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Abstract 
The purpose of this work was to develop a methodology for the synthesis of WO3-based nano-scale materials, to provide 
their characterization, and to study their sensory properties.
The nanopowder was made by slowly adding nitric acid to an aqueous solution of ammonium paratungstate, 
(NH4)10W21O41·xH2O, followed by centrifugation, drying, and calcination. The size of tungsten trioxide grains, which was 
10-20 nm, was determined by transmission electron microscopy. According to X-ray phase analysis, the powder, which was 
calcined at a temperature of 500 °C, mainly consisted of a triclinic phase. Subsequently, diammine palladium (II) nitrate 
and terpeniol were added to the WO3 nanopowder to form a paste. The resulting paste was applied to a special dielectric 
substrate and calcined to a temperature of 750 °C. As a result, a fragile tungsten trioxide-based gel formed. The mass 
fraction of palladium in the fragile gel was 3%. The sensory properties of the obtained gas-sensitive material were studied 
under stationary (300 °C) and non-stationary temperature conditions (quick heating to 450 °C and slow cooling to 100 °C).
A sharp increase in the sensitivity of a tungsten trioxide-based sensor was observed under non-stationary temperature 
conditions which depended on the composition of the gas-sensitive layer.
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1. Introduction
Tungsten trioxide is a semiconductor with 

a band gap of 2.4–2.8 eV [1]. The application 
of WO3 is quite wide: for example, it is used 
to manufacture scintillators, luminophores, 
and electrochromic glass that can change light 
transmission with the changes in electrical 
voltage. Tungsten trioxide-based materials 
are used as hydrogenation catalysts during 
hydrocarbon cracking. Recently, nanodispersed 
tungsten (VI) oxide has become widely used as 
a gas-sensitive material for chemical sensors [2].

In most cases, WO3 is the basis of the gas-
sensitive material, while additives increase 
sensitivity and selectivity. For example, a highly 
sensitive acetone sensor was obtained from the 
WO3/Au nanocomposite [3]. The mesoporous 
sensor based on the WO3-TiO2 heterojunction 
is highly sensitive to hydrogen [4]. A sensor 
with a p-n heterojunction at the boundary of 
NiO nanosheets and WO3 nanorods has a high 
sensitivity to acetaldehyde [5].

Sensors with very low power consumption 
can be created using individual metal oxide 
nanofilaments [6]. A very fast nanosecond 
response and extremely low power consumption 
at the level of several microwatts was achieved 
using an individual WO3 nanofilament coated 
with platinum [7]. The mechanism of chemical 
processes involved in detection of hydrogen 
in air was investigated using a gas-sensitive 
material consisting of WO3 nanorods [8]. The 
p-NiCo2O4/n-WO3 heterojunction was used 
to obtain a sensor with high sensitivity to 
nitrogen dioxide [9]. In addition, a NOx sensor 
was created based on palladium doped WO3 
[10]. Doping of a n-type semiconductor, WO3 
nanospheres, with a p-type semiconductor 
(antimony) made it possible to obtain an 
ammonia sensor operating at a temperature 
close to room temperature [11].

Flower-like WO3-In2O3 hollow microspheres 
were used as a gas-sensitive material used to 
detect acetone [12]. Iron doped reduced graphene 
oxide (rGO) was added to WO3 to create a low 
temperature acetone sensor [13]. A sensor 
capable of detecting amines at the level of ppb 
concentrations was created using WO3-W18O49 
heterostructures with the addition of graphene 
layers and PdO nanoparticles [14].

A WO3/CuWO4 heterostructure with 3D 
hierarchical pores was used to create a highly 
sensitive sensor operating at room temperature 
under the influence of visible radiation [15]. A 
Pd-WO3 sensor with reinforced “self-assembly” 
made it possible to detect hydrogen even at room 
temperature [16].

A chemoresistive NO2 sensor using lanthanum 
doped WO3 was synthesized by flame spray 
pyrolysis [17]. A highly sensitive and highly 
selective H2S sensor based on a flower-like 
WO3/CuO nanocomposite can operate at low 
temperatures close to room temperature [18].

An ultra-low detection limit for ammonia 
detection at room temperature was achieved 
for a nanocomposite consisting of WO3 and 
multi-walled carbon nanotubes (MWCNT) [20]. 
A low-temperature WO3-Bi2WO6 sensor with a 
hierarchical flower-like structure made it possible 
to detect H2S at the level of ppb concentrations 
[21]. A fast responding and highly reversible 
hydrogen sensor was obtained by doping 
amorphous WO3 thin films with palladium [22]. 
WO3-decorated TiO2-based nanofiber allowed 
obtaining a heterostructure with high sensitivity 
to hydrogen [23]. Surface modification of the WO3 
nanomaterial with Pt and Ru particles was used to 
obtain sensors sensitive to vapors of low-boiling 
liquids [24]. A WO3-PdO core-shell architecture 
was used to obtain a highly sensitive acetone 
sensor [25].

The sensory properties of WO3-based 
nanofilms obtained by magnetron sputtering 
have been studied in detail [26]. WO3 nanofilms 
can also be prepared by thermal oxidation of 
metallic tungsten, however, its responses to 
nitrogen oxides and ammonia were not very high 
[27]. A micro-machined WO3-based sensor was 
created to detect oxidizing gases. Importantly, 
the authors managed to achieve not only high 
responses, but also high selectivity by processing 
the results by the “electronic nose” methodology 
[28]. A highly sensitive hydrogen sensor was 
created by co-spraying tungsten and platinum 
[29].

One of the greatest challenges related to 
gas analysis with the help of sensors is their 
insufficient selectivity [30], which can be 
increased using a non-stationary temperature 
conditions of the sensor [31–33].
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The purpose of this work was to synthesize 
Wo3-based nanomaterials, to provide their 
characterization, and to study their sensory 
properties in relation to hydrogen sulfide and 
carbon monoxide. In addition, the purpose of 
this study was to compare two temperature 
conditions: stationary and non-stationary.

2. Experimental
2.1. Synthesis and characterization  
of the gas-sensitive material

6.25 g of ammonium paratungstate (Sigma-
Aldrich, Product Number 510114, Batch number 
MKCL8549) was dissolved in 250 ml of deionized 
water at 80 °C. Further, 3M nitric acid solution was 
added dropwise to the constantly stirred solution 
until pH = 0. The temperature was maintained at 
80 °C. The resulting mixture was kept at 80 °C for 
30 minutes and then cooled to room temperature 
and kept for one hour.

(NH4)10W12O41·5H2O + 10HNO3 + 2H2O →  
→ 12H2WO4↓ + 10NH4NO3. (1)

The tungstic acid precipitate was separated 
by centrifugation, washed with deionized water, 
and dried at 80 °C for 12 hours. As a result of 
further heat treatment of the dried tungstic 
acid precipitate for 24 hours at a temperature of 
500 °C, tungsten trioxide formed:

H2WO4 → WO3 + H2O.  (2)

The tungsten trioxide nanopowder was 
characterized by transmission electron 
microscopy (Fig. 1) and by X-ray phase analysis 
(XRD) using a DRON-4 device with a cobalt anode 
(Fig. 2). According to the electron microscopy 
data, the size of WO3 grains was 10–20 nm. The 
diffraction pattern was interpreted using the 
Powder Diffraction File (PDF-2) database. The 
PDF data for hexagonal and triclinic modifications 
of WO3 were plotted to the left side of Y-axis. 
The experimental XRD data were plotted to the 
right side of Y-axis. It was found that the sample 

Fig. 1. Transmission electron microscopy image of 
tungsten (VI) oxide nanopowder

Fig. 2. X-ray diffraction pattern of tungsten (VI) oxide nanopowder calcinated at 500 °C
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corresponded to the triclinic phase of WO3 (PDF 
card 01-073-6498).

A gas-sensitive layer based on WO3 with the 
addition of palladium oxide was obtained by 
treating tungsten trioxide powder with a solution 
of tetraammine palladium (II) nitrate with the 
addition of terpeniol as a binder component. 
The resulting paste was applied on a dielectric 
substrate made of aluminum oxide with platinum 
electrodes and a heater, then it was calcined to 
a temperature of 750 °C. As a result, terpeniol 
burned out and a layer of tungsten trioxide with 
the addition of palladium oxide in the form of a 
gel formed on the substrate.

2.2. Measuring sensory characteristics
Control gas mixtures “hydrogen sulfide 

in synthetic air” and “carbon monoxide in 
synthetic air” with concentrations of 10 ppm and 
200 ppm diluted with synthetic air at a flow rate 
of 250  ml/min were used to study the sensory 
properties of the obtained materials. A metal-
enclosed TO-8 sensor was placed in a stainless 
steel chamber. The temperature of the sensor 
was set by a special electronic device according 
to the temperature coefficient of resistance of 
the heater.

The electrical resistivity of the gas-sensitive 
layer of the sensor was measured with a special 
electronic device with a sampling rate of 40 Hz and 
recorded as a computer file. Each measurement 

cycle lasted 15 seconds: 2 seconds of heating from 
100 to 450 °C and then 13 seconds of cooling 
from 450 to 100 °C. These cycles were continuous 
(Fig. 3). The results of the first five cycles of 
measurements were not taken into account. 
Only one of the 575 cycle points was used for 
quantitative determination, which corresponded 
to a time of 14.95 seconds after the start of the 
measurements.

The response S was calculated by the ratio of 
the active electrical resistance R0 in clean air to 
the active electrical resistance Rg in the studied 
gas medium according to the formula:

S = R0/Rg.   (3)

3. Results and discussion
The sensor temperature (curve 1) and the 

electrical resistivity of the WO3-Pd sensor 
when detecting carbon monoxide (curve 2) 
and hydrogen sulfide (curve 3) over three 
measurement cycles are shown in Fig. 3.

Fig. 4 shows the concentration dependences of 
the electrical resistance of the WO3-Pd sensor on 
time during one measurement cycle for hydrogen 
sulfide.

Fig. 5 shows the dependence of the WO3-Pd 
sensor response on the concentration of hydrogen 
sulfide in stationary (curve 1) and non-stationary 
temperature conditions (curve  2). According 
to the figure, the non-stationary conditions 

Fig. 3. Temperature (curve 1) and the electrical resistance of the WO3-Pd sensor at 50 ppm carbon monoxide 
(curve 2) and at 50 ppm hydrogen sulfide (curve 3) in a non-stationary temperature regime over three mea-
surement cycles
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contribute to an increase in the sensor response to 
hydrogen sulfide by about an order of magnitude. 
The difference in the form of sensor resistance 
versus time dependences when detecting carbon 
monoxide and hydrogen sulfide can be used to 
increase the analysis selectivity [33].

An increase in the sensitivity of the WO3-
Pd sensor to hydrogen sulfide may be explained 
by the temporary separation of the catalytic 
activity of the gas-sensitive layer of the sensor 
and the sorption of the analyte gas [31]. The 
non-stationary temperature conditions seem 
to activate the gas-sensitive layer of the sensor 
before the analyte gas desorption begins. In 
addition, the sensor response also depends on 
the total concentration of the charge carriers. 
The higher the sensor response, the fewer charge 
carriers are present in the metal oxide sensor 
before the analyte gas is released. As a result, 
the impulsed temperature changes increase the 
resistance of the WO3-Pd sensor in air due to high 
oxygen sorption.

4. Conclusions
As a result of the study, the traditional sol-

gel technology was used to produce a WO3-Pd 
sensor by adding palladium oxide (3% by weight) 
to a tungsten trioxide nanopowder. The sensory 
characteristics of the resulting material in relation 
to hydrogen sulfide and carbon monoxide were 

investigated. The conducted studies of sensory 
characteristics in two types of temperature 
conditions showed that the impulsed temperature 
changes result in a significant increase in the 
sensitivity of the sensor to hydrogen sulfide. 
Therefore, when operating in non-stationary 
temperature conditions, the WO3-Pd sensor can 
be used to detect hydrogen sulfide and other 
reducing gases.
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