Gas sensor array assisted with UV illumination for discriminating several analytes
at room temperature
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In this work, a metal-oxide gas sensor array was fabricated for discriminating several gases at room temperature using ultraviolet (UV)
illumination. The sensor array consisted of four interdigitated gold microelectrodes, and titanium dioxide (TiO,) nanofibres were
electrospun on them. The nanofibres were calcined at 550°C for 1 h. Finally, one of these sensors was coated with a thin layer of
gold (Au) using DC sputtering method at a thickness of 2 nm. Similarly, the other two sensors were coated with a thin layer of platinum
(Pt) and copper (Cu), respectively, and the last one remained uncoated. The nanofibres were characterised by scanning electron
microscope, X-ray diffraction, and UV spectroscopy. The examined analytes were methanol, ethanol, NH; and acetone, each at seven
various concentration levels, including 50, 100, 150, 200, 300, 400, and 500 ppm. Principal component analysis and linear discriminant
analysis were used to evaluate the proposed technique. The results demonstrated that the sensor array along with UV illumination could

successfully discriminate the analytes at room temperature.

1. Introduction: Nowadays, gas sensors play a significant role in
different applications, and various sensing technologies have been
developed for gas identification [1-3]. Among them, metal-oxide
gas sensors have attracted much attention due to excellent proper-
ties including small size, low cost, high sensitivity, short response
time, easy manufacturing, and so on [4-8]. Despite these positive
features, metal-oxide gas sensors suffer from the drawbacks of
poor selectivity, which greatly limit their industrial and commercial
applications [9, 10]. Hence, these sensors fall short when they
are utilised to discriminate between various analytes. Several
techniques have been proposed to overcome the problem [11-16].
One of the most important approaches for improving selectivity
is using sensor arrays, which are composed of different sensing
elements to detect the analyte with data of higher dimensions
[14, 17]. In other words, sensor arrays can identify analytes based
on fingerprints obtained from gas sensors.

Operating at high temperatures is another disadvantage of these
sensors [16, 18-21]. Metal-oxide gas sensors usually operate at
elevated temperatures, which lead to high power consumption
and lifetime degradation. Different techniques for solving the
problem of high operating temperature have been reported in
the previous studies such as doping with noble metals, surface
decoration with various catalyst materials, ultraviolet (UV) light
stimulation and so on [22-25]. Among them, UV light stimulation
in photocatalytic metal oxides has attracted much interest to activate
the chemical reactions at low operating temperatures in related
sensors [22, 23].

Up to now, different nanostructures of the metal-oxide gas
sensors have been developed in previous studies such as nano-
fibres, nanowires, nanotubes, and nanosheets [26-28]. Due to the
high surface-to-volume ratio in nanostructure metal-oxide semi-
conductors, such as nanofibres, they are good candidates for gas
sensing applications.

To the best of our knowledge, there is no study on using metal-
oxide gas sensor arrays along with UV illumination for the discrim-
ination of various gases at room temperature. Thus, it is worthy of
paying attention to this technique. In this Letter, a gas sensor array
based on titanium dioxide (TiO,) nanofibres was fabricated, and the
sensor array along with UV illumination was successfully utilised to
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discriminate several analytes at room temperature. For evaluating
the validity of the proposed method, four different analytes
including methanol, ethanol, acetone, and ammonia (NH3) were
introduced as target gases.

2. Materials and methods

2.1. Sensor array fabrication: The sensor array was composed of
four interdigitated gold microelectrodes which were fabricated by
DC sputtering, photolithography, and wet etching techniques.
Each sensor consisted of 40 electrode finger pairs with 2.8 mm
length, 40 um interval, and 30 pm width.

TiO, nanofibres were synthesised by electrospinning technique.
A typical experimental method to prepare the electrospinning
solution is as follows [29]: precursor solution was prepared by dis-
solving polyvinyl pyrrolidone (PVP) (12 wt%) in 2.75 ml ethanol.
In another container, 0.4 g titanium tetraisopropoxide [Ti(OiPr)4;
97%, Sigma-Aldrich] was mixed with 1 ml ethanol and 1 ml
acetic acid for 30 min and then added to the first solution. This
mixture was stirred for 2 h at 65°C to obtain a homogeneous
viscous solution. The obtained solution loaded into a plastic
syringe equipped with a stainless steel needle and a voltage of
11 kV was applied between the needle of the syringe and the col-
lector plate over a separation distance of 10 cm. The feeding rate
was kept constant at 1 ml/h. The obtained solution was electrospun
on the gold interdigitated microelectrodes and annealed for 20 min
at 120°C for removing the volatile impurities. The resultant nano-
fibres were calcined at 550°C for 1 h to obtain TiO, nanofibres.
Finally, one of these sensors was coated with a thin layer of gold
(Au) using DC sputtering method at a thickness of 2 nm.
Similarly, the other two sensors were coated with a thin layer of
platinum (Pt) and copper (Cu), respectively, and the last one
remained uncoated.

2.2. Characterisation: The TiO, nanofibres were studied by a
scanning electron microscope (SEM, XL 30, Philips, USA).
X-ray diffraction (XRD) analysis was carried out by a Philips
X’Pert MPD instrument operating with CuKo radiation
(A=1.54178 A) at a voltage of 40kV and current of 30 mA.
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An Evolution 300 spectrophotometer (UV-1700 Shimadzu) was
used to record the UV—vis absorption spectra.

2.3. Experimental details: The experimental setup used for record-
ing the responses of the sensor array is schematically presented in
Fig. 1. The experiments were carried out in a glass chamber of
101 volume. The examined analytes were methanol, ethanol,
NH;, and acetone, each at seven various concentration levels,
including 50, 100, 150, 200, 300, 400 and 500 ppm. In each experi-
ment, a predetermined amount of the analyte was injected into the
gas chamber and was evaporated in the chamber using a heater.
The atmosphere of the chamber was homogenised by an electric
fan placed inside the chamber.

In each experiment to insert the sensor array into the gas
chamber, the chamber lid was opened, and the sensor array was
placed with a distance of 3 cm from the UV-LED. The measured
power of the UV-LED at this distance was about 600 pW/cm>.
Each sensor was connected in series to a 56 kQ resistor (R;) and
a voltage source (10 Vdc). For each sensor, the electric circuit con-
verts the variation of the sensor resistance (R;) into a voltage signal,
which is approximately proportional to the conductance of the gas
sensor (R, < R).

3. Results and discussion

3.1. Structural analysis: The morphology of electrospun nanofibres
was characterised by SEM images. Fig. 2 represents the SEM
images of TiO, nanofibres before and after calcination. As
shown, the morphology of the nanofibres was completely smooth
and uniform before calcination (Fig. 2a). Even though calcination
influenced on the average diameter of the nanofibres and decreased
the mean value of the diameters from ~850 to ~270 nm, their
morphology remained as continuous structures (Fig. 2b).

The crystal structure and phase evolution of the calcinated TiO,
nanofibres were determined by XRD technique. The XRD patterns
indicated that calcinated TiO, nanofibres consisted of both anatase
and rutile phases (Fig. 3). As shown, the peaks at 25°, 48°, and 55°
were related to anatase phase while the peaks at 27° and 36° were
related to the rutile phase of TiO, nanofibres. Calcination tempera-
ture of TiO, nanofibres plays a crucial role in their photocatalytic
activity. Although the anatase phase is one of the best photo-
catalysts, the rutile phase has more stability [23]. Moreover,
the anatase phase has a higher bandgap than the rutile phase.
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Fig. 1 Schematic diagram of the experimental setup
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Fig. 3 XRD pattern of the TiO, nanofibres calcined at 550°C

Thus the increasing rutile phase leads to shifting maximum absorp-
tion spectra to a larger wavelength [23].

The absorption spectrum of the TiO, nanofibres revealed that the
maximum absorption wavelength was located at 369 nm (Fig. 4).
Thus, in this Letter, a 365nm UV-LED was chosen for
maximum absorption.

3.2. Experimental gas sensing results: In each experiment, the
sensor array was exposed to the analyte under UV irradiation
until the responses reach the steady-state and finally, UV-off and
the sensor array was removed from the chamber. According to
Fig. 1, the sensor response is defined as (Vo,—Vo,)/Vo,, where
Vo, is the output voltage in clean air and Vo, is the output
voltage when sensor responses to the test gas under UV illumin-
ation. Figs. 5a—d depict the response of the TiO,/Au sensor under
UV illumination conditions in 100 ppm for several gases. As
shown, the highest response belongs to ethanol; thus Au is a
good catalyst for the detection of ethanol in comparison with
other gases.

The response of sensors under UV illumination conditions in
100 ppm methanol is shown in Figs. 6a—d. Among four sensors,
TiO,/Au sensor displayed higher sensitivity to methanol than the
rest (34%). Also, the response times of these sensors to 100 ppm
of methanol were 71, 73, 77, and 81 s for TiO,/Au, TiO,/Pt,
TiO,/Cu, and TiO,, respectively.
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Fig. 4 Absorption spectrum of TiO, nanofibres
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Fig. 5 Response of the TiO»/Au sensor under UV illumination conditions in
the presence of 100 ppm for several gases
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As shown in Fig. 7 when the sensor array is exposed to an analyte
under UV illumination, each sensing element responses uniquely.
The combination of the sensors response can be considered as the
analyte ‘fingerprint’. It is important to note that there was no
response to the gases at temperatures below 200°C without UV
illumination.

The sensor responses were assumed as the features of the analyte.
The four sensors and the four different analytes, each at seven
various concentrations produced a total of 28 x4 feature vectors
as the dataset. Principal component analysis (PCA) and linear dis-
criminant analysis (LDA) were used to evaluate the proposed
technique. PCA is a useful mathematical algorithm for dimension-
ality reduction [30] and does not utilise the category information.
Fig. 8 shows the result of the PCA mapping of the feature vectors
to a three-dimensional (3D) feature space. As shown, except
acetone and ethanol clusters which were close together, clusters
of other gases were obviously discriminated.

LDA is another statistical method for dimensionality reduction
[31] and is based on the maximisation of the variance between
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Fig. 7 Response of the sensor array under UV light illumination conditions
in 100 ppm for various analytes
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Fig. 9 Classification of four various analytes, each at different concentra-
tions, using a 3D LDA feature space

classes and minimisation of the variance within classes to optimise
the discrimination between classes [32]. Unlike PCA, the LDA
method requires category information. LDA applied on the sensor
array dataset is shown in Fig. 9. The result indicated 100%
success in the classification of studied gases at room temperature.
Compared to PCA results, the LDA presented more discrimination
and decreased overlapping between classes and thus showed better
performance. In previously studied metal-oxide based sensor arrays,
the operating temperature range for detecting various gases was
between 150 up to 500°C [15, 33-35], while the proposed
technique enables the sensor array to discriminate several analytes
at room temperature. Other photocatalyst metal-oxide gas sensors
are also expected to fit the proposed technique. In this Letter, all
examined gases were successfully discriminated at room tempera-
ture. Thus, the proposed technique opens up a promising way for
identifying the gas species in many industrial and domestic applica-
tions, especially in an explosive and flammable gas atmosphere.
On the other hand, low power consumption is a basic requirement
for gas sensors in many fields, such as wireless applications.
An example of using gas sensors in wireless applications is inges-
tible capsules, which are a powerful tool for monitoring human
health, and they can identify different gases in the gut [36, 37].
Moreover, the proposed technique can be used in smart nanosensor
systems which implement as a safety feature in mobile phones and
smartwatches [38].

4. Gas-sensing mechanism: The sensing mechanism of the
UV-activated gas sensor can be described as follows: In dark con-
dition, oxygen molecules in the atmosphere receive free electrons
from TiO, and oxygen ions (02_ ) are formed on the surface of
TiO, nanofibres. When the sensor is stimulated by UV illumination
that has higher energy than the bandgap of the TiO,, electron—hole
pairs are generated [39] and the photo-induced holes react with the
adsorbed oxygen ions, which lead to the removal of the oxygen
molecules from the surface of TiO, nanofibres according to the
following reactions [40]:

h—e +ht 1)
l’lJr —+ O; — OZ(gaS) (2)

Meanwhile, oxygen molecules in the atmosphere react with the
photo-induced electrons, and photo-induced oxygen ions O, (hv)
are created on the surface of the sensor [40]

0, + e (hv) > 05 (hv) 3)
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Fig. 10 Schematic diagram of the UV-activated room temperature gas
sensing mechanism

Unlike oxygen ions that are thermally stable and difficult to be
removed from the surface of TiO, at room temperature, the photo-
induced oxygen ions are weakly bonded to TiO, and can be easily
removed at room temperature [40]. As a result, the photo-induced
oxygen ions play a very important role in the UV-activated gas
sensing mechanism Fig. 10. When the reducing agents were intro-
duced to the sensor surface, the reducing agents react with the
photo-induced oxygen ions, and the electrons are released from
this reaction, which leads to an increase in conductance [40]. For
example, the reaction between ethanol molecules and the photo-
induced oxygen ions is as follows:

2C,HsOH + 05 (hv) — 2C,H,0 + 2H,0 + ¢~ @)

As a result, in the photocatalytic metal-oxide gas sensor, UV
illumination can activate the chemical reactions at low operating
temperatures.

5. Conclusion: A gas sensor array assisted with UV illumination
was introduced for discriminating several analytes at room tempera-
ture. The analytes examined were methanol, ethanol, acetone, and
NH; at the concentration levels ranging from 50 to 500 ppm.
PCA and LDA were utilised to evaluate the proposed technique.
PCA results showed somehow overlapping between acetone and
ethanol clusters, while other gases were segregated in the feature
space. LDA results provided better performance, and all target
gases were vividly discriminated in the feature space. The results
demonstrated that the proposed technique could successfully meet
the needs in the mentioned conditions. By integrating the sensor
array with the supporting electronic circuitry, it can be used as a
portable and cost-effective gas analyser.
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