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Graphical abstract Abstract

Humidity sensors have become increasingly important and widely used to improve the
—— quality of life and industrial processes. Over the past decades, titanium dioxide (TiO2) has
received wide atftention in many promising areas such as sensors, solar cells, and

photocatalytic. However, TiO2 required high operating conditions such as high
temperatures to examine the crystalline stability phase. This study focuses on highly ordered
fitanium dioxide nanofube arrays (TiO2 NTAs) film synthesized using the electrochemical
anodization method. Annealing temperature effect on the fabricated TiO2 NTAs was

Power Supply

L] investigated. An electrolyte solution was prepared by mixing ammonium fluoride (0.3 wi%)
. f—. and ethylene glycol (25 ml) with deionized water (2 vol%). Titanium (Ti) sheet was anodized

» at 35 V for 120 minutes. The films were annealed from 350 °C to 550 °C. FESEM images

o 98@“' showed the diameter size of TiO2 NTAs fim decreases as the annealing temperatures

increases. Results had also shown that the average diameter annealed at 450 °C was
around ~50.82 nm while the XRD pattern demonstrated TiO2 NTAs exhibiting an anatase
phase with a prominent (101) peak recorded for the sample prepared at 450 °C with a
high crystallite size of 29.17 nm. The calculated opftical band gap annealed at 450 °C (3.24
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eV) is comparable with other literature. The current-voltage characteristic of TiO2 NTAs film
reported a high current for 450 °C (1.12 x 105 A) with a conductivity of 0.048 S.cm-' and
high sensitivity (287.72).

Keywords: TiO2 NTAs, electrochemical anodization, annealing temperature, physical
properties, humidity sensor

Abstrak

Penderia kelembapan telah menjadi semakin penting dan digunakan secara meluas
unfuk meningkatkan kudliti hidup dan proses diindustri. Pada dekad yang lalu, titanium
dioksida (TiO2) ftelah mendapat perhatian yang meluas dalam banyak bidang seperti
penderia, sel suria dan fotokatalitik. Walau bagaimanapun, TiO2 memerlukan keadaan
operasi pada suhu tinggi untuk fasa kestabilan kristal. Kajian ini memberi tumpuan kepada
susunan filem fitanium dioksida nanotube (TiO2 NTA) yang disintesis menggunakan kaedah
penganodan elektrokimia. Kesan suhu sepuhlindap TiO2 NTA telah dikaji. Larutan elektrolit
disediakan dengan mencampurkan ammonium fluorida (0.3 wi%) dan etilena glikol (25 ml)
dengan air ternyahion (2 vol%). Kepingan Titanium (Ti) dianodkan pada 35 V selama 120
minit. Filem telah disepuhlindap pada 350 °C hingga 550 °C. Keputusan menunjukkan saiz
diameter filem TiO2 NTAs berkurangan apabila suhu sepuhlindap meningkat. Keputusan
juga menunjukkan bahawa purata diameter yang disepuhlindapkan pada 450 °C adalah
sekitar ~50.82 nm manakala spekirum XRD menunjukkan TiO2 NTA mempamerkan fasa
anatase dengan puncak yang ketara (101) direkodkan untuk sampel yang disediakan
pada 450 °C dengan saiz kristal 29.17 nm. Jurang jalur optik yang dipanaskan pada 450 °C
(3.24 eV) adalah setanding dengan kajian lepas. Pencirian arus voltan terhadap filem TiO2
NTAs menunjukkan nilai yang finggi untuk 450 °C (1.12 x 105> A) dengan kekonduksian 0.048
S.cm-! dan sensitiviti (287.72).

Kata kunci: TiO2 NTA, penganodan elekirokimia, suhu sepuhlindap, sifat fizikal, sensor
kelembapan

© 2022 Penerbit UTM Press. All rights reserved

1.0 INTRODUCTION

polymorphs, the anatase and brookite are
metastable, while rutile is the most stable polymorphs.

Titanium dioxide (TiO2) is a semiconductor material The anatase and rufile phases are commonly used

that can form nanostructures and produce valuable
optical and electrical properties. TiO2 had been used
in a range of industrial and consumer products. The
TiO2 can be tailored into various shapes such as
nanoparticles, nanorods, nanowires, and nanotubes.
[1-4]. Due of each tube's growth array to the surface,
nanotubes have attracted the most attention among
these nanostructures. The titanium dioxide nanotube
arrays (TiO2 NTAs) have a unique nanoarchitecture,
large surface area, and high mechanical stability
than TiO2 nanoparticles [5].

TiO2 NTAs can be synthesized using different types
of methods such as electrochemical anodization
and hydrothermal. Electrochemical anodization is an
electrolytic technique capable of increasing the
oxide layer thickness. Anodization is the facile
practical approach due to its highly ordered and
vertically oriented [6, 7]. All favorable properties
render TiO2 NTAs suitable for various applications such
as photocatalytic, sensors, and dye-sensitized solar
cells [8-10].

TiO2 consists of three crystalline phases known as
anatase (3.2 eV), rutile (3.0 eV), and brookite. TiO2
transformation phases from amorphous to anatase
and then to the rutile phase depends on the
annealing temperature applied [11]. Based on three

and applied in electronic device applications.
However, TiO2 required high operating conditions
such as high temperatures to examine the crystalline
stability phase. In research, the anatase is usually
found in nanostructured TiO2 and is active in oxide
processes [12]. Mostly, Varghese and co-workers
(2003) found the unstable crystallinity phase in low
operafing temperatures [13]. This researchers
revealed the potential applications depend on the
isomorph and crystallinity at desired operating
conditions. The amorphous TiO2 NTAs can crystallize
to form anatase phase when immersed at low
temperature treatment (>100°C) by a facile
immersion method [14]. They reported that by using
low temperature is a new route for crystalline TiO2
NTAs. However, the optimization of TiO2 NTAs using
low temperature crystallizationis still limited [15, 16].
Generally, the TiO2 NTAs are required heat
freatment at high temperature to sustain
crystallization. Therefore, by fabrication of TiO2 based
humidity sensor properties it could certainly promotes
multifunctional  sensitivity  behaviour and  high
efficiencies applications that may led to newer
opportunities in disciplines as diverse as physics,
chemistry, biology, medicine and engineering. Due
to the metal oxide-based semiconductor produced
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at lower cost method with higher productivity and
performances, TiO2 film can also be used in domestic,
industrial, electronics and semiconductor and
residential application in addition to the fabrication
of humidity sensor device. Industries like chemical,
refineries, metal, or others where furnaces are also in
need humidity sensors as high humidity reduces the
amount of oxygen present in the air.

In this study, the synthesis of TiO2 NTAs films will be
anodized using the electrochemical anodization
method for the humidity sensor. The physical
properties of TiO2 NTAs films deposited at different
annealing temperatures were investigated.

2.0 METHODOLOGY

Titanium (Ti) sheet (0.25 mm thick, 99.9 percent pure,
Sigma-Aldrich) was chosen as the substrate and
cleaned for 10 minutfes in an ultrasonic water bath
with acetone, methanol, and deionized (DI) water. In
order to create an electrolyte solution, ammonium
fluoride (0.3 wit%), ethylene glycol (25 ml), and DI
water were mixed together and aged for 30 minutes.
The anode and cathode electrodes were selected
as platinum (Pt) and Ti sheets, respectively where
they are submerged and anodized for 120 minutes in
the electrolyte solution. The electrochemical
anodization process was then used to anodize the Ti
sheet at a 35V applied voltage. Finally, the anodized
TiO2 samples were annealed for 60 minutes at
temperatures of 350° to 450°C.

The surface morphology and element analysis of
TiO2 NTAs fim was analyzed by field emission
scanning electron spectroscopy, FESEM (JEOL JSM-
J600F), and (Zeiss Supra 40 VP). Determination of the
crystalline structure TiO2 NTAs film was obtained using
X-Ray diffractometer, XRD (Rigaku (D/MAX-2000). The
optical properties of the TiO2 NTAs fim were
investigated by ulfraviolet-visible (UV-Vis)
spectroscopy in the wavelength ranges between 200
- 1500 nm baosed on diffused reflectance
spectroscopy (Varians 5000). The gold (Au) metal
was chosen as metal electrode and deposited onto
TiO2 films (thickness: 60 nm) for current-voltage (I-V)
measurement using sputter coater (EMITECH K550X).
Electrical characteristics of TiO2 NTAs films were
measured using two-point probe (I-V) measurement.
The humidity sensing performance of TiO2 NTAs films
was tested inside a humidity chamber (ESPEC-SH261)
using Keithley 2400 sensor measurement system. This
humidity system has been reported by other literature
[17].

3.0 RESULTS AND DISCUSSION

Figures 1(a)—(d) show FESEM images of TiO2 NTAs films
(fop view). The average diameters of the as-
deposited, 350 °C, 450 °C, and 550 °C nanotube
samples are 68.17 nm, 52.14 nm, 50.82 nm, and 48.23

nm, respectively, as shown in Table 1. It was
discovered that the morphology of the as-deposited
TiO2 NTAs films generated as in Figure 1(a) is not well
pronounced and non-homogeneous, with an
abundance of nano-prickles formed on the top
surface of the sample. This could be owing to
inadequate atomic kinetic energy to overcome
surface energy, resulting in built-in hydroxides on the
surface of the nanotube's walls as well as a residual
porous TiO2 layer from the early phases of production
[18, 19].

On the other hand, it can be seen in Figure 1(b)
that after being annealed at 350 °C, the top surface
of the sample has a more uniformed nanotube
structure and the production of nano-prickles is not
as apparent, indicating complete removal of residual
F-ions and reduced hydroxide layer on the surface
which tallies with previous studies done by other
researchers [20] and this evidence can be proven in
EDX image (Figure 3). Some other researcher studies
the watching process using ultrasonic method affect
the F residue from electrolytes before annealing
freatment [21]. Collectively, the diameter of
nanotubes for annealed samples is in the range of 48
- 52 nm. This diameter is smaller than the As-
deposited sample, with a larger average diameter of
68.17 nm. The changes of diameter because of the
nucleation site increase and sufficient energy to
produce more stable of nanotubes [22].

Figure 2 depicts a cross-sectional view of TiO2
NTAs annealed at 450 °C, revealing that TiO2 NTAs
growth is perpendicular to the substrate surface. The
measured thickness of TiO2 NTAs film that annealed
at 450 °C was 3.49 um. As a result, the direct process
of thermal oxidation caused the heat treatment to
directly influence the oxide layer [23]. The
performance of humidity sensor can be determined
by its structural properties such large surface area
and confrolled morphology as mentioned by Steele
et al., 2008 [24].

As-deposited g y g 350°C

Figure 1 Surface morphologies of synthesized TiO2 NTAs film
by electrochemical anodization (a) as-deposited, and
annealed at (b) 350°c, (c) 450°c and (d) 550°c
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Cross-section

Figure 2 Cross-section of TiO2 NTAs film annealed at (a)
450°C

Table 1 Average diameter size of TiO2 NTAs films annealed
at different temperatures

Annealing Diameter Size Standard
Temperature (nm) Deviation
(°C)
As-deposited 68.17 2.92
(27)
350 52.14 7.72
450 50.82 3.51
550 48.23 3.28

Elemental analysis of TiO2 NTAs film was annealed
at 450 °C, os represented in Figure 3. The element
analysis shows the oxygen (O) and Ti elements were
detected via the electrochemical anodization
method. The atomic percentages of Ti and O
elements are 36.93% and 63.07%, respectively. There
is no Impurity detected through this film.
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Figure 3 Element analysis of TiO2 NTAs fim annealed at
450°C

The crystalline structure of TiO2 NTAs fim was
reflected by XRD spectra as shown in Figure 4 where
obtained peaks are in the range of 20° to 85°. The
patterns identified two forms of anatase and rutile
phases. The peaks of (101), (004), (200), (105), (204),
(220), (301), and (303) planes correspond to the
anatase phase (JCPDS Card No. 00-004-0477)
whereas the (110) plane refers to the rufile phase
(JCPDS Card No. 00-004-0551). The detection peaks
for (100), (002), and (101) planes specify the Ti
pattern (JCPDS Card No. 00-044-1294).

The anatase peaks at 206 = 25.3°, 53.1°, and 70.8°
were more prominent in the as deposited fim and at
350°C, 450°C, and 550°C annealed fiims. Notably,
rutile peak detection also was attained at annealing
temperature of 550°C. However, at 350°C and 450°C
annealing temperature, no rutile phase peaks can
be found in the films. The rutile peak was existed
when the TiO:2 fims were annealed at higher
temperature (> 500°C). To compute the crystallite size
of TiO2 NTAs films from the widening of the (101)
plane diffraction peak at 25.3°, the Debye-Scherrer’s
formula was used as per below equation [25]:

D=kN (B cosO) (M)

where B is the full width at half maximum (FWHM) of
the plane in radians, k is constant (0.9), A is the
wavelength of the 1.54 A, and 8 is the Bragg's angle
in degrees. Based on the Figure 4, the FWHM can be
determined by the distance between the curve
points at the peak half maximum level. On a data
graph, vertical line from the peak maximum to
baseline was drew. The length was measured along
the line and divide by 2 to find the center of the line.
The crystallite size of the as-deposited and
annealed samples was listed in Table 2. The crystallite
size for the rutile phase at the temperature of 550°C
was calculated to be 12.86 nm. Additionally, it is
evident that the crystallite size for the anatase phase
is greater as the temperature increases and starts to
decline at 550°C annealing temperature. The
crystallite size (29.175 nm) also increases as the
temperature increased up to 450°C. These can be
attributed to thermally promoted crystallite growth
[26]. Therefore, the improvement in crystalline quality
is caused by the increase in crystallite size by atomic
arrangement during phase transformations toward
an energetically more favorable equilibrium state.
Nevertheless, as reported by Varghese et al. (2003),
the crystallite size was reduced because of atom
rearrangement, and the phase transition from
anatase to rufile had taken place at high annealing
temperatures [13]. As a result, the sample that was
annealed at 450°C had a substantial impact on the
crystal structure and displayed good crystallinity.
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Figure 4 Crystalline structure of TiO2 NTAs film annealed at
As-deposited, 350°C, 450°C and 550°C

Table 2 Crystallite size of TiO2 NTAs films annealed at
different temperatures

Crystallite Size, D (nm)

Annealing

Temperature FWI‘;’:‘ q(llm) Anatase Rutile

(°C) 25.3° 27.5°

As-

deposited 0.41949 19.4 -
350 0.39575 20.6 -
450 0.27915 29.2 -
550 0.31063 26.2 12.8

Investigation of band gap energy on TiO2 NTAs
films was studied through UV-Vis spectroscopy by
obtaining diffuse reflectance spectroscopy (DRS), as
shown in Figure 5. The average reflectance of 350°C,
450°C, and 550°C is 16.5%, 22.5%, and 15.3%,
respectively. The TiO2 layer absorbs the incident light
at the UV region (350 nm). At lower wavelength
shows the reflectance edge decreased due to
electronic  transition  between  valance and
conduction bands [27, 28]. The reflectance edge of
the annealed sample showed redshift caused by the
structural phase change related to the modification
of the phase transformation and crystalline size [29].
The light scattering of TiO2 at the visible region
showed broad peaks due to the impact of the
annealing treatment of nanotubes [30]. The specular
reflectance of the samples in the 700-800 nm range
has a significant upward trend for different angles
and polarizations. This phenomenon probably comes
from the effect of the nano-topography of titanium
dioxide. The band gap of TiO2 NTAs fiims was
calculated using Kubelka-Munk formula is given by
Equation 2 [29].

FIR(hv)) = (1 =R (hv))2/ 2R (hv) 2)

where F(R(hv)) is the Kubelka-Munk function, and R is
the reflectance of TiO2 NTAs. Tauc's plot determined

the band gap by employing the linear correlation
between Kubelka-Munk function.

[F (R) hv]/2=A (hv - Eg) (3)

The band gap energy value of As-deposited,
350°C, 450°C, and 550°C films were calculated at
about 4.34 eV, 325 eV, 3.24 eV, and 3.25 eV,
respectively. The As-prepared sample showed the
highest band gap energy value and starts to
decrease as the annealing temperature increases.
This might be due to the increment of the crystallite
size and film density manipulation [31]. Fim density
can be related to the process energy of formation
thin film. The energy increase makes the film density
increased and influence the resulting structural and
optical properties [32, 33]. The film density condition
depending on the annealing temperature. Hanini ef
al. (2013) revealed that the decrease in band gap of
TiO2 with anneadling temperature can be the
densificat ion of the films [34]. Due to the nanotubes
highly ordered, densely packed structure, the
annealed samples likewise displayed comparable
band gap energy levels [29, 35]. In other words, the
morphology of nanotubes may be related to the
variance in band gap energy. The crystallinity, crystal
structure, grain, and particle size of the film are other
parameters that affect the band gap [36].
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Figure 5 Reflectance and band gap energy of TiO2 NTAs fim
annealed at As-deposited, 350°C, 450°C and 550°C
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Figure 6 displays the current-voltage (I-V)
characteristic of the sample that was annealed
between 350 and 550°C. At room temperature, the I-
V measurement ranged from -0V to 6V. The forward
current rises with voltage to 6V (11.2uA) and it can
also be observed that the |-V curve exhibited linear
and symmetric ohmic contact behaviour.

The voltage has an impact on the resistance
between each pair of metal contacts. One crucial
factor in deftermining the work function between the
metal contact and TiO2 films is the suitability of the
metal contact material. Most common metal
contact materials employed are gold (Au), platinum
(Pt), and palladium (Pd). According to Musa et al.
(2010), a relatively low work function of gold (Au)
enables more electrons from TiO2 sheets to move
across the contact surface [37]. The resistivity of the
films were determined using equation (4):

o = (V/I)(wt/L) (4)

where p is the resistivity, V is supplied voltage, | is
measured current, w is the electrode width, t is the
thickness of fim, and L is the length between the
electrodes. The conductivity (o) of the film can be
determined using equation (5):

o=1/p (5)

Resistivity and conductivity values of the TiO2 NTAs
films are tabulated in Table 3. The metal contact has
affected the resistivity and conductivity of the TiO2
film. Conductivity values shows gradually increased
up to 450°C. However, when the temperatures were
increased up to 550°C, the conductivity was
significantly  reduced. The improvement  of
conductivity values might be due to the charge
carries mobility as reported by Rajeswari et al., (2020)
[38]. Refer to Table 4, it found that the conductivity
values of TiO2 NTAs film is better than Rajeswari et al.,
2020, [38]. Therefore, the sample annealed at 450°C
shows the highest conductivity value with 0.096 S.cm-
1. The good crystallinity and the band gap energy
obtained at 450°C provides a large surface for
electron for electron transmission between grains as
stated by Senain et al., 2010 [39]. From these results,
the TiO2 NTAs film at different annealing temperatures
changes the electrical performance.

Refer to the |-V measurement, it can be seen that
the current of the films increases with the increment
of % RH. Figure 7(a) shows the humidity sensing of TiO2
NTAs films annealed at different temperatures.
Humidity chamber was used with different type level
of humidity from 40 to 90% RH at room temperature
where The RH was sustained at 40%. When the time
reaches up to 100 seconds, the RH was changed to
90% to examine the absorption of humidity. Resulfs
shows current signal increasing steadily unfil it
reaches 90% RH. Once the RH and current starts to
decrease slowly from 90 to 40% RH, the desorption
properties was determined.

The performance of TiO2 NTAs fims was explained
based on sensitivity equation [40]:

S = R40/Rs0 (6)

where § is sensitivity, Rao is resistance at 40% RH, and
Reo represents the resistance at 90% RH. The
resistance values were calculated by using Ohm'’s
Law.

Figure 7(b) displays the sensitivity value of
annealed TiO2 NTAs at various temperatures. It was
found that the annealing temperatures had
enhanced the sensitivity value, with 450°C sample
having the greatest sensitivity of 287.72. The sensitivity
value of our humidity sensor is also compared to
other reported humidity sensors where it was
discovered to be superior to those of Aneesh and
Khijwania (2012) and Ghadiry et al., 2016 [41, 42]. This
might also be attributed to the morphological,
structural, optical and electrical properties of the TiO2
NTAs. The surface either open or pore size had
confributed in humidity sensitivity. The annealed
sample at 450°C was measured by exposing to
various % RH as tabulated in Table 4. These result
shows the sample is sensitive to the different RH with
the pattern of increment observed from these values.
As more water molecules in the sample ionise, more
H* ions become accessible for protonic conduction,
which improve in sensitivity. The sample's sensitivity
rises because more charge carrier in the form of
electron or ions are available in the thin films [40].
However, the sensitivity substantially deteriorated
when the temperature increases up to 550°C. This is
because of pore size and distribution on the surface
of sensing samples can also influence the production
of chemical adsorption and physical adsorption
layers [43]. Due to the physical contact between the
surface and the water, it can also be confirmed that
the TiO2 NTAs annealed at 450°C have good
sensitivity [44]. These enhanced properties cause fast
adsorption and desorption of water molecules, which
results in rapid response and recovery times as
reported by Jyothilal et al., (2020) and Sun et al., 2018
[40, 45].

Figure 8 shows repeatability behaviour of TiO2
NTAs fim-based humidity sensor at 450°C. The
repeatability was measured at 4 response cycles. The
response cycles were very stable and indicates good
repeatability behavior [45].

At low relative humidity, oxygen from the
environment might atfract to the sensor surface,
resulting in electron enfrapment [40]. Adsorbed
oxygen ion was generated by the inferaction of
oxygen molecules. The concentration of free carriers
in this flm has been reduced. The trapped electron
was released back to the surface of the TiO2 NTAs
film due to chemical adsorption of water molecules.
Before the RH level was raised over 40 %, the electron
frapping and water molecule adsorption reactions
occurred at the same rate. The current signal is
consistent.  The adsorpfion  process gradually
increased as the RH level increased, forming physical
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adsorption water layers. Due to the high electrostatic
force in the chemisorbed Ilayer, the physical
adsorption water layer dissociates into HzO* and OH-
jons.

The H* from HsO* continually jumps from one
water molecule to another and becoming the
dominant charge carriers which are the source of
electrical conduction [42]. This mechanism called as
Grotthuss chain as shown in Figure 9. Based on the |-V
measurement, the sample annealed at 450 °C that
produced highest free carriers which give rise to high
water molecule adsorption and leading to large
current change ratio.  Water molecules begin to
condense between the pore channels of the TiO2
NTAs at high RH levels. The capillary condensation of
water molecules facilitated the free discharge of
conducting ions across each of the nanotubes [42].
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Figure 6 Current-voltage (I-V) measurement of TiO2 NTAs film
annealed at 450 °C

Table 3 Resistivity and conductivity of TiO2 NTAs films
annealed at different temperatures

Annealing Resistivity Conductivity (S.
Temperature (Q.cm) cm)
(S
As- 68.11x10 0.001
deposited (27)
350 12.70 0.078
450 10.37 0.096
550 23.03 0.043
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Figure 7 Humidity detection of TiO2 NTAs fim annealed at
350 to 450 °C with bias voltage of 5 V and (b) the sensitivity
of TiO2 NTAs at different annealing temperatures
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Figure 9 Humidity sensor mechanism

Table 4 Sensitivity of TiO2 NTAs films annealed at 450 °C af
various % RH

RH (%) Sensitivity
50 2.00
60 2.68
70 8.69
80 42.04
90 287.72

4.0 CONCLUSION

Titanium dioxide nanofube arrays fiims were
successfully prepared at different annealing
temperatures via the electrochemical anodization
method. The surface morphology demonstrated that
when the anneadling temperature increases, the
diameter of produced TiO2 NTAs decreased and
raonged between 41 and 76 nm as well as
improvement on the nanotubes more well-organized
structure. This was also supported by XRD results
where the TiO2 NTAs displayed the anatase phase
between 350 °C and 450 °C, and the fransformation
from anatase to rutile phase was discovered at 550
°C. The anatase phase's largest crystallite size (29.175

nm) was produced by annealing at 450 °C. When
the sample was annealed from 350 to 550 °C, the
optical characteristics revealed that the band gap
energy values of TiO2 NTAs were in the range of 3.24
fo 3.25 eV. Additionally, gold (Au) metal contact was
used and the generated film's conductivity was
determined to be 0.048 S.cm-'. The 450 °C-annealed
TiO2 NTAs also have excellent sensitivity value of
287.72. These findings indicated a potential material
for humidity sensor detection and revealed that the
properfies of synthefic TiO2 NTAs fims are
considerably influenced by annealing temperature.
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