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Abstract

Ammonia gas detection by pure and catalitically modified
WQ; based gas sensor was analysed. Sensor response of
pure W0O; to NH; was not only rather low but also pre-
sented an abnormal behaviour, probably due to the unse-
lective oxidation of ammonia fo NO, Copper and vana-
dium were introduced in different concentrations and the
resulting material was annealed at different temperatures
in order to improve the sensing properties for NH; detec-
tion. The introduction of copper and vanadium as catalytic
additives improved the response to NH; and also elimi-
nated the abnormal behaviour. Possible mechanisms of
NH; reaction over these materials are discussed. Sensor
responses to other gases like NO, or CO and interference
of humidity on ammonia detection were also analysed so as
to choose the best sensing element.
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INTRODUCTION

Ammonia-gas detection is nowadays a very important target
for different industrial processes, as it is used in many syn-
theses by chemical industries. Its control is also interesting
for food freshness monitoring and human comfort in farm-
ing [1j. Besides, some pollutants such as NO, are reduced
by selective catalysts with NH;, so an effective control of
this gas s highly demanded in power plants and diesel ex-
hausts in order to control the precise rate of NH; injection
[2,3].

Cuwrent NH; measurement techniques, such as chromatog-
raphy or infrared absorption, are ofien too expensive or not
so fast to be used in a real time control systems. It is also
very difficult to adapt these techniques to in-situ measure-
ments. On the other hand, gas sensors based on metal ox-
ides have been investigated for many years and present
these advantages. Regarding NH; gas detection, some mate-
rials have been proposed, such as 3nO,[4], TiO;[5],
Nb,Os[6] or MoQ; [7]. However, WO; has been recently
reported as one of the most promising materials for this
purpose and some works concerning its response to ammo-
nia-gas {8], interference from NO, [1] or influence of some
other oxides introduced as additives [9] have been reported.
In this paper we present gas sensor devices based on pure
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and catalytically modified nanocrystalline WO, powder,
which was obtained by a sol-gel process from tungstic acid.
It has been shown that this route is able to obtain pure WO,
with a fine control over the crystalline properties and gas
sensor devices based on this material have a high sensor
response to NO, and a low response to CO and CH,4 [10}.
We have now studied the response of this material to NH;
and how it can be improved by the intreduction of copper
and vanadium as catalytic additives. Catalytic additives are
often used in gas sensors based on metal oxides in order to
improve not only the sensitivity but also the selectivity,
response time and the power consumption, as they can re-
duce the optimum operating temperature of the gas sensor
device. In our case, Cu and V were chosen as they have
been successfully used in catalysis involving NH; [11,12].
These additives were introduced at different concentrations
and the resulting material was annealed at different tem-
peratures so as to achieve the optimal material for NH; de-
tection. Although the target gas was ammonia, gas sensor
response was also evaluated in NO,, CO and humid syn-
thetic air atmospheres in order to test the gas sensing prop-
erties of the obtained materials.

EXPERIMENTAL

Pure WOs nanocrystalline powders were obtained following
a sol-gel route using tungstic acid (F/uka) as a precursor.
Tungstic acid was dissolved in a mixture of methanol and
water and then this solution was heated at 80°C for 24h
under stirring in atmospheric air. Afterwards, it was heated
at 110°C until drying. In the case of copper and vanadium
catalytically modified W5, copper acetate or ammonium
metavanadate (Fluka) were added respectively to the initial
solution in 0.2% and 2% Cw/W and V/W percentages. The
resulting material was annealed in a furnace under a flow of
synthetic air at 400°C and 700°C for five hours. Using X-
ray diffraction and Raman spectroscopy, nanocrystalline
WO; was identified in all samples. However, no phase of
copper or vanadium was found, probably due to their low
concentration. Copper modified WO; in 0.2% will be
named as WO;:Cu(0.2%) and so on for the rest of materi-
als.

The obtained powders were mixed with an organic vehicle
to obtain a paste. Gas sensor devices were obtained by
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screen-printing of this paste over alumina substrates, which
had already printed platinum electrodes on the front side
and a platinum heater on the backside to control the operat-
ing temperature, These gas sensor devices were placed in a
stainless steel test chamber where a controlled atmosphere
was provided by means of mass flow controllers connected
to a computer. The same computer, using acquisition
boards, acquired the response of the sensors to different
concentrations of NH;, NO, and CO in synthetic dry and
humid air. GGas sensor response was calculated as the resis-
tance ratic Ray/Rgas for reducing gases (NH; and CO) and
RaasRar for NO, (oxidising gas). The operating tempera-
ture of the sensor devices was varied between 200°C and
350°C.

RESULTS

Fig. 1 shows the variation of the sensor resistance under a
pulse of NH; (500 ppm) in air for different operating tem-
peratures of the gas sensor device based on pure WO; an-
nealed at 700°C. Sensor response was rather low {less than
5 for the whole range of temperatures studied). Moreover,
this response presented an abnormal behaviour for tempera-
tures over 300°C: an abrupt decrease of resistance followed
by a slow increase when NH; was introduced and a reverse
behaviour when NH; was removed. For lower temperatures,
overshooting problems were found on the resistance value
when NH; was removed, as the resistance was higher than
before NHj; introduction. Besides, recovery times were too
long for the range of temperatures studied. A very similar
sensor response was found in sensors based on pure WO,
armealed at 400°C, so pure WO; was considered to be not
suitable enough for NH; detection due to its low sensor
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Figure 1. Variation of the pure WO; sensor resis-
tance under a pulse of NH; (500 ppm) in air

response and long recovery time.

Sensor response was slightly improved with the introduc-
tion of 0.2% of catalytic additive, as it can be seen in Fig. 2,
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which shows some of the responses of the sensor devices
based on 0.2% modified WO,. However, some of the ab-
normal behaviours described before were still found in
these sensors. At low temperatures, very long recovery
times and overshooting were found when NH; was re-
moved. On the other hand, abrupt decrease of resistance
followed by a slow increase of resistance when NH; was
introduced, and a reverse behaviour when NH; was re-
moved, was found for higher temperatures, as it was re-
ported before for pure WOs. Although this abnormal behav-
iour was slightly reduced with the introduction of catalytic
additives at 0.2%, it was considered that sensor response
was not satisfactory yet.

Fig. 3 shows some of the responses of the sensor devices
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Figure 2. Variation of the 0.2% catalysed WO; sen-
sor resistance under a puise of NHz (500 ppm)
based on copper and vanadium modified WO; in a 2%
atomic percentage, annealed at 400°C and 700°C. In this
case, sensor response was not only improved, but also no
abnormal behaviour was found for Cu modified sensors
operated at low temperatures and for V modified sensors in
the whole range of temperatures studied. Response and re-
covery times were very satisfactory and no overshooting
was found. Fig. 4 shows the sensor response to 500ppm of
NH; in air as a function of the working temperature, [t can
be seen that sensors based on Cu showed a maximum of
sensor response in the temperature range studied at 200°C.
Their sensor response decreased to a minimum on the range
between 250°C and 300°C and increased again for higher
temperatures. Gas sensors based on V showed smaller sen-
sor response, with a maximum sensor response of 14 for
700°C annealed WQ;:V(2%).Their behaviour with operat-
ing temperature was different from that showed by Cu
modified gas sensors. While 700°C annealed WO3:V(2%)
improved its sensor response when operating temperature
decreased, 400°C annealed WQO;:V(2%) presented a maxi-
mum at 275°C. Fig. 5 shows the resistance variation of
some of these sensors to different 30 minutes pulses of NH,
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(from 20 to 500 ppm in air). Sensors showed a good dy-
namic response, with response and recovery times lower
than one minute. Their response is compared te the one of a
sensor based on pure WOs;, which presented the already
reported unsatisfactory response.
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Figure 3. Variation of the 2% catalysed WO; sensor
resistance under a pulse of NH;3 (500 ppm)
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Figure 4. Variation of the 2% catalysed WO; sensor
response to 500ppm NH3 with temperature
Taking into account these characteristics, gas sensors based
on WO;:Cu(2%) {(annealed at 400°C and 700°C) operated at
200°C were chosen as the best sensing elements for NH;
detection. These sensors were further studied under differ-
ent concentrations of NO,, CO and humidity in order to test
their sensor response to these gases. For a comparison, sen-
sors based on WQ;:V(2%) were also studied at an operating
temperature of 200°C (700° annealed) and 300°C (400°C
and 700°C annealed) as they showed a good response to
NH; at these temperatures too. Fig. 6 shows a comparison
of the sensor response of these gas sensors devices to
10Cppm of NH;, 1ppm of NO; and 100ppm of CO. It can
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be seen that sensor based on W0O;:Cu(2%) annealed at
400°C annealed presented a sensor response over 2 for
1ppm of NO; and 100ppm of CO, while gas sensor based
on WQO;:Cu(2%) annecaled at 700°C presented a lower sen-
sor response to NO, and CO (1.4 for 1 ppm of NO; and 1.6
for 100 ppm of CO in air). On the other hand, gas sensors
based on WO,:V(2%) operated at 300°C presented a very
low sensor response to NO, and CO, although their re-
sponse to NH; was lower than that of sensors based on
W03:Cu(2%) (between 3 and 4). To sum up, WO1:Cu(2%)
annealed at 700°C and operated at 200°C and WO5:V(2%)
annealed at 700°C and operated at 300°C showed the best
properties for detection of NH; combined with low re-
sponse to NO, and CO.
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Figure 5. Variation of the sensor resistance of dif-
ferent sensors under pulses of NH; {(20-500ppm)
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Figure 6. Sensor response of 2% catalysed WO; to
500ppm NH3, 1ppm NO: and 100ppm CO

Finally, the influence of humidity on the sensor response to
100 ppm of NH; was studied. Fig. 7 shows the results for

Authorized licensed use limited to: Universitat de Barcelona. Downloaded on February 13, 2009 at 04:54 from IEEE Xplore. Restrictions apply.



WO3:.Cu(2%) and WO;:V(2%) based gas sensors, operated
at 200°C and 300°C respectively. Gas sensors based on
WO;:Cu(2%) operated at 200°C presented a lower variation
with humidity (9% for 700°C annecaled and 5% for 400°C
annealed), whereas gas sensors based on WO;:V{(2%) were
much more influenced by humidity and their sensor re-
sponse decreased when humidity increased. As a result, gas
sensors based on copper modified WO; present better prop-
erties for the detection of NH; under a changing humid at-
mosphere. In particular, WO;:Cu(2%) annealed at 700°C
presented a lower sensor response to CO and NO, than that
annealed at 400°C, so it is considered the best tested gas
sensor for the detection of NH;. The response of this sensor
to differeni concentrations of NH; (20-200 ppm) at differ-
ent humidity is presented in fig. 8.

Operating temperature 200°C
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—e— WO _:Cu(2%) 400°C annealed
Cperating temperature 300°C

—A— W0, V(2%) 400°C annealed
—w— WO, V(2%) 700°C annealed

Sensor response

Relative Humidity {%}

Figure 7. Variation of 2% catalysed WO; sensor
response to 100ppm NH3 with relative humidity
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Figure 8. Variation of the WO;3:Cu{2%} sensor re-
sponse to NH3 with humidity

- DISCUSSION
Oxidation of NH; over the surface of metal oxides have
more than one possible route, so several competitive proc-
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esses take place at the same time. At least, three main reac-
tions for NH, oxidation have been proposed in the field of
gas sensors and catalysis [13,14]:

2NH,+30" - N, +3H,0+3e” (1
2NH, +50° = 2NO+3H,0+5¢  (2)
2NH,+40" > N,0+3H,0+4e” (3)

where O represents a negatively chemisorbed oxygen spe-
cies and e free electrons. It should be also taken into ac-
count that other oxygen chemisorbed species or lattice oxy-
gen could participate in NH; oxidation.

The abnormal behaviour showed by pure WO; in NH; de-
tection has been already described for Ti(, and InyO; based
gas sensors [13]. Tt was attributed to the predominance of
reaction (2) over the other ones, as sensor response of metal
oxides gas sensors to N>O is very low [15]. On the other
hand, NO could be the responsible of the abnormal behav-
iour described. Although WO, has shown a rather low sen-
sor response to NO in an inert atmosphere [16], it is very
well known that NO is easily transformed into NO; in the
presence of oxygen, so it is often called NO,. WO; is very
sensitive to this gas, which makes the resistance increase.
Therefore, when NH; is introduced, sensor resistance de-
creases as oxygen is consumed and more free electrons are
available for electrical conduction. However, as NO, is
produced, the resistance would increase as NO,” is adsorbed
on the surface, where it traps electrons. This would explain
why at higher temperatures there is an abrupt decrease of
the resistance, followed by a slow increase when NH; is
introduced, as reaction (2) is specially promoted at high
temperatures [17]. On the other hand, when NHj is re-
moved, oxygen is quickly adsorbed on the surface, which
makes sensor resistance increase. However, NO, is hard to
desorb [13], especially at low temperatures. This would
explain overshooting problems on the resistance after NH;
removal, as it has a higher value than before NH; contact
and a very slow recovery. To sum up, sensor response of
pure W05 to NHj is not completely satisfactory probably
due to the interference of NO,, so selective catalytic oxida-
tion of NH; is needed in order to improve sensor response.

Fig. 2 and 3 showed that the addition of copper and vana-
dium improved the sensor response. The role of catalytic
additives has been extensively studied in the field of gas
sensors based on metal oxides in order to imptove sensor
response, selectivity and operating temperature [18,19].
Although copper and vanadium have been scarcely studied
in gas sensors applications [20,21], they are extensively
used in the field of catalysis, especially when selective cata-
lytic reduction/oxidation (SCR, SCO) of NH; and NO is
involved [22]. These metals form stable oxides that are re-
duced by NH; and reoxidised by O, when NH; is removed,
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closing a redox-type catalytic cycle. In the case of gas sen-
sors, the oxidised metal produces a strong electron-depleted
space-charge layer inside the metal oxide (WQ, in our
case). This implies important changes on the conductivity
of the material and therefore on the senscr response of the
gas sensor device, which is improved by the addition of
these catalvtics.

Nevertheless, our target was not only to improve sensor
response but also eliminate interference from NO,, which
avoided a suitable detection of NH; with pure WO,. It has
been shown that this is achieved by using a 2% atomic per-
centage of copper or vanadium, probably due to the selec-
tive oxidation of ammonia gas. Two major Toutes can be
proposed for this selective oxidation of NH; to N,. Firstly,
NH; could be catalytically oxidised to N; over copper and
vanadium catalytic centres, as these metals have been al-
ready described as responsible for this SCO of NH; [2,12].
The other one is the in situ or internal selective catalytic
reduction, which is a two-step mechanism and involves the
oxidation of NH, to NO,, which would happen mostly over
WQ; centres. The second step of this route would be the
interaction of these molecules with NH; over copper or
vanadium centres, the so-called selective catalytic reduction
of NO with NH;. Spectroscopic measurements are needed
to decide which of the two routes is happening in our case.
However, pas sensors based on WO5Cu(2%) and
W01 V(2%) annealed at 700°C presented a minimum {cop-
per based) or a plateau (vanadium based) of sensor re-
sponse to NHj between 250°C and 300°C. This is probably
due to the effect of some non selective oxidation of NH; to
N: but to NO, over WO, centers. Therefore, probably both
mechanisins are present at the same time.

Gas sensors catalysed with 2% also showed a rather low
sensor response to NO,, especially if it is compared to that
presented by gas sensor devices based on pure WOs, This is
probably due to the fact that both copper and vanadium can
not be further oxidised by NO; in air, so sensor response to
this gas is reduced. Concerning sensor response to CO, con-
sidered as an interfering gas for NH; detection, it was
shown that sensor response was higher in the case of
WO;:Cu(2%) annealed at 400°C, so gas sensor device
based on WO;:Cu(2%) annealed at 700°C was chosen as
the best sensing element for NH; detection with low re-
sponse to NO, and CO. Besides, interference of humidity
was considered to be very low, especially if compared to
the case of vanadium modified WO based gas sensors.
This is probably due to the different adsorption sites pro-
vided by these additives to NH,. Vanadium offers Bransted
acid centre [22] for the adsorption of NH; molecules and
these centres are hydroxyl groups, coordinated water or
H;0" ions. On the other hand, copper offers Lewis acid
centre [22], which are coordinatively unsaturated metal
cations at the surface. Therefore, it is reasonable to consider
that the presence of humidity has more effects over sensor
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response of gas sensors based on vanadium modified WO,
than over copper modified WO;.

CONCLUSIONS

Gas sensers based on pure WO; exhibited a rather low and
complex sensor response to NH;, probably due to the inter-
ference of NO,. This sensor response was improved by the
introduction of copper and vanadium as catalytic additives,
especially when the concentration was 2% atomic. More-
over, no abnormal behaviour was found, probably due to
the selective catalytic oxidation of NH; to N, over copper
and vanadium centres. Gas sensors based on copper modi-
fied WO; presented the best sensor response to NHi, with
low interference of humidity, while gas sensors based on
vanadium modified WO; had a sensor response to NH;
highly dependent on humidity. Regarding sensor response
to other gases like NO, or CO, WO;:Cu{2%) annealed at
700°C operated at 200°C presented a low response to this
gases, which makes it suitable for ammonia gas detection
with low interference from humidity and low response to
other gases like NO, and CO.
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