH3SH response among the 

nRu/WO3(T,t) sensors. 

Catalytic combustion behavior of 80 ppm CH3SH over the 0.5Ru/WO3 powder was higher than 

that of the WO3 powder, and the large amount of CH3SSCH3 generated at around 175°C and 125°C 

for WO3 and 0.5Ru/WO3 powders, respectively. The obtained results suggested that the consumption 

of negatively adsorbed oxygen by the reaction with CH3SH and CH3SSCH3 and the increase in 

positively charged adsorption of CH3SH and CH3SSCH3 on the bottom part of the sensing layer 

synergistically contribute to the improvement in the CH3SH response.  

Introducing a porous structure employing PMMA microspheres into the 0.5Ru/WO3 sensing layer 

largely enhanced the CH3SH response at 150°C, and the p-0.5Ru/WO3(500,54) sensor operated at 

150°C showed the largest CH3SH response among all the sensors examined. In addition, the 

0.5Ru/WO3(500,20) sensor laminated with catalytic layers also showed relatively large CH3SH 

response, and the lamination of the 0.5Ru/WO3(500,20) sensor with an Al2O3 layer was the most 

effective in enhancing the CH3SH response. These results indicate that the positively charged 

adsorption of the partially oxidized products onto the bottom part of the sensing layer is one of the 

important factors to obtain the large CH3SH response, especially at lower operating temperatures. 
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Table 1 

 

 
   

Sensor No. 1 2 3 4 

Catalytic 
layer 

Upper nPd/α-Al2O3 — — ○ 
(n=0.5) 

○ 
(n=1.0)

Lower α-Al2O3 — ○ ○ ○ 

Sensing layer 0.5Ru/WO3(500,20) ○ ○ ○ ○ 

Rs 1.87 3.09 2.47 2.09 
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Figure captions 
 
Fig. 1. (a)‒(e) Cross-sectional views of the sensing layers of representative 0.5Ru/WO3(500,t) 

sensors together with their thickness, and (f) surface view of the sensing layer of the 
0.5Ru/WO3(500,32) sensor. Fabrication method was shown as “sc(N)” for screen printing 
(N: the number of screen printing) or “applying” in brackets. 

Fig. 2. Variations in response of the 0.5Ru/WO3(500,t) sensors to 0.5 ppm CH3SH with the 
thickness of the sensing layer in wet air (65%RH at 20°C) at 200, 300 and 400°C. 

Fig. 3. Response transients of the nRu/WO3(500,20) sensors to 0.5 ppm CH3SH in wet air (65%RH 
at 20°C) at 200, 300 and 400°C. 

Fig. 4. Variations in response of the 0.5Ru/WO3(T,t) sensors to 0.5 ppm CH3SH in wet air (65%RH 
at 20°C) at 200°C and specific surface areas (SSAs) of the WO3 powders with the 
calcination-temperature, together with layer thickness of the sensors. 

Fig. 5. Temperature dependence of conversion of 80 ppm CH3SH balanced with wet air (65%RH 
at 20°C) together with relative amounts of products by the oxidation of CH3SH over WO3 
and 0.5Ru/WO3 powders. 

Fig. 6. Schematic view of a CH3SH-sensing mechanism of the WO3-based sensors.  
Fig. 7.  (a)‒(c) Cross-sectional views of the sensing layers of representative p-0.5Ru/WO3(500,t) 

sensors together with their thickness, (d) surface view of the p-0.5Ru/WO3(500,40) sensor 
as a representative of the 0.5Ru/WO3(500,t) sensors. Fabrication method was shown as 
“sc(N)” for screen printing (N: the number of screen printing). 

Fig. 8. (a) and (b) Response transients of the nRu/WO3(500,36) and p-0.5Ru/WO3(500,40) sensors 
to 0.5 ppm CH3SH in wet air (65%RH at 20°C) at 150°C, respectively, and (c) variations in 
CH3SH response of the p-0.5Ru/WO3(500,t) sensors with the thickness of the sensing layer 
in wet air (65%RH at 20°C) at 150 and 200°C. 

Fig. 9. Response transients of the α-Al2O3//0.5Ru/WO3 and mPd/α-Al2O3//α-Al2O3//0.5Ru/WO3 
sensors laminated with catalytic layers to 0.5 ppm CH3SH in wet air (65%RH at 20°C) at 
200, 300 and 400°C. 

 
Table 1  Comparison of response of the 0.5Ru/WO3(500,20) sensors to 0.5 ppm CH3SH laminated 

with catalytic layers together with the composition of these sensors. 
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