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ABSTRACT

Titanium dioxide (TiO,) is one of the metal oxide
semiconductor materials. In this study, TiO, nanorods and
nanoflowers were deposited using a hydrothermal method at
constant temperature (150 °C) on top of fluorine doped tin
oxide (FTO) substrate. The hydrothermal reaction times were
varied to 8, 12, 16, 20 and 24 hours. The morphological and
structural properties of the samples were characterized by
using Electron Microscopy (FESEM) and X-ray Diffraction
(XRD), respectively. The optimized samples of TiO,
nanorods and nanoflowers were 8 and 16 hours respectively
due to has the highest crystallinity among others since it
recorded the lowest full width at half maximum (FWHM)
values. During the gas sensing measurement, the samples
were heated at 200 °C and exposed to ethanol vapor, then the
current changes were recorded. From the result obtained,
TiO, nanorods based ethanol gas sensor recorded the lowest
value of sheet resistance because it provided a better electron
flow on the device. Meanwhile, it also has the highest value of
conductivity compared to TiO, nanoflowers based device.

Key words: Ethanol gas sensor, hydrothermal, nanoflowers,
nanorods, TiO,

1. INTRODUCTION

Gas sensors play an essential role, especially in term of
environment monitoring and chemical process controlling.
Gas sensors play an important role, especially in term of

environment monitoring and chemical process controlling
[1]. For the recent years, metal oxide-based sensors have been
briefly studied due to has various of advantages which are
low-cost production of material, a wide range of detectable
gasses and has an easy setup production [2] - [5]. There are
several types of gas sensors which includes organic
compounds gas sensors [6], solid electrolyte gas sensors [7],
electrochemical gas sensors [8], graphene-based gas sensors
[9] and metal oxide gas sensors [10] — [11]. The metal
oxide-based gas sensor consists of metal oxide
semiconductors material such as zinc oxide (ZnO), nickel
oxide (NiO), copper oxide (CuO), tin dioxide (SnOy, iron
(111) oxide (Fe,O3) and titanium dioxide (TiO,) [13] — [15].
Due to the interaction between the gas molecule and the
surface of the nanostructures, an interchange of trapping of
free carriers will be produced, which explained the gas
sensing mechanism.

TiO, nanotubes arrays have been successfully fabricated by
using the anodic oxidation process with a highly ordered
structural and controllable size of nanotubes for ethanol gas
sensor application [16]. The morphological and the structural
properties of the TiO, nanotubes were studied by using
FESEM, TEM and XRD. The gold (Au) contact has been used
as the working electrode. The sensing measurement was
measured in the sealed chamber, and the device was heated at
250 °C. During measurement, ethanol was injected into the
testing tube by using microsyringe to obtain ethanol
concentration of 50-1000ppm, the electrical current in the
nanotubes was measured. The current increased rapidly when
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the sensor exposed to ethanol gas then recovered to the initial
value thoroughly when the sensor introduced to the air.
According to the dynamic responses of TiO, nanotubes gas
sensor, the sensor showed a little bit unstable response to 50
ppm while showed a very stable response towards 1000 ppm.
These showed that the sensor was insensitive towards a lower
concentration of ethanol gas [16].

Other than that, [15] had excellently fabricated TiO,
nanostructures metal-semiconductor-metal (MSM) humidity
sensor on top of p-type silicon substrates by using chemical
bath deposition (CBD) method. The characterization of the
structures was made by using FESEM, XRD, EDX and
RAMAN. Instead of using a gold electrode, platinum (Pt)
electrode was used as the electrode and deposited by using RF
reactive magnetron sputtering method with the thickness of
100 nm. The current-voltage (I-V) characteristics of the
device was measured in environmental humidity of 70% at
room temperature. The I-V characteristic does not have the
same values at different relative humidity (RH) value, while
the conductance of the device was directly proportional to RH
concentration. The efficiency of the resistivity and the
response of the sensor will be enhanced by having a high
surface/volume ratio. The physisorption phenomena will be
occurred at room temperature due to the interaction between
the molecules in water and semiconductor surface [15].

Meanwhile, [13] has been fabricated TiO, nanorods gas
sensor on top of the FTO substrate by using a hydrothermal
method for 18 hours of hydrothermal reaction time at 150 °C.
The characterization of TiO, nanorods was focused on the
morphological and structural properties studied by using
FESEM and XRD. The fabricated thin film then was
deposited with gold as the electrode by using a thermal
evaporation system, and the thickness of the gold contact is
150 nm. The sensing measurement took place in a homemade
chamber with the device heated at a constant temperature of
200 °C until obtains the steady state under high purify of dry
air. The changes in DC current against time was recorded
when the device exposed to 250-2000 ppm of H, while
another volatile organic compound (VOC) materials at 5000
ppm. When the device was exposed to H, gas, the response
increased due to the depletion surface layer decreases while
the number of charge carriers which caused by the chemical
reaction. During the gas sensing measurement with 5000 ppm
of ethanol, isopropanol, methanol, chloroform, carbon
tetrachloride (CCl,) and acetone, the device only able to sense
isopropanol at high concentration [13]. These show that there
is no response data of gas sensing measurement for over 1000
ppm of ethanol were recorded [17].

From these, TiO, has been extensively studied and considered
as one of the most promising materials for the gas detection
application. TiO, exists in three crystal form which are

anatase, brookite and rutile. As a metal oxide semiconductor
material, TiO, has wide band-gap energy (~3.2 eV), high
sensitivity, high stability, low cost and non-toxic material
which does not harm to the environment [14], [18] - [21].
Other than that, TiO, has a high refractive index, and low
adsorption coefficient is suitable for various applications such
as anti-corrosion coating, solar cell, photocatalysis, lithium
batteries, energy storage device and gas sensor [22], [18],
[14]. Moreover, several TiO, nanostructures can be produced
such as microspheres, nanowires, nanotubes, nanorods and
nanoflowers [18], [19]. TiO, can be deposited by using a
variety of methods such as chemical spray pyrolysis, RF
magnetron sputtering, chemical vapor deposition, dip
coating, sol-gel process, solvothermal, electrodeposition and
hydrothermal method [18], [19], [23]. The solution-based
method was a preferred method to fabricate nanostructures in
producing high-quality TiO, as it is consuming low cost while
allowing the fabrication of sensors at a minimal price. Besides
that, the desired nanostructures can be obtained by controlling
some parameters. The preferred material for gas sensors due
to its low resistivity to the reduced driving power of the sensor
[22]. Hence, TiO, nanostructures is a good choice for the
fabrication of inexpensive and sensitive gas sensors.

Most of the existing gas sensor were fabricated by coating the
sensing materials on the outer ceramic tube with electrodes
and heaters [24]. From this method, the consistency and
homogeneity of the sensor were not easy to preserve the
excellent quality, especially in the industry. Besides, the
existing sensor shows low sensitivity towards the gas during
measurement. Hence, in this study, TiO, nanorods and
nanoflowers based gas sensor were fabricated by using
hydrothermal method on top of FTO substrate at various
hydrothermal reaction time. Meanwhile, the structural and
morphological properties of TiO, nanostructures were
obtained from XRD and FESEM measurements. Thus, the
findings regarding current-time (I-t) will be compared.

2. MATERIALS AND METHODS

The substrates were cleaned ultrasonically by using acetone,
ethanol and DI water respectively for 5 minutes each and then
dried in room temperature. The characteristic of the substrate
was transparent, low cost, has high-temperature resistant and
chemically inert [3]. The hydrothermal solution was prepared
in a beaker that contained 120 mL of DI water and added 140
mL of HCI. The mixture was stirred vigorously, then 5 mL of
TBOT was added dropwise into the solution using a plastic
pipette. The solution transferred into a steel-lined Teflon
autoclave where the substrates were placed. The FTO
substrates were placed 45° vertically against the wall for the
growth of nanorods. After nanorods had reached their growth
limitation, and due to the gravitational forces, the
nanoflowers will grow on top of the rods [25]. Hence as for the
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growth of nanoflowers, the substrates were placed 180° which
the conductive side is facing upward. The autoclave was
placed in an electronic oven for 16 hours at a constant
temperature of 150°C. After cooling down, TiO, samples
were rinsed with DI water and dried at room temperature.

The surface morphology, cross-sectional area and the
uniformity of the sample were analyzed by using FESEM
(JEOL JSM-7600F) while the crystallinity of the structure
was studied using XRD (PANalytical X-Pert® Powder). The
optimize samples were deposited with 150 nm thickness of
Au, 40 mA of plasma current while K is a constant that based
on the material of metal and gas used in the experiment. K =
0.17 and, applied voltage, V constant at 1 kV.

The thickness can be obtained from equation (1). The Au

contact acted as a metal contact and was deposited by using

auto-fine coater machine. The illustration of the masking, as

shown in Figure 1.

d = KIVt (1)
1.4cm

0.4cm 0.6cm| 1.2cm

0.3cm

Figure 1: lllustration of the masking for gold contact on FTO

substrate and the measurement details.
The sample of nanorods and nanoflowers were optimized
from the result of FESEM and XRD. The devices were heated
at 200 °C due to obtain steady state under high purify of dry
air [13]. The devices were exposed to ethanol vapor, and the
value of the concentration in parts-per-millions (ppm) was
calculated. A constant voltage supplied from the source meter
was -0.5V to 0.5V. The changes in (I-t) was recorded upon the
exposure of the evaporated ethanol vapor to the devices.
Figure 2 shows the illustration of arrangement during the gas
measurement in the chamber.

2-point probe
600mL beaker.—p d

S0mL beaker
TiO, Nanostructur ‘
—
12mL of 95% of Keithley source
Ethanol — meter
a
A
Hot plate Source meter from 2-
point-probe

Figure 2: The illustration of the set up during the gas sensing
measurement.

3. RESULTS AND DISCUSSIONS

3.1 Surface Morphology, Cross-Section Area and
Crystalline Structure for TiO2 Nanorods Arrays

Figure 3 shows the resulting images of TiO, nanorods arrays
from FESEM measurement at different reaction times range
from 8 until 24 hours. The result of the surface morphology
and cross-section area for nanorods arrays, as shown in
Figure 3 (a), (b), (c), (d) and (e). The nanorods were seen
forming on top of the substrate perpendicularly with the
thickness of the nanorods were 2.04 pm, 2.25 pm, 2.79 um,
3.18 pm, 4.41 um. The result showed that the thickness of
TiO, nanorods will increase with the increasing of
hydrothermal reaction time [19]. The crystallinity of TiO,
nanorods arrays can be observed from XRD pattern obtained
from XRD measurement as shown in Figure 4 (a), (b), (c), (d)
and (e) which represents the patterns for different
hydrothermal reaction times which are 8, 12, 16, 20 and 24
hours respectively. The dominant peaks of rutile TiO; in
Figure 4 at 36°, 41° and 54° corresponding to the orientation
plane of (101), (111) and (211) respectively. The highest
intensity for rutile TiO, nanorods arrays among the others
was centred at peak 36° at the plane (101), and this plane was
considered as the preferred plane for TiO,. Since the
thickness of nanorods arrays increases with the increasing of
the reaction time, there are no FTO peaks recorded in the
XRD pattern.

These proven by the surface morphology result from FESEM
which the nanorods arrays were fully grown on top of the FTO
surface and the gap between the rods were eliminated. Overall
peaks from the result obtained shows that there is no broad
peak produced which indicates that the characteristic of good
crystallinity of the sample. All the peaks were compared with
standard diffraction data of rutile-phased TiO; cited from the
1998 Joint Committee on  Powder  Diffraction
Standards-International Centre for Diffraction Data
(JCPDS). From the result obtained from FESEM and XRD, 8
hours of hydrothermal reaction times were chosen as it gives
the highest crystallinity since it recorded the lowest value of

Figure 3: The FESEM results of TiO, nanorods arrays
surface morphology and cross-section area for (a) 8, (b) 12,
(c) 16, (d) 20 and (e) 24 hours hydrothermal reaction time and
the thickness of rods respectively.
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Figure 4: The XRD patterns of TiO, nanorods arrays for (a)
8, (b) 12, (c) 16, (d) 20 and (e) 24 hours hydrothermal
reaction time respectively and the rutile peaks were indexed to
(101), (111), (211) and (002) diffraction peaks while R is
referring to rutile phase.

3.2 Surface Morphology, Cross-Section Area and

Crystalline Structure for TiO, Nanoflowers Arrays

TiO, nanoflowers arrays were prepared with the same
parameters as the preparation of TiO, nanorods arrays. Figure
5 (a), (b), (c), (d) and (e) represented the result obtained from
FESEM measurement of the morphology and cross-section
area of the samples for 8, 12, 16, 20 and 24 hours of
hydrothermal reaction time respectively. From Figure 5, the
number of nanoflowers grew, and the thickness increases with
the increasing of hydrothermal reaction time due to having
sufficient reaction time to produce more TiO, nanoflowers.
The thickness of the nanoflowers formed at 8, 12, 16, 20 and
24 hours were about 2.78 um, 3.22 ym, 3.86 pm, 7.88 um and
8.12 pm respectively.

Figure 6 (a), (b), (c), (d) and (e) indicates the result obtained
from XRD measurement regarding the crystallinity of TiO,
nanoflowers arrays for different hydrothermal reaction time.
There were clear diffraction peaks were recorded in between
25° and 65°, which consists only rutile TiO, peaks. The
dominant peaks of rutile TiO, nanoflowers arrays at 27°, 36°
and 54° which corresponding to the orientation plane (110),
(101) and (211) respectively. Since the thickness of
nanoflowers arrays increases with the increase of reaction
time, there is no FTO peak recorded in the XRD pattern.
These have been proven with the result obtained from FESEM
which the nanoflowers arrays were fully grown on top of the
nanorods surfaces. Thus, the optimized sample obtained from
this observation was 16 hours of hydrothermal reaction time
as it gave the highest crystallinity since it recorded the lowest
value of FWHM, as shown in Table 1.

Table 1: FWHM values for TiO, nanorods and nanoflowers.

Reaction time FWHM
(hours) TiO, nanorods TiO, nanoflowers
8 0.0984 0.1378
12 0.1968 0.0984
16 0.3149 0.0960
20 0.2952 0.3346
24 0.1440 0.2755

10

! "

Figure 5: The FESEM results of TiO, nanoflowers arrays
surface morphology and cross-section area for (a) 8, (b) 12,
(c) 16, (d) 20 and (e) 24 hours hydrothermal reaction time and

the thickness of the nanostructures respectively.
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Figure 6: XRD patterns of TiO, nanoflowers arrays for (a)
8, (b) 12, (c) 16, (d) 20 and (e) 24 hours hydrothermal
reaction time respectively and the rutile peaks were indexed to
(110), (101) and (211) diffraction peaks while R is referring
to rutile phase.

3.3 Ethanol Gas Sensor

In this study, the measurement took placed by observing the
current changes when the TiO, nanostructures-based device
was exposed to the ethanol vapor. The time exposure of the
vapor had an interval of two minutes, and the readings were
recorded for 14 times for each session. When TiO,
nanostructures exposed to certain gasses, the detection
principle was needed during the process [26]. Moreover, if the
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reaction between gas and nanostructures were strong or
chemisorption, free-electron will transfer between the
nanostructures while absorbed species will take place. Thus,
there will be changes in charge carrier concentration and the
conductivity of the material.

3.4 TiO2 Nanorods Based Ethanol Gas Sensor

According to Figure 7, during the early exposure of ethanol
vapor to the device, unstable response occurred and resulting
low number of electrons transfer as well as low current
recorded. When the exposure time exceeded 1400s, it
recorded the highest peak among the others. These because
the chamber already occupied with the ethanol vapor and the
interaction between TiO, nanorods and the molecule in
ethanol was the strongest. The other reason why it took a long
time to reach the maximum interaction between them due to
the surface morphological of TiO, itself. As a typical

3.4 Summarization of Ethanol Gas Sensor

By comparison that has been made in Table 2, sheet
resistance, R is inversely proportional to conductivity, which
is whenever the value of R increases, there is dramatically
decreased in value of conductivity, 6. The lower value of
conductivity provided a better electron flow on the device
[19]. From Table 2, TiO, nanorods based ethanol gas sensor
recorded the lowest value of Ry which is 360.2 x 10 Q
compared to TiO, nanoflowers is 3.89 x 10° Q. These proved
that electron flows at the highest amount on the device.
Hence, the conductivity of TiO, nanorods had the highest
value, which is 55.52 x 10 S/cm while 5.14 x 10°° S/cm for
TiO, nanoflowers. These showed that TiO, nanorods device
was the optimum device for gas sensing materials because it
has the highest conductivity since conductivity is the vital
factor in gas sensing.

reductive gas, as the device exposed to ethanol vapor, it will CH.OH CO, +H,0 €O, +H,0
react with the absorbed oxygen species which lead to the e e C,H;OH
release of the adsorb electron, e [27]. The pre-existing “' ¢ © e e

OO0 500 0 00 o o

oxygen ions on the surface of the TiO, nanostructure will
react with the ethanol molecule, as shown in the illustration in
Figure 8. The CO;, and H,O were formed and the e was
released back to TiO, nanostructures. The summarization of
the result obtained from the measurement shown in Table 2.

3.4 TiO, Nanoflowers Based Ethanol Gas Sensor

« TiO, nanorods

Glass

Figure 8: Illustration of the detection mechanism of TiO,
nanorods with ethanol molecule.

Compared to TiO, nanorods, TiO, nanoflowers have a
different type of surface morphology and has higher detection 35-
surface for the interaction between ethanol molecule and TiO,
nanoflowers. Upon the exposure of ethanol vapor to the 3.0
device, it shows the highest peak of current recorded among
others since there were many electrons transferred. As shown 254
in Figure 9, after 700s of ethanol vapor exposure, the current .
decreases and started to be unstable after that. These because s 207
the O ions produced during the process had fully covered and :—: 15
attached to the TiO, nanoflowers surface while the free o
electron still free transferred and experienced collision g 1.0
between each other. The illustration regarding the detection
principle of ethanol molecule and TiO, nanoflowers, as 0.5
shown in Figure 10. The obtained result was summarized in
Table 2. 0.04
Z(I)O ' 4(I)0 ' 6(I)0 ' 8(I)0 ' lOIOO ' lZIOO ' l4I00 ' 16I00 ' 18IOO ' ZOIOO

Table 2: The resistivity, conductivity, sheet resistance for
TiO, nanorods and nanoflowers ethanol gas sensor device.

Time, t ()

Resistivity, p Conductivity, o Sheet resistance, R, Figure 7: Graph current-time (I-t) for 'I_'iOz nanorods based
(Qcm) (S/cm x 10%%) (Qx 10°) ethanol gas sensor device.
TiO, TiO, TiO, TiO, TiO, TiO,
nanorods | nanoflo | nanorods | nanoflo | nanorods | nanoflo
Wers Wers Wers
18.01 194.61 55.52 5.14 360.2 3.89

11
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Figure 9: Graph current-time (I-t) for TiO, nanoflowers
based ethanol gas sensor device.
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Figure 10: Illustration of the detection mechanism of TiO,
nanoflowers with ethanol molecule.

4. CONCLUSIONS

Rutile titanium dioxide (TiO;) nanorods and nanoflowers
were successfully fabricated on top of fluorine doped tin oxide
(FTO) substrate by using the hydrothermal process at a
constant temperature of 150 °C. TiO, solution was prepared
using 140 mL of hydrochloric acid (HCI), 120 mL of
deionized (DI) and 5 mL of titanium butoxide as the
precursor. At the same time, the hydrothermal reaction time
was varied to 8, 12, 16, 20 and 24 hours. The characterization
of TiO, nanorods and nanoflowers were made by using
FESEM and XRD, and the optimized samples were 8 and 16
hours of hydrothermal reaction time for TiO, nanorods and
nanoflowers, respectively. TiO, nanorods based device was
the optimum device since it has the highest conductivity
compared to TiO, nanoflowers based device.

Other than conductivity aspect, the sensitivity of the ethanol
molecule with TiO, nanostructures. In this study, the ethanol
gas sensor was fabricated by using undoped rutile TiO,
nanostructures. Thus, it shows less sensitivity toward ethanol
vapour. To enhance the sensitivity during sensing
measurement, an addition of dopants such as Nb, Cr, Sn, Pt,

12

Zn, Al, Ag, La and Y were needed. The device that has been
modified (doped TiO,) showed higher sensitivity compared to
the unmodified (undoped TiO,) device. Other than that,
activation energy such as heating at a higher temperature
(300 °C - 500 °C) and exposed the device to UV light is
needed to increase the sensitivity towards the gas [26].
Otherwise, the response towards the gas become slow, or
there will be no response recorded.
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