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ABSTRACT

further post-treatment filtering of the decontaminated fluid, although the surface area is more limited compared to the
nanopowdered-form. Many methods can be used to prepare TiO, thin films onto substrates, such as sputtering
technique, sol-gel method, electrochemical process, chemical vapour deposition (CVD) and spray pyrolysis. However,
the methods mentioned above involve multiple steps, require long processing time, the usage of high temperature is
necessary and many more. One way to solve these problems would be by using the inkjet printing method, which is an
economical and cost-effective technique used for the deposition of thin layers on a substrate that provide selective and
precise deposition of materials with a low waste of materials. In this work, stable TiO, photocatalyst precursor inks
were prepared with different concentrations for inkjet printing method. The prepared TiO, photocatalyst precursor inks
were then converted to the powdered form in order to determine the physicochemical properties. The field emission
scanning electron microscopy (FESEM) images showed the TiO, particles were almost spherical in shape, with

Prepared TiO2 photocatalyst concentration of 0.15 M showing the most uniform size and the least agglomeration. Energy dispersive X-ray
precursor inks with different spectroscopy (EDX) results confirmed the presence of Ti and O elements in all of the samples, proving the successful
concentrations; 0.10 M, 0.15M  synthesis of TiO,. X-ray diffraction (XRD) patterns confirmed the synthesized TiO, samples are in the anatase phase.

and 0.20 M Results from diffuse-reflectance ultraviolet-visible spectroscopy (DR-UV-Vis) showed that the band gap energy of all
samples was in the range of 3.42 and 3.46 eV, higher than the theoretical value, which might have been caused by the

indirect transition of the synthesized TiO,.
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1. INTRODUCTION

Titanium dioxide or titania (TiO2) is the most commonly used photocatalyst in various reactions due to its
attractive characteristics such as nontoxicity, chemical stability to acidic and/or basic conditions, long term stability,
good oxidizing ability, biocompatibility and cost effectiveness [1-4]. Among the popular uses of TiO; are in the
purification of air and water, self-cleaning and antifogging surfaces, antibacterial photocatalyst, selective synthesis
of organic compounds, lithium batteries, solar power system and pigments in paints, tiles and food [2,5,6]. These
reactions involve both oxidation and reduction while also removing pollutants and bacteria. The photoinduced
electrons produced in the redox process can then reduce an acceptor molecule, while the photoinduced holes can
oxidize a donor molecule [2]. The electron and hole pair will convert the surrounding oxygen and water molecule
into OH hydroxyl radical, photodegradation and decomposition of harmful organic substances [3].

TiO, has three different crystallographic phases; anatase (tetragonal), rutile (tetragonal) and brookite
(orthorhombic) [2]. The electronic structure and properties of solids are related to the crystals structure. Among all
these phases, anatase has the best photocatalytic activity resulting in the highest photocatalytic efficiency [4].

Two common forms of TiO, that have been widely used are nanopowdered-form and TiO; thin film
supported on substrate [7]. Among these two, the more popular system used is TiO; in nanopowdered-form, which
provides high surface area. However, at the end of the reaction, it requires filtration, thus complicates the whole
process [8]. On the other hand, TiO, supported thin films reduce the requirement for any further post-treatment
filtering of the decontaminated fluid, although the surface area are more limited compared to the nanopowdered-
form [7]. In this work, the supporting material (substrate) used is indium tin oxide (ITO). Many methods can be used
to prepare TiO; thin films onto substrates, such as sputtering technique, sol-gel method, electrochemical process,
chemical vapour deposition (CVD) and spray pyrolysis [5].
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However, the methods mentioned above involve multiple steps and require a very long processing time [8].
Apart from that, these methods may also exhibit incompatibility with selected substrate material, which may cause
the active material’s surface to be prone to cracking or pulverization due to mechanical strains [9]. Some of these
methods also require the usage of high temperature, must be carried out in vacuum condition, and high cost. For the
sputtering method, the density of sputtered layers is important as the adhesion of coating depends on it [5]. Lower
density will cause bad adhesion. The deposition coating of material by sputtering method also require a long
processing time [9]. As for CVD, the main weakness is that the films’ quality depend on the size of droplet and the
spray nozzle may become cluttered after a long processing time [10]. Meanwhile, for the popular sol-gel method, it
requires the usage of alkoxide as its precursor to form TiO; and the pH value needs to be controlled regularly [11].

One of the possible methods that can be applied in the coating of substrate, namely ITO with TiO;, is by
using inkjet printing method. Inkjet printing is an economical and cost-effective microfabrication technique used for
the deposition of thin layers on a target surface [12]. Inkjet printing is a promising method for direct deposition of
functional materials for electronic devices, which will not damage or contaminate the substrate surface and deposit
material only where it is required, resulting in little or no wastage [11]. The fast development of this method is
mainly due to its unique advantage of providing selective and precise deposition of materials with a low waste of
material but very high resolution [12].

In the present work, stable TiO; inks with different concentrations were prepared in order to be printed onto
the ITO substrate by the inkjet printing method. A good printing can only be obtained if the inks are stable. In order
to forecast the physicochemical properties of the printed TiO», the TiO; inks were dried and calcined in order to
obtain TiO; in the form of powder. The physicochemical properties of the resulting TiO, were then determined by
various methods.

2. EXPERIMENTAL

The experimental work was divided into four main stages. Firstly, TiO,-based photocatalyst precursor ink
was prepared with different concentration which were 0.10 M, 0.15 M and 0.20 M. The second stage was TiO»
particle was synthesized from the TiO, photocatalyst precursor inks. For the third stage, the TiO, particle prepared
was characterized by using FESEM equipped with EDX, XRD and DR-UV-Vis spectroscopy in order to determine
the physicochemical properties of the ink. For the last stage, the stability of the ink prepared was determined.

3. RESULTS AND DISCUSSION

3.1  Stability of TiO, Photocatalyst Precursor Inks

The synthesized TiO. ink must be stable in order to not affect the system of the inkjet printer. There are two
parameters that were observed during the study of the inks’ stability, which were colour changes and presence of
precipitates. The samples were wrapped by aluminium foil to prevent exposure to sunlight. Figure 1 shows the
images of synthesized TiO, precursor ink samples that were taken from time to time. The colour of all samples
became darker over time, but the most notable change was sample C with concentration of 0.20 M. After 9 weeks,
there is were still no presence of precipitate in all the samples. This shows that the inks prepared were stable, even
after a long period of time.

Figure 1 Images of the synthesized TiO; inks after (a) 1 week, (b) 3 weeks, (c) 6 weeks and (d) 9 weeks.
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3.2  Characterization of TiO, Particles

The TiO, powders obtained from the inks were characterized using field emission scanning electron
microscopy equipped with energy dispersive x-ray (FESEM-EDX). The surface morphology, particle size and
elemental composition on the surface of the photocatalysts were determined using this analysis. The other
instruments used to analyse the powder from the inks are XRD, DR-UV-Vis, FTIR and N Sorption.

3.2.1 Morphology Studies by FESEM and Elemental Composition by EDX Analyses

The FESEM images in Figure 2 show the morphology of all the prepared TiO,-based powdered
photocatalysts in with different concentrations. All scanning was made with magnification of 80,000 times and 2.0
kV of scanning voltage. From the FESEM images, it can be clearly seen that the TiO; particles were almost
spherical in shape. Based on the images, TiO, with concentration 0.10 M have particle size of 40 to 60 nm. TiO»
with concentration of 0.15 M have particle size of 20 to 30 nm. For TiO, with concentration 0.20 M have particle
size in range 40 to 70 nm. TiO2 0.15 M shows the most uniform size and the least agglomeration compared to 0.10
M and 0.20 M.

Apart from that, EDX analysis was carried out to find out the distribution of elements present on the surface
of the TiO. photocatalysts. Based on the EDX spectra shown in Figure 3, Figure 4 and Figure 5, the samples consist
of titanium (Ti), oxygen (O) and carbon (C). No other element can be observed in the compound. The carbon might
be due to the carbon tape used to mount the sample.
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Figure 2 FESEM images of TiO, powders with different concentrations; (a) 0.10 M, (b) 0.15 M and (c) 0.20 M.
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Figure 3 EDX spectrum of 0.10 M TiO powder.
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Figure 4 EDX spectrum of 0.15 M of TiO, powder.
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Figure 5 EDX spectrum of 0.20 M of TiO, powder.
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Table 1 shows the atomic composition of the elements present in the synthesized TiO, powders. All of the
samples show the highest percentage of Ti species compared to O and C elements. Although the results of the EDX
analysis can be really useful, it only analyzes the specific area that was scanned and does not represent the whole
sample.

Table 1 The atomic composition of elements present in the synthesized TiO2 powders with different concentration

Sample Concentration Atomic Ratio (%0)
Ti o C
0.10M 48.8 46.8 4.4
B 0.15M 53.1 42.9 4.0
0.20M 50.1 44.8 5.1

3.2.2 Crystallinity by XRD

The crystallinity and phase of the samples were determined by X-ray diffraction (XRD). Figure 6 shows the
XRD patterns of the samples of TiO; with different concentrations, which were (a) 0.10 M, (b) 0.15 M and (c) 0.20
M. Based on the patterns, the existence of anatase phase is confirmed with the presence of the sharp diffraction
peaks located at 26 =25.37 °, 37.05 °, 37.90 °, 38.67 °, 48.16 °, 54.05 °, 55.20 °, 62.87 °, 68.98 °, 70.48 ° and 75.30
° which correspond to (101), (103), (004), (112), (200), (105), (211), (204), (116), (220) and (215) respectively in all
three of the TiO, samples. These findings were in accordance with previous researches [13].

The XRD patterns of all three concentration shows peak at 26 = 25.37 ° corresponding to the (101) reflection
of anatase TiO,. There is no presence of rutile or brookite phases in the samples.
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Figure 6 XRD patterns of the TiO, powders with different concentrations; (a) 0.10 M, (b) 0.15 M and (c) 0.20 M.
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3.2.3 Band Gap Energy by Diffuse Reflectance Ultraviolet Visible (DR-UV-Vis) Spectroscopy

The diffuse reflectance UV-Vis spectra of the samples expressed in terms of Kubelka-Munk function are
presented in Figure 7. Based on the spectra, there was one major peak at around 320 nm for all the prepared TiO»
photocatalysts. The absorption peak of TiO, at around 320nm is due to the creation of octahedral polymeric Ti
species. All samples of TiO, exhibited this major peak at around 320 nm although different concentrations of TiO,
were used.
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Figure 7 UV-Vis Diffuse reflectance spectra of TiO, powders with different concentrations; (a) 0.10 M, (b) 0.15 M
and (c) 0.20 M.

Based on the UV-Vis absorption spectra, the effect of TiO, on the band gap energy (Eg) of the TiO;
compound was then studied. Tauc Plot can be used to determine the Eq4 by plotting (ahv)?" versus hv. Anatase phase
TiO2 has been reported to prefer indirect transition, implying that n value should be 4. The E4 of the TiO;
photocatalysts prepared was estimated based on the value of x-intercept by taking the linear extrapolation in the plot
of (ahv)?"versus hv, as shown in Figure 8.
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Figure 8 Tauc Plots of the samples with the TiO, concentrations of (a) 0.10 M, (b) 0.15 M and (c) 0.20 M.

Table 2 shows the Eq of the samples synthesized with different concentrations of TiO,. The indirect band gap
energies of the prepared TiO, photocatalysts for 0.10 M, 0.15 M and 0.20 M were estimated to be 3.42 eV, 3.46 eV
and 3.44 eV, respectively. Based on these results, the band gap of the prepared photocatalysts were higher than that
of pure TiO, which has band gap of 3.23 eV based on the literature. This might have been caused by the indirect
transition of the synthesized TiO,

Table 2 E,4 of the samples synthesized with different concentrations of TiO»

Composition of TiO, composition Band Gap Energy (eV)
Sample A with 0.10 M of TiO; 3.42
Sample B with 0.15 M of TiO, 3.46
Sample C with 0.20 M of TiO, 3.44

3.2.4 Functional Groups by FTIR spectroscopy

Figure 9 shows the FTIR spectra of the TiO, powder photocatalyst samples with different concentration. All
the spectra showed a band at 3208.14 cm which correspond to the stretching of hydroxyl group. These hydroxyl
groups and adsorbed water are usually present on the surface of TiO, [14]. Another peak was observed in the spectra
at 1640.12 cm™ which corresponded to the C=C groups. Peaks at 2341.65 cm™ refer to the C-H stretching. The
carbon might be the residue from the alkoxide precursor solution. The characteristic vibration of the inorganic Ti-O

stretch was also observed in range of 650-690 cm™.

70



Mohamed Amin and Chandren / eProceedings Chemistry 3 (2018) 64-72

140 -
130 A
[
v— ——f—\/‘—'—'\/‘\

120 A
S 110 - — ~— — "
=
o 100 -
u V_’—’_/_’_\—/V_J\/
S 90 -
S 3208.14 2341.65 1640.12 650-690
E 20 - (O-H) stretching (C-H) (C=C) (Ti-0)
2 stretching stretching
o 70 "
| =
-

60 L] L] L] L] L] L] L]

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm?)

Figure 9 FTIR spectra of TiO, powder in different concentration (a) 0.10 M, (b) 0.15 M and (c) 0.20 M.

3.2.5 Surface Area and Pore VVolume Analysis by N2 Sorption

Figure 10 shows the nitrogen adsorption-desorption isotherm of TiO, powder. Based on the IUPAC
classification, the isotherm for TiO, powder with concentration of 0.15 M can be classified as type V [15]. The
hysteresis loop for this sample is type H3. According to IUPAC classification, type H3 hysteresis loop does not
exhibit any limiting adsorption at high P/P,, is observed with aggregates of plate-like particles giving rise to slit-
shaped pores. The BET surface area obtained was 24.74 m2/g. The pore size was calculated using Barret-Joyner-
Halenda (BJH) method. The total pore volume and pore size were 0.21 cm® g and 30.4 nm respectively.
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Figure 10 Adsorption isotherms for TiO, powder with concentration of 0.15 M.
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4. CONCLUSION

In this study, TiO, photocatalyst precursor inks had been successfully prepared with three different
concentrations, which were 0.10 M, 0.15 M and 0.20 M. The colour of the synthesized solution was transparent
yellow. TiO. particles in powdered-form were then synthesized from the prepared inks. The solvent was removed
from the ink solutions, dried in an oven and the resulting solid was grinded to powder form. The powder was yellow
in colour. After being calcined in a furnace, pure white coloured TiO, photocatalyst were yielded. The
physicochemical properties of the prepared TiO, powder has been successfully determined by using FESEM-EDX,
XRD and DR-UV-Vis. Characterization by using FESEM showed that agglomeration took place among the TiO>
particles. The most uniform particle size of TiO; and the least agglomeration was obtained with concentration of
0.15 M. Apart from that, the EDX results confirmed the presence of Ti and O elements in all the samples, proving
the successful synthesis of TiO,. Furthermore, the crystallinity of the TiO, powder by the XRD analysis shows that
the titania was in anatase form, which is the best crystallographic phase for photocatalytic activity. Meanwhile, the
UV-Vis spectroscopy identified the band gap energy of TiO. photocatalysts at the range of 3.42 to 3.46 eV. Based
on these analyses, TiO, with concentration of 0.15 M showed the best physicochemical properties among all three
samples. It can be concluded that the inks were stable and can be used for the next step. The best concentration for
the TiO; precursor ink determined was 0.15 M. However, the printing of the prepared photocatalyst precursor ink
cannot be carried out as the accommodation for small substrates in the modified printer has yet to be successful.
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