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Abstract

Gas sensor based on titanium dioxide (TiO,) nanotube was manufactured and its sensitivity to hydro-
gen (H,) and to nitrogen dioxide (NO,) gasses was investigated using anodization method. The TiO,
NT structure was studied using X-ray diffraction (XRD). The surface morphology of prepared Titania
was analysed using field-emission electron-scanning microscopy (FE-SEM). Starting with (XRD)
study it confirms the tetragonal phase structure of the prepared Titania (anatase and rutile). In addi-
tion, the TiO, anatase averaged crystallite size was 25.9 nm. The FE-SEM images revealed that the
nanotube’s average diameters are within 70 £ 2 nm. Gas response measurements at room temperature
(27 °C) for hydrogen and nitrogen dioxide gases at various concentrations (100, 150, 200, 250 and
300 ppm) were investigated. Our study has shown that the higher resistance of NO, gas was 30 Q at
300 ppm while it was equal 18.29 Q at 150 ppm for H, gas at room temperature.
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Introduction

In recent years, due to low production costs,
high sensitivity, ease of use and the ability to detect
various gases, metal-oxide semiconductors (MOSs)
have gained significant interest in the fields of
environmental monitoring, automotive pollution
control and food safety testing [1, 2]. There are two
basic types of semi-conductive sensors based on metal
oxides, n-type (whose majority carriers are electrons)
and p-type (whose majority carriers are holes) [3].
The operating principle of MOS-based gas sensors is
based on shifting the equilibrium of surface reactions
associated with the analyte target. Usually, reducing

gases like NH;, CO, H,, HCHO and others leads to
increase in conductivity for n-type semiconductors and
a decrease for p-type semiconductors, while the effects
of oxidizing gases (NO,, O, Cl,, etc.) are reversed
[4]. The TiO, nanostructures made from various
nanoparticles, nanorods, nanowires, and nanotubes
have received great attention in the gas exploration
community due to their unique physical and chemical
properties and their structural characteristic [5].
N-type semiconductors made from TiO, nanotubes [6]
are considered one of the most promising materials
because of their superior photocatalytic properties [7]
and dilute photoelectrolysis [8] gas sensors [9] and
dye-sensitized solar cells [10]. Titanium dioxide has
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been synthesized using various chemical and physical
processes. Various processing methods have been used
to produce TiO, nanotubes, including hydrothermal
synthesis [11], atomic layer deposition [12], pulsed
laser deposition [13] and electrochemical anodization
[14]. From this process, the electrochemical deposition
of titanium is very interesting because it can produce
an assembly structure at ambient temperature. In
addition, TiO, nanotube arrays have very similar
morphology, growth orientation, and large surfaces
with controlled pore sizes [15]. In this study, TiO,
nanotubes were obtained by anodizing in a solution
containing ethylene glycol and ammonium fluoride
and tested for their structure, optical properties and
morphological composition. The morphological and
structural investigations revealed that the as-grown
TiO, nanotube were tetragonal and well crystallized.
The resulting TiO, measuring device is exposed to
H, and NO, gas at room temperature (27 °C). The
experimental results have shown that the sensor shows
an increase in NO, resistance and a decrease in H,
resistance when the resistance is a function of working
time at different concentrations.

Experimental
Fabrication TiO, nanotubes

First of all, Ti foil sheet (0.11 mm thick, 99.9%
purity) was cut into 2.5x1 cm?® pieces. Next, these
pieces were chemically reduced by ultrasonic treatment
in acetone, isopropanol or deionized water (DI) for
15 min, subsequently. Then, they were impressed in
6 M HNO; for 10 min to form a smooth surface. The
anodizing technique of Ti foil was carried out in a high
density two-electrode cell with high density graphite
as the opposite electrode while the Ti foil acted
as a working electrode. The distance between two
electrodes was conserved at 2 cm. The two electrodes
were connected to the power supply and immersed
for 1 h at 40 V in an electrolyte consisting of 95 mL
Ethylene glycol anhydrous + 5 mL DI + 0.5 g NH,F
[16]. The prepared samples were rinsed with DI water.
Thermo-oven was used to anneal the film up to 500 °C
for 2 h [17].

The structure and phase of the sample were analysed
by X-ray diffraction (Shimadzu 6000 diffractometer)
using CuKa radiation (A = 1.5406 A) at 40 kV and
40 mA. Surface morphology and elemental analysis
of TiO, nanotubes were tested using SUPRA 55 VP
field emission scanning electron microscope (FESEM)

to measure film thickness, surface morphology with
acceleration voltages of 10 to 20 kV equipped with an
energy dispersive X-ray detector (EDX).

Gas sensing measurements

The geometry of the electrode from the titanium
nanotube sensor is shown in Fig.1(a). The sensing
was conducted using two platinum pads as electrodes
at room temperature (27 °C). The sensing element
was fabricated in a homemade chamber of flow type.
The resistance was measured using an electrometer/
high resistive meter of Keithley 6517A. The sensor
temperature was monitored by a Lakeshore 340
temperature controller during measurements. The test
chamber was first doused with high quality dry air at
a steady flow rate of 100 to 300 ppm until the flow
reached stable conditions. Nanotubes of TiO, were then
exposed to both H, and NO,. The desired concentration
of H, was obtained via mass flow controller from the
H, tube. NO, was obtained when the nitric acid (HNO,)
was heated at 50 °C.
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Fig. 1 Schematic representation of the geometry of the
electrodes.

Results and Discussion
Structural analysis

An X-ray diffraction pattern obtained from the
calibration angle of a TiO, sample heated for 2 h at
500 °C in air is shown in Fig. 2. It is clear that anatase
and rutile phases were present in the sample, where
TiO, has been shown to have the wurtzite tetragonal
structure. Peaks were combined with standard phase
anatase and rutile TiO, and indexed tetragonal (JCPDS
card number 00-021-1272) (JCPDS card number 00-
021-1276). The anodized and annealed TiO, sample
had sufficient crystallinity, and the highest peak was
observed at 25.258° 20, an anatase level belonging
to the lattice plane [101]. The crystallite size (D)
at highest peak can be calculated by using Debye-
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Fig. 2 XRD patterns (a) Ti foil; and (b) TiO, nanotubes.

Scherer’s formula: D = 0.9)1/BcosO [18], and so the
anatase average crystallite size for TiO, was found to
be around 25.9 nm.

Morphology analysis

The tube diameter of the samples was analyzed
using image analysis software (Digimizer). The
average dimeter of TiO, nanotube was 70 + 2 nm.
After 60 min of anodization time for Ti foil in prepared
electrolyte, according to Fig. 3(a) which shows the FE-
SEM image of this sample, the surface was quite filled
with self-organized and well-ordered TiO, NTAs. Fig.
3(b) shows the cross-sectional image that the tubes
were very smooth and aligned with length of around
2.100 = 50 um.

Fig. 4 shows the EDX spectrum that demonstrated

Fig. 3 FE-SEM images of the TiO, NTs: (a) Top view and (b)
cross-sectional.
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Fig. 4 EDX spectrum of TiO, NTs.

the presence of titanium and oxygen elements.
The ratio of Ti to O element was about 1:2 which
thus established the construction of TiO, NTAs
stoichiometry.

Electrical properties

Hall effect measurements can be used to determine
important material parameters, such as carrier mobility
(w), carrier concentration (n), Hall coefficient (Ry),
resistivity (p), and the conductivity type (n or p), all
derived from the Hall voltage measurement. The results
obtained from the Hall Effect indicated that pure TiO,
NTs had a negative Hall coefficient (-0.1272) with very
low resistivity (1.157x10™ Q cm) and high mobility
(1.100x10° cm?/Vs). Additionally, pure TNT conductive
typically had carrier concentration of —-4.5x10" cm™
which was higher than the reported value of electron
concentration of the pristine titania nanotubes as of
-1.55x10" cm™ [19].

Sensing properties

The TiO, gas sensor is typical resistant-type that
can increase resistance with oxidizing gas such as NO,
gas [17]. The typical behavior of pure TiO, nanotubes
arrays (TNTAs) when exposed to concentrations of
NO, between 100 to 300 ppm is shown in Fig. 5. It is
shown that the resistance increased with increasing
concentration of NO,. Higher resistance was observed
for pure TNT at 300 ppm. Behavior of the sensor
generated by TNT was constant and restored its
original stability after repeated exposure to various
concentrations of NO,.

The adsorbed NO, is chemically absorbed in oxygen
vacancies which form oxygen anions on the TiO,
surface [20]. In the meantime, studies reported that O”
as the dominant chemisorbed species on TiO, [18], [20].
Consequently, oxygen adsorption was equivalent to
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Fig. 5 The resistance of pure TNTAs as a function of working
time at different concentrations of nitrogen dioxide gas NO, at
room temperature (27 °C).

oxygen ion sorption by taking nearby electrons on the
TiO, surface, as defined in the following equation [21]:

NO,(gas) + 2e"(n-type S.C.) - NO(gas) + O,  (ad.) (1)

The diagram shown in Fig. 6 describes a condition
in which O, was adsorbed on the TiO, polycrystalline
surface.

NO; NO
0,
\\’OEJZ 0; 0
&) 03

Built- in electric
field across the
depletion region

TiO, nanotube

Fig. 6 Schematic of the proposed TiO, sensor NO, gas sensing
mechanism.

The TiO, gas sensor is a typical resistant-type sensor
that can show a decrease in resistance to the reduced
gas, such as H, gas [9]. Fig. 7 shows the response of
the prepared pure TNT represented via changes in
resistance as a function of working time. As revealed
in this figure repeated exposure to hydrogen, the
hydrogen concentration varies from 100 to 250 ppm
at separate stages at ambient temperature in order to
check the behaviour of the sensor. This behaviour
confirmed that the sensor is constant and restores its
original stability after repeated exposure to various
concentrations of hydrogen gas. It was observed that
due to the slow desorption rate, the magnitude of the
response pulse decreased slightly with increasing
concentration. The fundamental mechanism for sensor
response is hydrogen ion chemisorption on the TiO,
NTs thereby adsorption of protons on the surface,
enhance the electron concentration, which is given in:
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Fig. 7 The resistance of pure TNTAs as a function of working
time at different concentrations of hydrogen gas (H,) at room
temperature (27 °C).

The area of effective interaction between gas
molecules and sensitive surfaces of TiO, determines
the operation of the gas sensor. Increasing the ratio
of surface area to volume of the inserted TiO, film
improves the sensitivity of the sensor and dynamic
characteristics [13]. Therefore, the dimensions of the
TiO, nanotubes (diameter, length, and wall thickness)
are proportional to the depth of the thinning layer
significantly. The average diameter, length and wall
thickness of the TiO, nanotubes were about 70 + 2,
2100 + 50 and 25 £ 5 nm, respectively. Thus, the
adsorption of hydrogen in various concentrations (100
to 250 ppm) as a function of working time on the tube
wall can cause the total depletion of electrons in the
conductive band with a decrease in resistance. Another
factor that may play a role in hydrogen sensitivity is
the platinum electrode. Platinum can serve as a catalyst
for the interaction of hydrogen with TiO, nanotubes.
Hydrogen dissociation can occur at high temperatures
on the platinum surface. These dissociated hydrogen
atoms can diffuse to the surface of the nanotubes [14].
The H, macules react with chemisorbed oxygen at the
TNT boundaries. A negative charge carrier (electron) is
added to the TNT and hence the resistance decreases.
Hence, the morphology of TiO, nanotubes plays
efficient role to enhancing the gas sensing performance
of both oxidized and reduced gases.

Fig. 8 shows response and recovery time as a
function of changes in gas concentration of NO, and
H, at ambient temperature. From Fig. 8(a), along with
an increase in NO, gas concentration from 100 to 300
ppm, the response time values were fluctuating values;
the increase in the concentration of NO, entailed a
decrease in the response time. It was the shortest
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Fig. 8 Response and recovery times of the TiO, nanotube sensor
calculated for NO, and H, at different concentrations.

response time at 300 ppm. Once NO, gas was pumped
and the TNT sensor surface hit, oxygen was adsorbed
on the surface and the gas was diffused (sensor/
chemical interface occurs). Desorption proceeded
until all ions/particles of gas were removed from
the interface. Until all gaseous ions/particles were
separated from the system, desorption continued.
The oxidizing gas (NO,) interacted with chemically
absorbed oxygen at the TNT material boundary. A
negative charge carrier (electron) was taken from the
TNT and hence the resistance increased. Also, Fig. 8(b)
displays that the response and recovery time of TNT
decreased as the concentration of the reducing gas H,
increased. According to Gonullu et al. [20], there were
two ways to increase desorption, including boosting
the temperature and injecting gas concentration at a
higher level. Clearly the TNT sensor (Fig. 8(a) and (b))
provided short response and recovery time of 300 ppm
and 250 ppm, respectively of NO, and H,. Varghese
et al. [22] reported that the TiO, nanotubes at 290 °C
had a higher hydrogen sensitivity (1000 ppm H,) with
a response time of about 100 sec. Although Gonulli
et al. [21] stated that TiO, nano-tubular structure
enhanced TiO, sensing capacity to a wider range of

400 °C NO, concentrations. Sensors consisting of
titanium nanotubes prepared using anodization could
thus be successfully used as hydrogen and nitrogen
dioxide sensors based on our study and previous
studies concluded.

Conclusions

Titanium nanotubes were prepared by anodization
and annealed in an oxygen atmosphere at a temperature
of 500 °C. The average crystal size of TiO, was 25.9
nm at the vertices of the tetragonal shape. FE-SEM
analysis was used to study surface morphology, and the
resulting image showed the shape of radial tetragonal
nanotubes. The nanotube sensors contained anatase
and rutile titanium phases and were significantly
resistant depending on the operating time at different
concentrations of hydrogen gas NO, and H, at room
temperature (27 °C), which was 30 Q and 18.29 Q,
respectively. This sensory behavior in TiO,, which
was not limited to NO, sensors, could mainly be
associated with the structure of the sensor material and
good contact with the substrate and the location of the
electrodes. It is believed that the water-resistance of
nanotubes is based on hydrogen chemisorption which
acts as an electron donor on the surface of the titanium.
In summary, it has been shown that sensors made
from titanium nanotubes made by anodizing can be
successfully used as H, and NO, sensors.
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