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Introduction

As already mentioned in Chapter 1, most authors have found that gas sensor devices based

on tungsten oxide exhibit good properties for the detection of ammonia (NH3), hydrogen

sulphide (H2S) and nitrogen dioxide (NO2). Results concerning gas sensors based on WO3

nanocrystalline powders for the detection of the previously mentioned gases are reported in

this chapter. The purpose of this investigation was to evaluate the sensing properties of

thick-film gas sensors based on WO3 obtained from tungstic acid and to determine the

effect of different additives (copper, vanadium and chromium) on sensor response.

Interference of humidity on the detection of these gases was also evaluated. To the best of

our knowledge, this is the first time this chemical route is used in the field of gas sensors

and it is also the first time these additives are used in combination with WO3.

The chapter is divided into five main sections. The first four sections examine the sensing

properties of the materials studied: pure WO3 and copper, vanadium and chromium-

catalysed WO3. Each of these sections contains three subsections corresponding to each

target gas. Typically, sensors were evaluated at different working temperatures under one

concentration of the target gas in dry air. Once suitable working temperatures were found,

sensor responses to different concentrations of that gas, as well as influence of humidity,

were evaluated.

The last section of the chapter, Discussion and conclusions, will provide a tentative

interpretation of the reported results based only on the test data presented herein. As already

mentioned, a further discussion of the results will be provided in Chapter 6.
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4.0 Experimental procedure

In a typical test session, sensors were firstly operated at 350ºC overnight under a flow of

synthetic air (200/ml) in the test chamber. The variation of the sensor resistance to a certain

concentration of the target gas in dry air (500 ppm of ammonia, 20 ppm of hydrogen

sulphide and 1 ppm of nitrogen dioxide) was recorded at different operating temperatures

(between 200ºC and 350ºC). Sensor response was evaluated as RAIR/RNH3 for ammonia,

RAIR/RH2S for hydrogen sulphide and RNO2/RAIR for nitrogen dioxide, where RAIR was

evaluated before target-gas introduction and RGAS was evaluated after 20 minutes of

exposure. Lower operating temperatures were not tested in order to avoid high sensor

resistance that may mislead the measurements.

After this preliminary test, one or more temperatures were selected for further tests,

according to the sensor response and the dynamic behaviour of the sensor. At these

temperatures, sensor response to lower concentrations of each gas was examined. Besides,

interference of humidity was also examined at these selected temperatures. Wet air was let

flow overnight before testing the sensors in order to stabilise sensor signal. While results of

all sensors are reported for the first preliminary measurements, only results of selected

sensors are shown for the second part. As explained in Chapter 1, more emphasis has been

placed on ammonia and hydrogen sulphide test than in nitrogen dioxide test.

Sensors were tested continuously at least for one week for every gas and different sensors

based on the same material were used to test sensor response to different gases.
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4.1 Gas sensors based on pure WO3

4.1.1 Ammonia detection

Sensor response to 500 ppm of NH3 was studied for gas sensors based on 400 and 700ºC-

annealed pure WO3. Sensor response

was evaluated as the ratio of

resistance RAIR/RNH3, where RAIR was

evaluated before ammonia

introduction. Results are shown in

Fig. 1, which shows that sensor

response has a minimum for both

sensors around 250ºC and 300ºC.

Maximum sensor response is found at

200ºC sensor based on 700ºC-

annealed WO3 (RAIR/RNH3≈6).

Dynamic sensor response at different working temperatures is shown in Fig. 2 (400ºC-

annealed WO3) and 3 (700ºC-annealed WO3). Sensor response of both sensors presented an

abnormal behaviour for temperatures over 300ºC: an abrupt decrease of resistance followed

by a slow increase when NH3 was introduced and a reverse behaviour when NH3 was

removed. For lower temperatures, overshooting problems were found on the resistance
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Fig. 1: Sensor response of 400 and 700ºC annealed
WO3 to 500 ppm of NH3 in synthetic air at different
working temperatures.
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Fig. 2: Variation of 400ºC-annealed
WO3 sensor resistance to a pulse of
ammonia (500 ppm) in synthetic air
for different working temperatures
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value when NH3 was removed, as the resistance was higher than before NH3 introduction.

Besides, recovery times were too long for the range of temperatures studied.

Finally, in order to check if this abnormal behaviour appeared under lower concentrations

of NH3, sensors were tested at different concentrations of ammonia in synthetic air. Results

for sensor based on 700ºC-annealed

WO3 are shown in Fig. 4. It is evident

the abnormal behaviour is still present at

low NH3 concentrations. When operated

at 275ºC, sensor resistance shows abrupt

increases and decreases of resistance

when atmosphere is changed. On the

other hand, it has overshooting

problems when it is operated at 200ºC.

At this temperature, it is remarkable that

sensor resistance even increases with the

introduction of 20 ppm of NH3.

It is evident from these results that gas sensors based on pure WO3 obtained by this

chemical route are not suitable at all for ammonia detection in the range from 20 ppm to

500 ppm in synthetic air.

4.1.2 Hydrogen sulphide detection

Sensor response to 20 ppm of  H2S in synthetic air was studied for gas sensors based on 400

and 700ºC-annealed pure WO3. Sensor response was evaluated as the ratio of resistance

RAIR/RH2S, where RAIR was evaluated before hydrogen sulphide introduction. Results are

shown in Fig. 5a. It displays that sensor response increases for both sensors as operating

temperature decreases, so maximum sensor response was found at 200ºC. In the case of

700ºC-annealed WO3, RAIR/RH2S≈90. Fig. 5b shows the dynamic sensor response of both

materials at 200ºC. Both sensors present a fast sensor response and recovery at this

temperature. Therefore, they seem suitable to detect this gas concentration.

Since 200ºC was found to be a suitable temperature for H2S detection, further studies were

performed at this temperature. Particularly, sensor response to lower concentrations of

hydrogen sulphide and influence of humidity were studied. Results of sensor response to
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500ppm) in synthetic air.
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different concentrations of H2S (from 1 ppm to 10 ppm) in dry and humid ambiences are

reported in Fig. 6a, whereas Fig. 6b shows the dynamic sensor response of 400ºC-annealed

WO3. It is interesting to notice that, although gas sensor based on 700ºC-annealed WO3

showed a higher sensor response in dry air, the opposite situation occurred under humid

conditions. In other words, although both sensors presented a decrease in sensor response

when humidity was present, this effect was greater in the case of 700ºC-annealed WO3. As

suggested by Fig. 6b, this reduction in sensor response was mainly due to the rise of sensor

resistance in H2S-ambiance when humidity is present. It is also worthy of consideration that

sensor recovery under humid conditions is faster than in dry air, as it is shown in Fig. 6b.

Finally, after noticing the great influence of humidity on sensor response, a final test was

performed. Pulses of humidity (1 hour) were introduced in atmospheres of synthetic air and

Fig. 5a: Sensor response of 400 and 700ºC-
annealed WO3 to 20 ppm of H2S in synthetic
air at different working temperatures.

Fig. 5b: Variation of the 400ºC and 700ºC-
annealed WO3-based sensor resistance under
a pulse of H2S (20 ppm) in synthetic air.
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Fig. 6a: Sensor response of 400 and 700ºC-
annealed WO3 to different concentrations of
H2S in synthetic dry and humid air (relative
humidity is indicated).

Fig. 6b: Sensor response of 400ºC-annealed
WO3 to different concentrations of H2S in
synthetic dry and humid air (relative humidity
is indicated).
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H2S (2 ppm) in synthetic air, keeping the concentration of this gas constant. Fig. 7 shows

the results for the gas sensor based on 400ºC-annealed WO3. This experimental procedure,

the study of the dynamical response of metal oxide gas sensors to pulses of humidity in

atmospheres containing a target gas, has revealed as a very useful method to investigate the

interaction of not only water, but also that of the target gas with the sensing material. When

humidified air was introduced in a background of synthetic air, resistance decreased very

fast and afterwards increased slowly, reaching a final value very close to the resistance

value in dry synthetic air.

Nevertheless, this value can not be

considered the final value of the

resistance in humid air since the

stabilisation can take around ten

hours. On the other hand, this

behaviour is completely different

when the background is H2S in air. In

this case, there is not a fast decay of

resistance but an important increase

when humidity is introduced. When

dry air is reintroduced again, previous

sensor resistance value is recovered,

although response time is slower.

4.1.3 Nitrogen dioxide detection

Sensor response to 1 ppm of NO2 in synthetic air was studied for gas sensors based on

400ºC and 700ºC-annealed pure WO3. Sensor response was evaluated as the ratio of

resistance RNO2/RAIR, where RAIR was evaluated before nitrogen dioxide introduction.

Results are shown in Fig. 8. It can be seen that sensor response increases for both sensors as

operating temperature decreases, so maximum sensor response was found at 200ºC.

Besides, 700ºC-annealed WO3 showed a higher sensor response in the range of temperature

analysed.  In the case of 700ºC-annealed WO3, RNO2/RAIR≈10.

Fig. 7: Sensor resistance variation (400ºC-annealed
WO3) to pulses of humidity (30, 50 and 80% relative
humidity) in a background of synthetic air and H2S
(2ppm) in synthetic air.
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Further studies were performed at 225ºC, though, due to large recovery times found at

lower temperatures. Results of the response to 1 ppm f NO2 in dry and humid air for both

series of samples are shown in Fig. 9a and 9b. It is shown that sensor recovery can take

tenths of minutes, which is already rather long. It is also very interesting to notice that

sensor resistance is nearly independent of humidity when NO2 is present, while it slightly

decreases in pure synthetic air.
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Fig. 8: Sensor response of 400 and 700ºC-annealed WO3

to 1 ppm of NO2 in synthetic air at different working
temperatures.

Fig. 9a: Variation of the 400ºC-annealed
WO3-based sensor resistance under a pulse of
NO2 (1 ppm) in synthetic dry and humid air
(relative humidity is indicated).

Fig. 9b: Variation of the 700ºC-annealed
WO3-based sensor resistance under a pulse of
NO2 (1 ppm) in synthetic dry and humid air
(relative humidity is indicated).
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Finally, sensor response to different concentrations of NO2 at this temperature was

evaluated. Results are displayed in Fig. 10. It reveals that sensor based on 700ºC-annealed

WO3 exhibits a higher sensor response, as well as a low dependence with humidity.  This

sensor is able to detect at least 0.2 ppm of NO2 in synthetic air.

4.1.4 Conclusions

The main conclusions that can be drawn from the previously presented results concerning

the sensor response of 400ºC and 700ºC-annealed pure WO3 obtained by this route are:

• Pure WO3 is not suitable for the detection of ammonia in the range of 20 to 500 ppm of

NH3 in synthetic air due to abnormal sensor resistance behaviour.

• 700ºC-annealed WO3 shows a higher sensor response to H2S in dry synthetic air than

400ºC-annealed WO3. Sensor response raises as operating temperature decreases, so its

optimum operating temperature appears to be 200ºC.

• It was found that sensor resistance in H2S atmosphere augments when humidity is

present, leading to a lower sensor response. However, sensor response to hydrogen

sulphide of 400ºC-annealed material is less influenced by the presence of humidity.

• 700ºC-annealed WO3 shows a better sensor response to NO2 in dry synthetic air than

400ºC-annealed WO3. Sensor response increases as operating temperature decreases,

but its optimum operating temperature appears to be 225ºC after taking into account

recovery time.
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• 700ºC-annealed also presents a lower dependence with humidity since sensor

resistance in synthetic air or NO2 atmospheres is not highly dependent on humidity.

Finally, selected characteristics of these sensors are presented in Table 1.

Sensor Response nGas Material
Annealing
temperature (ºC)

Operating
temperature (ºC) 0% 50% 0% 50%

WO3   700ºC 200 34 2.6 1.2 -H2S (5ppm)
WO3   400ºC 200 19 7.6 0.7 1.1
WO3   700ºC 225 6.1 7.2 0.7 0.7NO2 (1ppm)
WO3  400ºC 225 3.0 3.0 0.8 1.0

Table 1: Selected characteristics of gas sensors based on pure WO3. Material, operating
temperature, sensor response and factor n (in dry air and 50% of relative humidity) are presented
(Factor n is calculated after fitting RAIR/RH2S∝ Cn and RNO2/RAIR∝ Cn, where C is the gas
concentration in ppm).
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4.2 Gas sensors based on copper catalysed WO3

4.2.1 Ammonia detection

Sensor response to 500 ppm of NH3 was studied for gas sensors based on 400 and 700ºC-

annealed WO3:Cu. Nominal atomic copper/tungsten concentrations were 0.2, 1, 2 and 5%.

After stabilisation at each working temperature, 500 ppm of NH3 in synthetic air were

introduced in the chamber test, followed by purge with synthetic air. Sensor response was

evaluated as the ratio of resistance RAIR/RNH3, where RAIR was evaluated before ammonia

introduction. Operating temperature was varied between 200ºC and 350ºC.

Results are shown in Fig. 11a (400ºC-annealed) and 11b (700ºC-annealed). Sensor response

of pure WO3 has also been added for the sake of comparison. It is evident that sensor

response also shows a minimum between 250ºC and 300ºC, depending on the sensor.  This

behaviour is very similar to that previously reported for those sensors based on pure WO3.

Only sensor based on 700ºC-annealed WO3:Cu(0.2%) presents a different behaviour. Its

sensor response has a low variation in the range of operating temperatures studied and

shows a maximum at 250ºC.

As a matter of fact, most of them present their maximum sensor response around 200ºC as

in the previous case. Sensor response at this temperature is shown in Fig. 12 as a function

of the nominal copper/tungsten concentration. It is interesting to notice that both series of

sensors present a maximum of sensor response at WO3:Cu(2%). Maximum sensor response

is showed by sensor based on WO3:Cu(2%) operated at 200ºC (RAIR/RNH3≈26).

Fig. 11a: Sensor response of 400ºC-annealed
WO3:Cu to 500 ppm of NH3 in synthetic air at
different working temperatures.

                                        

                                        

                                        

                                        

                                        

                                        

180 200 220 240 260 280 300 320 340 360

1

10

 

 

S
e

n
s

or
 R

es
p

o
n

se
 (

R
A

IR
/R

N
H

3
)

Temperature (ºC)

400ºC-annealed WO
3
:Cu

NH
3
 (500 ppm)

 pure WO
3

 WO
3
:Cu(0.2%)

 WO
3
:Cu(1%)

 WO
3
:Cu(2%)

 WO
3
:Cu(5%)

Fig. 11b: Sensor response of 700ºC-annealed
WO3:Cu to 500 ppm of NH3 in synthetic air at
different working temperatures.

                                        

                                        

                                        

                                        

                                        

                                        

180 200 220 240 260 280 300 320 340 360

1

10

700ºC-annealed WO
3
:Cu

NH
3
 (500 ppm)

 pure WO
3

 WO
3
:Cu(0.2%)

 WO3:C u(1%)
 WO

3
:C u(2%)

 WO
3
:C u(5%)

S
en

so
r 

R
es

po
ns

e 
(R

A
IR

/R
N

H
3
)

Temperature (ºC)

 

 



4.Gas sensors based on WO3 nanocrystalline powders
_________________________________________________________________________

_________________________________________________________________________
118

However, most of these sensors still presented the abnormal behaviour previously described

in the case of pure WO3. Only WO3:Cu(2%) annealed at 700ºC presented a satisfactory

dynamic sensor response. On top of this,

this material already presented the highest

sensor response among WO3:Cu-based

sensors. Fig. 13 shows the variation of

sensor resistance to 500 ppm of NH3 in

synthetic dry air at different operating

temperature. Sensor response presented an

abnormal behaviour for temperatures over

300ºC. However, it showed a good

performance when operated at lower

temperatures, presenting a maximum

sensor response at 200ºC.

Since 200ºC was found to be a suitable temperature for NH3 detection, further studies were

carried out at this temperature. Particularly, sensor response to lower concentrations of

ammonia and influence of humidity were studied. Results of 700ºC-annealed WO3:Cu(2%)

sensor response to different concentrations of NH3 (from 20 ppm to 500 ppm) in dry and

humid ambiences are reported in Fig. 14a, whereas Fig. 14b shows the dynamic sensor

response of 400ºC-annealed WO3. It is interesting to notice that sensor resistance (both in

pure or NH3-containing synthetic air) decreased in the presence of humidity. However, the
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ratio of resistances RAIR/RNH3 was maintained rather constant in the range of humidity

analysed, what makes this material very interesting for ammonia detection with the

interference of humidity. On the other hand, sensor response and recovery gets slower in

the presence of humidity.

4.2.2 Hydrogen sulphide detection

Sensor response to 20 ppm of H2S in synthetic air was studied for gas sensors based on 400

and 700ºC-annealed WO3:Cu. Sensor response was evaluated as the ratio of resistance

RAIR/RH2S, where RAIR was evaluated before hydrogen sulphide introduction. Results are

shown in Fig. 15a (400ºC-annealed) and 15b (700ºC-annealed). These figures illustrate that

sensor response increases for both series of sensors as operating temperature decreases, so

maximum sensor response was found at 200ºC. In the case of 400ºC-annealed WO3, only

0.2% and 2 % copper catalysed WO3 were able to improve the sensor response exhibited by

pure tungsten oxide. On the other hand, pure 700ºC-annealed WO3 was still more sensitive

than WO3:Cu annealed at that temperature. Altogether pure 700ºC-annealed WO3 still

presents the best sensor response to 20 ppm of hydrogen sulphide. Fig. 16 shows the sensor

response to 20 ppm of H2S in dry syntehtic air at 200ºC as a function of nominal copper

content. It is remarkable that 5% of copper makes the worst sensor response in both cases.
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Since 400ºC-annealed WO3:Cu(0.2%) presented the best sensor response of copper-

catalysed WO3 at 200ºC, further studies were performed with this material at this

temperature. Sensor response to lower concentrations of hydrogen sulphide and influence

of humidity were analysed. Fig. 17a displays the sensor response to different concentrations

of H2S (from 1 ppm to 10 ppm) in dry and humid ambiences, whereas Fig. 17b shows the

dynamic sensor response. As in the case of pure tungsten oxide, humidity makes sensor

response decrease. This is again due to the high dependence of the sensor resistance to

humidity when hydrogen sulphide is present.
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Fig. 15a: Sensor response of 400ºC-annealed
WO3:Cu to 20 ppm of H2S in synthetic air at
different working temperatures

Fig. 15b: Sensor response of 700ºC-annealed
WO3:Cu to 20 ppm of H2S in synthetic air at
different working temperatures
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4.2.3 Nitrogen dioxide detection

Sensor response to 1 ppm of NO2 in synthetic air was studied for gas sensors based on 400

and 700ºC-annealed WO3:Cu. Sensor response was evaluated as the ratio of resistance

RNO2/RAIR, where RAIR was evaluated before nitrogen dioxide introduction. Taking into

account previous results, sensor response was only studied at 200ºC, as it was found that

sensor response raised when operating

temperature decreased in the range

200ºC-350ºC. Results of sensor

response as a function of nominal

copper concentration are shown in Fig.

18. It is shown that 1% copper

catalysed WO3 presented a very high

sensor response. However, dynamic

sensor response was not satisfactory at

all, even for those sensors with a

moderate sensor response. Fig. 19

shows the dynamic sensor response of

the WO3:Cu(1%) (700ºC) and WO3:Cu(0.2%) (400ºC). Although 700ºC-annealed

WO3:Cu(1%) shows a high sensor response, it can be very low for low concentrations of

NO2. Besides, sensor recovery is also very slow. In the case of 400ºC-annealed, its sensor
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recovery was also very slow. Therefore, these sensors seem to be not completely suitable

for the detection of NO2 in the ranges studied.

4.2.4 Conclusions

Previously presented results concerning the sensor response of 400ºC and 700ºC-annealed

copper-catalysed WO3 lead to the following conclusions:

• Most gas sensors based on copper catalysed WO3 still presented an abnormal sensor

response to ammonia, similar to that previously reported for pure WO3.

• Only 700ºC-annealed WO3:Cu(2%) presented a suitable dynamic behaviour when

operated at 200ºC. On top of that, it presented a good sensor response to NH3 in the

range from 20 to 500 ppm and a low interference from humidity. Therefore, this

material is considered as suitable for ammonia detection in the studied ranges.

• Gas sensors based on 400ºC-annealed WO3:Cu(2%) showed an improved sensor

response to hydrogen sulphide with low interference from humidity in the range 30-

80% of relative humidity. On the other hand, gas sensors based on 700ºC-annealed

copper catalysed WO3 were not able to improve the sensor response of pure WO3

annealed at that temperature.

• High sensor response to NO2 was achieved when copper was introduced in 1% atomic

percentage. However, dynamic behaviour was not satisfactory at all in the range of

NO2-concentration analysed.
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Finally, selected characteristics of these sensors are presented in Table 2.

Sensor Response nGas Material
Annealing
temperature (ºC)

Operating
temperature
(ºC)

0% 50% 0% 50%

NH3 (100ppm) WO3 :Cu(2%)
700ºC

200 6.5 7.4 0.8 0.6

H2S (1ppm) WO3:Cu(0.2%)
400ºC

200 24.4 12.7 0.7 0.8

Table 2: Selected characteristics of gas sensors based on WO3:Cu. Material, operating
temperature, sensor response and factor n (in dry air and 50% of relative humidity) are presented.
(Factor n is calculated after fitting RAIR/RGAS∝ Cn, where C is the gas concentration in ppm).
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4.3 Gas sensors based on vanadium-catalysed WO3

4.3.1 Ammonia detection

Sensor response to 500 ppm of NH3 was studied for gas sensors based on 400 and 700ºC-

annealed vanadium-catalysed WO3. Nominal atomic vanadium/tungsten concentrations

were 0.2, 1, 2 and 5%. After stabilisation at each working temperature, 500 ppm of NH3 in

synthetic air were introduced in the chamber test, followed by purge with synthetic air.

Sensor response was evaluated as the ratio of resistance RAIR/RNH3, where RAIR was

evaluated before ammonia introduction. Operating temperature was varied between 200ºC

and 350ºC.
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Fig. 20a: Sensor response of 400ºC-annealed
WO3:V to 500 ppm of NH3 in synthetic air at
different working temperatures.

Fig. 20b: Sensor response of 700ºC-annealed
WO3:V to 500 ppm of NH3 in synthetic air at
different working temperatures.
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Results are shown in Fig. 20a (400ºC-annealed) and 20b (700ºC). Sensor response of pure

WO3 has also been added for the sake of comparison. It is evident from these figures that

vanadium addition is not only

affecting the value of sensor

response, but also its dependence

with operating temperature. The

characteristic minimum of sensor

response exhibited by pure WO3

around 250ºC-300ºC is even

disappearing in the case of

WO3:V(5%), displaying a maximum

of sensor response between 225ºC

and 250ºC. Additionally, sensor

response is enhanced when

vanadium is introduced at 1% and 2% atomic percentages.

Fig. 21 compares the sensor response of 400ºC and 700ºC-annealed materials as functions

of vanadium content. This figure indicates that higher sensor responses are achieved by gas

sensors based on 400ºC-annealed WO3:V(1%) and 700ºC-annealed WO3:V(2%).

However, there was little improvement of the abnormal behaviour previously presented by

some of these sensors. Gas sensors based on 700ºC-annealed WO3:V(2%) presented,

however, good dynamic characteristics at most operating temperatures tested, as displayed
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by Fig. 22. Although sensor response was clearly higher at lower temperatures, fast sensor

recovery was achieved when operated at higher temperatures.

Taking into account these features, 300ºC was found to be a suitable temperature for fast

NH3 detection. Therefore, further studies were carried out at this temperature. Particularly,

sensor response to lower concentrations of ammonia and influence of humidity were

studied. Results of 700ºC-annealed WO3:V(2%) sensor response to different concentrations

of NH3 (from 20 ppm to 500 ppm) in dry and humid air are reported in Fig. 23a, whereas

Fig. 23b displays the dynamic sensor response. It is interesting to notice that sensor

resistance in synthetic air decreases in the presence of humidity but its value is rather

independent of the relative humidity. On the other hand, sensor resistance in ammonia

ambience is very similar in dry and wet air. As a result, the ratio of resistance RAIR/RNH3

decreases in wet ambiences but it is rather independent from the actual relative humidity.

This makes this material very interesting for ammonia detection with the interference of

humidity.

4.3.2 Hydrogen sulphide detection

Sensor response to 20 ppm of H2S in synthetic air was studied for gas sensors based on 400

and 700ºC-annealed WO3:V. Sensor response was evaluated as the ratio of resistance

RAIR/RH2S, where RAIR was evaluated before hydrogen sulphide introduction. Results are

shown in Fig. 24a (400ºC-annealed) and 24b (700ºC-annealed).
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These figures illustrate that vanadium addition to WO3 leads to a lower sensor response to

hydrogen sulphide. This happened for any combination of vanadium concentration and

annealing temperature tested. The dependence of sensor response with operating

temperature shows a similar pattern for both pure and vanadium catalysed WO3.

Fig. 25 displays the sensor response to 20 ppm of hydrogen sulphide as a function of

nominal vanadium content. It reveals that sensor response is very similar for all the

materials tested but for 700ºC-annealed WO3:V(2%).

The outcome of these tests is that sensor response of tungsten oxide to hydrogen sulphide is

adversely affected by the addition of vanadium under the specific characteristics reported

here. Due to these unsuccessful results, no more data concerning the sensor response of

WO3:V to lower concentrations of hydrogen sulphide or interference of humidity are

showed hereafter.

4.3.3 Nitrogen dioxide detection

Sensor response to 1 ppm of NO2 in synthetic air was studied for gas sensors based on 400

and 700ºC-annealed WO3:V. Sensor response was evaluated as the ratio of resistance

RNO2/RAIR, where RAIR was evaluated before nitrogen dioxide introduction. Taking into

account previous results, sensor response was only studied at 200ºC, as it was found that

sensor response increased when operating temperature decreased in the range 200ºC-350ºC.

Results of sensor response as a function of nominal vanadium concentration are shown in
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Fig. 26. It is shown that 400ºC-

annealed WO3:V(1%) presented

the highest sensor response.

However, dynamic sensor response

was not satisfactory at all, as it

happened in the case of copper-

catalysed WO3. Therefore,

vanadium addition was not able to

improve the performance exhibited

by pure WO3-based gas sensors in

nitrogen dioxide detection.

4.3.4 Conclusions

The main conclusions that can be drawn from the previously presented results concerning

the sensor response of 400ºC and 700ºC-annealed vanadium-catalysed WO3 obtained by

this route are:

• Some of the gas sensors based on vanadium catalysed WO3 still presented an abnormal

sensor response to ammonia, similar to that previously reported for pure WO3.

• 700ºC-annealed WO3:V(2%) presented a satisfactory dynamic behaviour throughout

the range of temperatures tested. Particularly, sensor response to ammonia at 300ºC

was interesting due to its fast sensor recovery. At this temperature, interference of

humidity was only important between dry air and humid air, in other words, sensor

response was not greatly affected by changes in relative humidity, provided it was over

30%.

• Sensor response to hydrogen sulphide decreased as vanadium was introduced,

revealing that these sensors are not interesting for H2S detection.

• Sensor response to nitrogen dioxide was not actually enhanced as vanadium was

introduced. What is more, dynamic behaviour was not completely satisfactory,

indicating that these sensors are not interesting for NO2 detection.
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Finally, selected characteristics of these sensors are presented in Table 3.

Sensor Response nGas Material
Annealing
temperature (ºC)

Operating
temperature
(ºC)

0% 50% 0% 50%

NH3 (100ppm) WO3 :V(2%)
700ºC

300 3.3 2.7 0.4 0.4

Table 3: Selected characteristics of gas sensors based on WO3:V. Material, operating temperature,
sensor response and factor n (in dry air and 50% of relative humidity) are presented (Factor n is
calculated after fitting RAIR/RNH3∝ Cn, where C is the gas concentration in ppm).



4.Gas sensors based on WO3 nanocrystalline powders
_________________________________________________________________________

_________________________________________________________________________
130

4.4 Gas sensors based on chromium catalysed WO3

4.4.1 Ammonia detection

Sensor response to 500 ppm of NH3 was studied for gas sensors based on 400 and 700ºC-

annealed chromium-catalysed WO3. Nominal atomic chromium/tungsten concentrations

were 0.2, 1, 2 and 5%. After stabilisation at each working temperature, 500 ppm of NH3 in

synthetic air were introduced in the chamber test, followed by purge with synthetic air.

Sensor response was evaluated as the ratio of resistance RAIR/RNH3, where RAIR was

evaluated before ammonia introduction. Operating temperature was varied between 200ºC

and 350ºC.

Results are shown in Fig. 27a (400ºC-annealed) and 27b (700ºC). Remarkably, sensor

response was very similar for both annealing temperatures. As it has been previously

presented for other sensors, sensor response shows a minimum between 250ºC and 300ºC,

depending on the sensor. Sensor response of pure WO3 has been added for a comparison.

As these figures display, the maximum sensor response is achieved at 200ºC, with sensor

response values between 40-80 for chromium-catalysed WO3 sensors. Therefore, although

the trend of the sensor response with temperature is not apparently affected by chromium

addition, its value is clearly enhanced.

Sensor response at 200ºC temperature is shown in Fig. 28 as a function of the nominal

chromium/tungsten concentration. It is interesting to notice that while chromium content in

400ºC-annealed materials is affecting sensor response, it is not in the case of 700ºC-
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annealed powders. Maximum sensor response is exhibited by sensor based on WO3:Cr(1%)

(400ºC annealed) operated at 200ºC (RAIR/RNH3≈82).

Unfortunately, some of the sensors presented the abnormal behaviour previously described

in the case of pure WO3 and thus they are not suitable for ammonia detection.

WO3:Cr(0.2%) annealed at 700ºC presented a satisfactory dynamic sensor response,

however. On top of this, this material showed a high sensor response to ammonia, what

makes it an excellent candidate for

NH3 detection. Fig. 29 displays the

variation of sensor resistance to 500

ppm of NH3 in synthetic dry air at

different operating temperature.

Sensor response presented an

abnormal behaviour for

temperatures over 300ºC. On the

other hand, it exhibited a good

performance when operated at

lower temperatures, presenting a

maximum sensor response at

200ºC. However, its resistance at

this temperature was rather high (over 10 MΩ), so 225ºC was also considered to be an

interesting operating temperature. It leads to a lower sensor resistance and faster sensor

recovery, although sensor response is slightly lower.
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Since 225ºC was found to be a suitable temperature for NH3 detection, further studies were

performed at this temperature. Particularly, sensor response to lower concentrations of

ammonia and influence of humidity were studied. Results of 700ºC-annealed

WO3:Cr(0.2%) sensor response to different concentrations of NH3 (from 20 ppm to 500

ppm) in dry and humid ambiences are reported in Fig. 30a, whereas Fig. 30b shows the

dynamic sensor response. It is interesting to notice that sensor resistance (both in pure or

NH3-containing synthetic air) decreased in the presence of humidity. The ratio of resistance

RAIR/RNH3 is also reduced as humidity increases, indicating that humidity has an important

interference in the ammonia sensor response.

4.4.2 Hydrogen sulphide detection

Sensor response to 20 ppm of H2S in synthetic air was studied for gas sensors based on 400

and 700ºC-annealed WO3:Cr. Sensor response was evaluated as the ratio of resistance

RAIR/RH2S, where RAIR was evaluated before hydrogen sulphide introduction. Results are

shown in Fig. 31a (400ºC-annealed) and 32b (700ºC-annealed). It is evident that sensor

response increases for both series of sensors as operating temperature decreases, so

maximum sensor response was found at 200ºC. The addition of chromium, even at 0.2%

atomic concentration, was able to substantially improve the sensor response to hydrogen

sulphide.  In the case of 400ºC-annealed powders, this sensor response was extremely high,

near 1000 at 225ºC for WO3:Cr(1%).
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Nevertheless, gas sensors based on 400ºC exhibited a high sensor resistance due to

chromium addition and an extremely high sensor response at 200ºC. These factors may lead

to misleading results in sensor response due to the limitations of the measurement system,

so sensor response has been only evaluated between 225ºC and 350ºC for these sensors

(250ºC and 350ºC for WO3:Cr(5%)). What is more, although these sensors presented such a

high sensor response, their dynamic behaviour was not satisfactory at all due to a very long

sensor recovery. Therefore, 300ºC was considered as a suitable temperature for the

detection of hydrogen sulphide.  Sensor response at this temperature is displayed in Fig. 32

as a function of the nominal chromium/tungsten concentration. It is interesting to notice

that the maximum sensor response is found when chromium was introduced in 1% atomic

concentration for both annealing temperatures.
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Fig. 33 illustrates de dynamic sensor response of 700ºC WO3:Cr(2%) at a number of

operating temperatures. It becomes

evident from this figure that sensor

recovery can be very slow when the

sensor is operated at temperatures

under 300ºC. Sensor response of

700ºC-annealed pure WO3 operated

at 225ºC is also included for a

comparison. Further studies were

performed with this material at

300ºC. Particularly, sensor response

to lower concentrations of

hydrogen sulphide and the

influence of humidity were studied.

Fig. 34a shows the sensor response to different concentrations of H2S (from 1 ppm to 10

ppm) in dry and humid ambiences, whereas Fig. 34b shows the dynamic sensor response.

Humidity makes sensor resistance decrease its value in both pure air and hydrogen sulphide

ambiences. These figures illustrate that humidity has a considerable interference in the

detection of hydrogen sulphide, as it was revealed in the case of pure tungsten oxide.
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4.4.3 Nitrogen dioxide detection

Sensor response to 1 ppm of NO2 in synthetic air was studied for gas sensors based on 400

and 700ºC-annealed WO3:Cr. Sensor response was evaluated as the ratio of resistance

RNO2/RAIR, where RAIR was evaluated before nitrogen dioxide introduction. Taking into

account previous results and since sensor resistance can have very high values at low

temperatures, sensor response was only studied at 250ºC. Results of sensor response as a

function of nominal chromium concentration are shown in Fig. 35a. This figure indicates a

similar dependence of sensor response with nominal chromium content for both annealing

temperatures. Maximum sensor responses are achieved with 0.2% and 2% chromium

atomic percentages. However, dynamic sensor response was not completely satisfactory, as

revealed by Fig. 35b. This figure shows the dynamic sensor response of 700ºC annealed

WO3:Cr to different concentrations of NO2 (0.2-2 ppm). It is evident from this figure that

sensor recovery can be very slow.

4.4.4 Conclusions

The results presented above concerning the sensor response of 400ºC and 700ºC-annealed

chromium-catalysed WO3 lead to the following conclusions:

• Chromium addition significantly increases the sensor response to ammonia, although

the trend of the response, as well as the abnormal behaviour in some sensors, still

remains.
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• Sensors based on WO3:Cr(0.2%) exhibited a high sensor response to ammonia

combined with a fast sensor recovery. Nevertheless, interference of humidity appeared

to be important.

• Chromium addition enhances the sensor response to hydrogen sulphide, especially at

low temperatures. The maximum sensor response was achieved when chromium was

introduced in 1-2% atomic concentrations and operated at 200ºC

• These sensors presented a very slow recovery when operated at temperatures under

300ºC, what motivated to operate them at that temperature. Sensor based on

WO3:Cr(2%) exhibited a moderate sensor response at 300ºC, as well as a fast sensor

recovery. However, the interference of humidity was again important in hydrogen

sulphide detection.

• Sensor response to nitrogen dioxide was not completely satisfactory due to high sensor

resistance and long recovery times.

Finally, selected characteristics of these sensors are presented in Table 4.

Sensor Response nGas Material
Annealing
temperature (ºC)

Operating
temperature
(ºC)

0% 50% 0% 50%

NH3 (100ppm) WO3 :Cr(0.2%)
700ºC

225 18.2 9.8 0.7 0.7

H2S (5ppm) WO3 :Cr(2%)
700ºC

300 10.6 13.41 0.9 0.7

Table 4: Selected characteristics of gas sensors based on WO3:Cr. Material, operating
temperature, sensor response and factor n (in dry air and 50% of relative humidity) are presented
(Factor n is calculated after fitting RAIR/RGAS∝ Cn, where C is the gas concentration in ppm).
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4.4 Discussion and conclusions

Sensor resistance in air

Fig. 36 displays the dependence of sensor resistance on operating temperature for the

different materials analysed.

Firstly, sensor resistance of pure 400ºC-annealed WO3 is slightly higher than that of 700ºC-

annealed. Since there is a clear grain size growth as annealing temperature increases from

400ºC to 700ºC, this could be enough to explain this change of resistance. More grain

barriers would appear in thick films based on 400ºC-annealed powders and thus they would

present a higher sensor resistance. However, considering this very simple model, the value
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Fig. 36: Variation of sensor resistance in air with operating temperature for copper,
vanadium and chormium-catalysed WO3-based sensors.



4.Gas sensors based on WO3 nanocrystalline powders
_________________________________________________________________________

_________________________________________________________________________
138

of the resistance should be an inverse function of grain size, what is obviously not

happening in our case, since sensor resistance of 400ºC-annealed WO3 is actually only

slightly higher. In fact, the value of sensor resistance is dependent on many other factors

that make the discussion not so straightforward. Sensor resistance is basically dependent on

(1) the barrier height that carriers must overcome to from grain to grain and (2) the

concentration of carriers, mainly dependent on bulk vacancies. In practice, it is well known

that the main parameter is the barrier height, since small changes in this barrier can

modulate greatly the final sensor resistance. These changes in barrier height are mainly

dependent on adsorbed oxygen ions on the interface between grains and the adsorption of

these oxygen ions is dependent on the surface defects of the grains, mainly oxygen

vacancies. On the other hand, variations of orders of magnitude of carrier concentration are

needed to produce significant changes in sensor resistance. Therefore, it is not possible to

attribute the decrease of resistance with annealing temperature only to grain growth.

In the case of catalysed samples, this discussion is further complicated by the presence of

these additives. Therefore, it is extremely difficult to try to establish a general dependence

of sensor resistance on grain size. On the other hand, this figure reveals a clear picture of

the influence of additive addition to WO3: sensor resistance at lower temperatures increases

as additives are present. This feature clarifies that electrical sensitisation may work in these

sensors: additives centres do increase sensor resistance and, provided this increase is due to

a raise in intergrain barrier potential and that these centres undergo redox processes, these

could explain the increased sensor response presented by many catalysed WO3 sensors.

This will be further clarified after analysing surface reactions in Chapter 5 and drawing

final conclusions in Chapter 6.

There are some individual features that are worth noting. Sensor resistance at higher

temperatures is not clearly correlated with additives presence in the case of copper.

Moreover, WO3:Cu(5%)-based sensors present a lower sensor resistance than even pure

WO3. Bulk migration of copper ions and creation of donor levels than can alter the carrier

concentration should not be ruled out. However, this interpretation is very tentative and

further studies should be carried out to decide on the nature of this effect. On the other

hand, sensor resistance of vanadium and chromium-catalysed WO3 were nearly always

higher than the values of pure WO3. It is especially interesting the case of chromium, which

make sensor resistance raise more than two orders of magnitude.
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Ammonia sensor response

From the previous results, it is evident there is a key point that needs further discussion: the

abnormal dynamic behaviour of some sensors under ammonia presence.

Surprisingly, pure tungsten oxide showed an abnormal dynamic behaviour when ammonia

was introduced and removed. Some gas sensors based on catalysed WO3 presented it too.

Although a great number of publications have shown nice sensor response to ammonia by

gas sensors based on metal oxides (see chapter 1 and references therein), it must be pointed

out that some other did not. Overshooting phenomena [1,2], very long recovery time [3,4]

or even increase of sensor resistance as ammonia is introduced [5] have been reported

without a single explanation when dealing with gas sensors based on WO3 or other metal

oxides. Of course, it is unknown how many research groups have also found these

misleading results and have not dare to publish them.

To the best of the author knowledge, only the research group of Prof. Egashira and Prof.

Shimizu have tackled these phenomena. The abnormal behaviour showed by pure WO3 in

NH3 detection has been already described for TiO2 and In2O3 based gas sensors [6,7] and it

was attributed to the unselective catalytic oxidation of ammonia to NO. Ammonia

oxidation can follow several competitive reactions on the metal oxide surface. At least three

main reactions have been proposed for NH3 oxidation:

where Oo is oxide in regular oxygen site, and it can be substituted by appropriate amounts

of chemisorbed O- or O2
- or even lattice oxygen. All these reactions are possible and

produce a resistance decrease. Although WO3 has shown a rather low sensor response to

NO in an inert atmosphere [8], it is very well known that NO is easily transformed into NO2

in the presence of oxygen, becoming NOx. Tungsten oxide is sensitive to sub-ppm

concentrations of NO2, which induces a resistance increase. When NH3 is introduced,

OHNONH o 223 332 +→+ (1)

(2)OHNOONH o 23 3252 +→+

OHONONH o 223 342 +→+ (3)
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sensor resistance decreases because oxygen ions are consumed and the intergrain potential

barrier diminishes; however, if NOx is produced by reaction (2), the resistance would

increase, since chemisorbed NOx
- traps electrons. When NH3 is removed, oxygen is quickly

adsorbed on the surface and the sensor resistance increases; however, NOx
- is hard to

desorb [6], what would explain overshooting problems on the resistance after NH3 removal.

Although the oxidation of ammonia to NO is reported to increase with temperature [9],

sensor response to NOx decreases when temperature increases. Both combined effects

would contribute to induce a minimum between 250ºC and 300ºC.

In brief, sensor response of pure WO3 to NH3 has an abnormal behaviour that may be due

to the catalytic transformation of NH3 into NOx. However, NH3 oxidation over sensor

platinum electrodes or heater should not be ruled out.

The reason why some of the additives tested here were able to eliminate this abnormal

behaviour remains obscure if only these test results are taking into account. In principle, a

more selective oxidation of ammonia (ideally through reaction 1) would produce a non-

reactive product (e.g. N2). As to N2O, it is also reported to not be highly reactive on metal

oxide surfaces. Of course, if the material is not very sensitive to NOx, it would help in

avoiding this interference too. However, the real panorama is much more complex than that

described by reactions 1-3. These reactions only describe the whole process and many

intermediate reactions must be actually considered. After the presentation of DRIFTS and

TPD data, a more elaborated discussion will be provided.

From the materials tested, 700ºC-annealed WO3:Cu(2%) presented a normal dynamic

behaviour at 200ºC. Besides, it presented a good sensor response to NH3 in the range from

20 to 500 ppm and a low interference from humidity. Therefore, this material is considered

as suitable for ammonia detection in the studied ranges. As to vanadium catalysed tungsten

oxide, 700ºC-annealed WO3:V(2%) presented a normal dynamic behaviour throughout the

range of temperatures tested. Particularly, sensor response to ammonia at 300ºC was

interesting due to its fast sensor recovery. At this temperature, interference of humidity was

only important between dry air and humid air, so as to say, sensor response was not greatly

affected by changes in relative humidity provided it was over 30%. Finally, sensors based

on WO3:Cr(0.2%) exhibited a high sensor response to ammonia combined with a fast

sensor recovery. Nevertheless, interference of humidity appeared to be important.
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Hydrogen sulphide sensor response

According to literature, the most common H2S sensing mechanisms of gas sensors based on

metal oxides are:

(i) combustion of H2S or SH with oxygen species (either adsorbed oxygen or lattice

oxygen) [10,11]

(ii) replacement of lattice oxygen by sulphur, which may lead to a change in surface

conductivity [12,13]

Regarding specifically the detection of hydrogen sulphide by WO3, Barrett et al. [14] stated

that, since WS2 has a higher conductivity than WO3, exchange of lattice oxygen by sulphur

(sulphurisation) was responsible for the increase of conductivity when the atmosphere was

changed from synthetic air to H2S. However, in a more recent article by Frühberger et al.

[15], it was concluded that oxygen vacancies are produced on the surface of WO3 by the

consumption of oxygen species by H2S and that sulphurisation would need atmospheric

pressures of H2S. In spite of the high number of publications devoted to H2S detection by

WO3-based sensors, no more papers have seriously wonder about which is the sensing

mechanism.

From our test data, it can not be concluded which one of these two routes is actually

happening. After presenting the TPD data, a clearer picture of the situation will be

provided. Test data indicate that sensor response to hydrogen sulphide increases as

operating temperature decreases in the range between 200ºC and 350ºC. A similar situation

has been described in some papers [14,16], what reveals that hydrogen sulphide needs a

low activation energy to react on the surface of WO3.

One interesting point is the influence of humidity on sensor resistance when hydrogen

sulphide is present (see Fig. 7 in this chapter). It is remarkable that, as water make decrease

the sensor resistance in pure air, sensor resistance increases when humidity is introduced in

the presence of hydrogen sulphide. The reduction of sensor resistance in pure air when

humidity is present, followed by a slow increase, is a common reported effect for different

metal oxides, especially SnO2. The decrease in sensor resistance was attributed to the

dissociatively reaction of water with lattice oxygen, which leads to the formation of oxygen

vacancies and so to a resistance decrease [17,18]. The following slow resistance increase

could be due to the recombination of the OH- ions with the lattice oxygen vacancies

previously formed. Adsorption of hydroxyl groups and hydrogen sulphide molecules will



4.Gas sensors based on WO3 nanocrystalline powders
_________________________________________________________________________

_________________________________________________________________________
142

be discussed in detail in chapter 5, but it can be advanced that both molecules are probably

bonded to unsaturated surface tungsten cations. Finally, test revealed that only chromium

addition enhances the sensor response to hydrogen sulphide, especially at low temperatures.

The maximum sensor response was achieved when chromium was introduced in 1-2%

atomic concentrations and operated at 200ºC. However, these sensors presented a very slow

recovery when operated at temperatures under 300ºC, what suggested to operate them at

that temperature. Sensor based on WO3:Cr(2%) exhibited a moderate sensor response at

300ºC, as well as a fast sensor recovery. It must be pointed out that the interference of

humidity was again important in hydrogen sulphide detection. The reason why sensor

response is enhanced by chromium introduction will be clarified with TPD data in chapter

5.

Finally, it is necessary to point out that the addition of copper to WO3 showed no

significant change in sensor response to H2S. This is quite a remarkable result, especially

considering the high number of publications reporting that CuO-SnO2 sensors exhibit a

high sensor response to hydrogen sulphide [12,13,19]. Briefly, these papers claim that

copper oxide is transformed into copper sulphide, which has a higher conductivity, and thus

sensor responses increases dramatically. In our case, this effect was not found since sensor

response of copper catalysed WO3 was similar or even slightly lower than that of pure

WO3. This suggests that either this sulphurisation is not happening or its electrical effect is

not as effective as in the case of tin oxide. The reason could be the different disposition of

copper, since it those papers CuO is really forming islands between SnO2 grains and, as

shown in Chapter 3, this is not our case.

Nitrogen dioxide sensor response

According to Gurlo et al. [20], sensor response of metal oxide-based gas sensors to nitrogen

dioxide is due to adsorbed species that capture electrons and thus make sensor resistance

increase. The different adsorbed species can be NO2
-, O- and 2O-, depending on the

operating temperature. The nature of the specific interacting species might be deduced from

the slope of the sensor response-NO2 concentration graphs [20]. However, it is well know

that this factor is highly dependent on the thick film microstructure [21], so this

consideration might be misleading.

In any case, these species must adsorb on surface defects-reducing states, such as metal

cations in low oxidation states or oxygen vacancies [22]. Accordingly, a possible



4.Gas sensors based on WO3 nanocrystalline powders
 _________________________________________________________________________

_________________________________________________________________________
143

interaction mechanism between nitrogen dioxide and WO3 may be through superficial W5+

states:

An interesting result reported here is that 700ºC-annealed pure WO3 sensors exhibited a

higher sensor response than 400ºC-annealed ones. Although grain growth is well reported

to lead to lower sensor response, it has been reported for WO3 thick-film gas sensors that

when crystallite size was between 25 and 60 nm, sensor response to nitrogen dioxide was

independent of crystallite size [23]. Besides, test also revealed that sensor resistance in the

presence of humidity remained the same as in dry air, what makes this material very

interesting for nitrogen dioxide detection with low interference from humidity. This fact

may indicate that nitrogen dioxide is able to displace water from the surface and thus avoid

its recombination with oxygen species.

Finally, high sensor response to NO2 was achieved when copper was introduced in 1%

atomic percentage. However, the dynamic behaviour was not completely satisfactory in the

range of NO2 concentration analysed, since long recovery times were found. Probably,

unsaturated copper cations are present on the surface of tungsten oxide, becoming

adsorption centres for NO2 molecules. However, it is well know that these molecules are

strongly adsorbed, so the recovery of the sensor can be extremely long.

)( 2
65

2
−++ −↔+ NOWWNO
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