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ABSTRACT: The visible light responding TiO, nanoparticles have been achieved through green synthesis method. In
this experiment, three types of natural dyes including Turmeric extract, Bergamot fruit extract, and Siamese neem
leave extract were used as stabilizing agents. TiO, nanoparticles were synthesized by solution-based one-step and
two-step methods. The results of X-ray diffraction (XRD) and Ti K-edge X-ray absorption near edge structure (XANES)
spectroscopy affirmed that anatase TiO, nanoparticles were obtained from all samples with the average crystallite sizes
of 5-8 nm. Moreover, UV-Visible absorption spectra revealed that the natural dyes play an important role in improving
the visible light absorption ability of TiO, and decreasing the band gap energy of TiO, from 3.1 eV to 2.3 eV. The
absorption edge energies of the two-step samples were lower than those of the one-step samples. The infrared spectra
of the two-step TiO, displayed complex vibration features which were related to the carbonyl (C=0) and hydroxyl
(O—H) groups of natural dyes. The presence of these functional groups was obviously responsible for the optical

response of TiO, nanoparticles in the visible wavelength region.
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INTRODUCTION

With the rapid worldwide growth in renewable
energy, the development in energy conversion and
storage systems are becoming increasingly impor-
tant. TiO, is one of the most important semicon-
ductors, and it is a potential candidate for use in
photoelectrochemical (PEC) solar cells, supercapac-
itors, and Li-ion batteries. Fujishima and Honda first
pointed out the application of water photoelectro-
chemical concept that employed the semiconductor
properties of TiO, [1]. Its band gap energy is
suitable for absorbing ultraviolet (UV) light, pro-
moting electrons from the valence to the conduction
band. In the PEC cell, composed of TiO, as n-type
semiconductor photoelectrode, electrons and holes
are generated when the TiO, is irradiated with UV
light. The photogenerated electrons reduce water to
form H,, on Pt counter electrode, while holes oxidize

water to form O, on the TiO, electrode with some
external biases by a power supply or pH. However,
the light absorption efficiency is rather moderate
for commercial applications. The limitation of the
TiO, for use as a photoelectrode is its poor visible
light absorption due to wide band gap energy (ca.
3.0 eV for rutile and 3.2 eV for anatase) and high
recombination rate of photogenerated electron-hole
pairs. Several techniques for improving the pho-
tocatalytic activity of TiO, in visible light have
been proposed [2], including doping technique with
many types of dopants (metal ions and non-metal
ions) [3] and reactive complex formation [4]. In
the 1990s, Gratzel and co-workers proposed dye-
sensitized solar cells technology by the successful
combination of TiO, electrodes and synthetic or-
ganic dyes, resulting in greater efficiency of up to
7% [5]. The major challenge is not only to develop
the visible light responding TiO, nanoparticles, but
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also the facile, nontoxic, and alternative low-cost
synthesis method that can be widely used in many
applications.

The green synthesis of metal nanoparticles has
attracted much attention recently, for example, the
green synthesis of silver nanoparticles using plant
extract for heavy metal sensing [6]. For TiO,
nanoparticles, various natural resources have been
used for their biogenic syntheses [7,8]. TiO,
nanoparticles were synthesized from titanium chlo-
ride using orange peel extract. The average crystal-
lite size of the sample deduced from X-ray diffrac-
tion and the particle size deduced from particle size
analyzer were 17 nm and 22 nm, respectively [9].
Besides, the TiO, particles obtained from titanium
chloride using aloe vera extract had the particle
size of 20-50 nm [10]. It has been reported that
TiO, nanoparticles could be produced from titanium
hydroxide using Euphorbia heteradena Jaub root
extract as a reducing and stabilizing agent with-
out application of toxic reagents or surfactant tem-
plates [11]. The Echinacea purpurea herba extract
was also used as a bioreductant for the production
of 120 nm TiO, nanoparticles [12]. However, most
reports focused on the morphology and particle size
of titania, while the structure and photo-physical
properties under visible light region of titania have
not been investigated. Alternative natural dyes
abundant in Thailand, such as turmeric extract,
bergamot fruit extract, and Siamese neem leave ex-
tract have been used as stabilizing agents to prevent
agglomeration and achieve the desired shape and
size of TiO, nanoparticles [13]. They are non-toxic
and applicable without complicated purification.
Moreover, the intense colors of these natural dyes
would suggest that they have excellent visible light
absorption abilities. Therefore, we can expect that
the application of these natural dyes would shift
the photocatalytic response of TiO, nanoparticles
to the visible light region and prevent the electron-
hole recombination. In addition, the existence of
highly reactive (OH) groups in the dye structure can
facilitate its attachment to titania surface.

In this study, three natural dyes (i.e., turmeric
extract, bergamot fruit extract, and Siamese neem
leave extract) have been used to synthesize TiO,
nanoparticles by solution-based one-step (TiO,-
natural dye) and two-step (TiO, /natural dye) meth-
ods. A facile synthesis method has been developed
to produce the dye-functionalized titania nanoparti-
cles and to extend the light absorption of TiO, into
the visible region of the spectrum and. Therefore,
improve its photocatalytic performance.

www.scienceasia.org

ScienceAsia 47S (2021)

Solution processing Impregnation method

20 g/L dye solution + 1 M titanium
isopropoxide solution

l

stirred at room temperature for 3 h

20 g/L dye solution + 0.5 g of the
prepared TiO,

stirred at room temperature for 3 h

centrifuged and washed dried at 100 °C for 5 h

l

calcined at 400 °C for 2 h

Fig. 1 Natural dye assisted synthesis of TiO, nanoparticles
by: (a) one-step method and (b) two-step method.

MATERIALS AND METHODS
Preparation of natural dyes

Aqueous extracts of turmeric, bergamot and
Siamese neem were prepared from their respective
components: fresh roots, peels, and leaves.
Individual components were cleaned, and boiled
with distilled water at 60°C for 1 h. Then, the
extracts were filtered through Whatman No. 1 filter
papers and evaporated to obtain concentrated dyes.

Synthesis of TiO, nanoparticles

TiO, nanoparticles were synthesized via sol-gel
method using titanium isopropoxide solution as a
starting material. The sample was prepared by
dissolving 1 M titanium isopropoxide in 100 ml dis-
tilled water. The solution was subjected to constant
stirring for 3 h at room temperature. (The forma-
tion of nanoparticles occurred during this process.)
Then, the mixture was centrifuged at 3000 rpm
for 15 min to separate the nanoparticles, which
were later washed with distilled water repeatedly to
remove the by-products. Finally, the nanoparticles
were calcined at 400 °C for 2 h.

Natural dye assisted synthesis of TiO,
nanoparticles

Natural dye assisted TiO, nanoparticles were syn-
thesized by solution-based one-step (TiO,-natural
dye) and two-step (TiO, /natural dye) methods as
shown in Fig. 1.

For the one-step preparation, 20 g/1 dye so-
lutions were individually added to 1 M titanium
isopropoxide solutions under stirring at room tem-
perature for 3 h. The mixtures were centrifuged,
washed, and calcined at 400 °C for 2 h to obtain the
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TiO,-Turmeric, the TiO,-Bergamot, and the TiO,-
Siamese neem nanoparticles.

For the two-step preparation, TiO,/natural dye
nanoparticles were prepared by wet impregnation
method. 20 g/l dye solutions were individually
added to 0.5 g of the prepared TiO,. The solu-
tions were subjected to constant stirring at room
temperature for 3 h. The mixtures were dried
at 100°C for 5 h to obtain the TiO,/Turmeric,
the TiO,/Bergamot, and the TiO,/Siamese neem
nanoparticles.

Characterization of TiO, nanoparticles

The X-ray diffraction patterns were recorded by
Bruker D8 advance diffractometer equipped with
a Lynxeye position sensitive detector and Ni fil-
ter, in the 20-80° range (step 0.02 s/step), using
CuKoa radiation (A = 1.54 A). The local struc-
ture around Ti atoms was investigated using X-ray
absorption spectroscopy (XAS) at Beamline 1.1W:
Multiple X-ray Techniques, at the Synchrotron Light
Research Institute (SLRI), Thailand (electron en-
ergy of 1.2 GeV, multipole wiggler, beam current
80-150 mA). The X-ray beam was monochroma-
tized by a Si(111) double-crystal monochromator.
The obtained XAS data were processed using the
Athena graphical interface of the IFEFFIT software
package [14]. Surface morphology of synthesized
TiO, was characterized using FEI, Quanta 450 scan-
ning electron microscope. The UV-Visible spectra
were collected in diffuse reflectance mode using an
Analytikjena Specord 210 plus UV-Vis spectrome-
ter (320-800 nm). The Fourier-transform infrared
(FTIR) spectra were recorded over a spectral range
of 400-4000 cm™! (4 cm™! resolution) from Bruker
Vertex 70 FTIR spectrometer.

RESULTS AND DISCUSSION

The phase composition and crystal structure of all
synthesized TiO, powders, including TiO, and nat-
ural dye assisted TiO, prepared by the one-step
(TiO,-natural dye) and the two-step (TiO, /natural
dye) methods, were investigated by X-ray powder
diffraction (XRD), and the results are shown in
Fig. 2. All synthesized TiO,, powders exhibited main
diffraction peaks at 26 of 25.4° (101), 37.9° (004),
48.0° (200), 54.2° (105), and 62.6° (204), which
corresponded to anatase phase of TiO,, a tetragonal
crystal structure with space group 141/amd (JCPDS
21-1272) [15]. There were no characteristic peaks
of impurities observed in the TiO, and TiO,-natural
dye powders. However, a small additional peak
(at 30.9°) was noticed in TiO, /natural dye, which
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Fig. 2 XRD patterns of TiO, nanoparticles compared
with natural dye assisted TiO, nanoparticles prepared by:
(a) one-step method and (b) two-step method.

was obviously due to the slight presence of brookite
TiO, phase. The average crystallite size of TiO,
nanoparticles was calculated from the diffraction
peak width using Debye-Scherrer’s formula:

D— KA
" BcosH

where D is the crystallite size, A is the wavelength
of the X-ray radiation (0.15406 nm) for CuKa, K is
usually taken as 0.89, and f3 is the full width at half
maximum (FWHM) of the most intense diffraction
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Fig. 3 Ti K-edge XANES spectra of Ti references, TiO,,
nanoparticles, and natural dye assisted TiO, nanoparti-
cles.

Table 1 Average crystallite sizes of TiO, and natural dye
assisted TiO, with one-step method (TiO,-natural dye)
and two-step method (TiO, /natural dye) nanoparticles.

Sample The average crystallite sizes (nm)
TiO, 7.07
TiO,-Turmeric 6.82
TiO,-Bergamot 7.12
TiO,-Siamese neem 6.01
TiO, /Turmeric 5.47
TiO, /Bergamot 5.78
TiO, /Siamese neem 7.56

peak (26 at 25.493°). The obtained crystallite sizes
are summarized in Table 1. The average crystallite
sizes of all TiO, samples were in the range of
5-7 nm.

X-ray absorption spectroscopy (XAS) analyses
provided additional information on the oxidation
state and local atomic structure around Ti atoms
in the synthesized TiO, particles. Ti K-edges X-ray
absorption near edge structure (XANES) spectra of
all TiO, samples and the reference compounds, i.e.,
Ti metal, TiO, Ti,0,, anatase, and rutile TiO,, are
presented in Fig. 3. At first glance, XANES spectrum
of each reference material exhibited specific features
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because the edge energy position, pre-edge peak,
and oscillation shape were specifically sensitive to
the oxidation states and the local structure around
the central atoms (Ti atoms). XANES spectra of all
TiO, samples were identical to that of anatase TiO,
standard. No evidence of the characteristic pre-
edge and oscillation features from other titanium
oxides were observed in XAS spectra of the TiO,
and the natural assisted TiO, samples. These results
affirmed the formation of anatase TiO, (dominated
by Ti*" ions) as a main titanium compounds in all
the samples.

The functional groups on the surface of
TiO, and natural dye assisted TiO, nanoparticles
were analyzed by Fourier-transform infrared spec-
troscopy (FTIR), and the results are illustrated in
Fig. 4. All TiO, samples showed broad absorption
bands between 400 cm™' and 800 cm™!, mainly
ascribed to Ti—O and Ti—O-—Ti stretching modes,
which affirmed the formation of TiO, particles
[16,17]. The absorption peaks between 3000 cm™!
and 3800 cm™! were assigned to O—H stretching
vibration mode of hydroxyl functional group. The
absorption peaks at 1618 cm™! were characteris-
tics of H—OH groups of TiO, [11]. The vibration
bands at 1719 cm™! and 2960 cm™! in natural dye
assisted TiO, by two-step preparations showed char-
acteristics of C=0 and C—H stretching absorptions,
respectively [18]. This would suggest the presence
of hydroxyl and carbonyl groups of the natural dyes
on the TiO, surface, which would contribute to the
photocatalytic activity of TiO, [19].

Fig. 5 shows the Scanning Electron Microscope
(SEM) images revealing the surface morphology of
TiO, and the natural dye assisted TiO, nanoparti-
cles. All synthesized TiO, particles formed spher-
ical agglomerates. The TiO,-natural dye showed
the smallest particle sizes (~100-300 nm) com-
pared with those obtained by the TiO,/natural dye
(~500 nm) and those of TiO, (~500 nm). The
natural dye type had no significant influence on the
particle size. It seems likely that the natural dye
assisted synthesis with one-step method enhanced
the dispersion of TiO, nanoparticles. This should
be due to the steric hindrance effect of long-chain
dye molecules that limits direct contact between
particles, and therefore prevented particle agglom-
eration. A similar observation was previously re-
ported by Bagwe et al [20]. The severe aggregation
of silica nanoparticles could be reduced by adding
functional groups, such as amine/phosphonate and
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Fig. 4 FTIR spectra of three series of natural dyes extracted from: (a) Burgamot fruit peels, (b) Turmuric roots, and
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carboxylate/octadecyl to the surface. The mecha-
nism of electrostatic repulsion or steric hindrance-
based stabilization for the prevention of surface-
modified silica nanoparticle agglomeration was also
demonstrated.

In this work, turmeric roots extract, bergamot
fruit peels extract and neem leaves extract were
used as photo-sensitizer to improve the visible light
response of TiO,. The optical properties of the
synthesized TiO, nanoparticles were studied by
means UV-Vis spectroscopy, as illustrated in Fig. 6.
The TiO, prepared without natural dye exhibited a
strong absorption in the 320-450 nm wavelength
range. It is worth noting that the absorption of the
natural dye assisted TiO, extended into the visible
region of the spectrum, to wavelengths greater than
600 nm (Fig. 6ab). The one-step prepared TiO,
(TiO,-natural dye) had only a strong absorption
peak (at about 320 nm) similar to that of TiO,
while the two-step prepared TiO, (TiO,/natural
dye) also had a shoulder at longer wavelength
(about 420 nm). In addition, the band gap energies
of all TiO, samples were determined by applying
Tauc’s relation [21]. The optical absorbance coeffi-
cient of a semiconductor close to the band edge can
be expressed by the following equation:

A(hy—E,)"

@ hvy

where aiAid is the absorption coefficient, A is the
absorption constant, h is the Planck’s constant (J.s),
E, is the band gap energy, n = 1/2 for direct al-
lowed transition [22]. An example of the plot of
(ahv)? versus photon energy (hv) is presented in
Fig. 6¢c. The extrapolation of the plot to the intercept
yielded the direct band gap energy, E,, for these
materials. The band gap energy values of TiO,
and natural dye assisted TiO, were summarized
in Table 2. In general, the natural dye assisted
TiO, prepared by the two-step method showed the
lowest band gap energies (2.31-2.41 eV) compared
to those obtained by the one-step method (2.79-
3.13 eV) and those of TiO, (3.07 eV). The band
gap energy values of the two step prepared TiO,
were: TiO,/Turmeric (2.31 eV) < TiO,/Siamese
neem (2.34 eV) < TiO, /Bergamot (2.41 eV). These
band gap values correlated well with the energy
absorption results that the natural dye assisted TiO,
prepared by the two-step method had the small
band gap values, consequently had the great visible
light absorption ability.
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Table 2 Band gap energies of TiO, and natural dye
assisted TiO, with one-step method (TiO,-natural dye)
and two-step method (TiO, /natural dye) nanoparticles.

Sample Band gap energy (eV)
TiO, 3.07
TiO,-Turmeric 2.79
TiO,-Bergamot 3.13
TiO,-Siamese neem 3.04
TiO, /Turmeric 2.31
TiO, /Bergamot 2.41
TiO, /Siamese neem 2.34

CONCLUSION

The natural dye assisted TiO, were successfully syn-
thesized by solution-based one-step (TiO,-natural
dye) and two-step (TiO, /natural dye) methods.
XRD and XAS analyses affirmed the formation of
anatase TiO, nanoparticles with the average crys-
tallite sizes of 5-8 nm in all samples. It was
found that the natural dye assisted synthesis with
one-step method enhanced the dispersion of TiO,
nanoparticles, resulting in particle size reduction,
whereas the two-step synthesis method favored the
deposition of natural dye molecules on the TiO, sur-
face. UV-Vis spectroscopy study has demonstrated
that the use of natural dye assisted synthesis method
could extend the light absorption of TiO, into the
visible range of the spectrum (wavelengths greater
than 600 nm) and decrease the band gap energy
of TiO, from 3.1 eV to 2.3 eV. The TiO, prepared
by the two-step method provided lower absorption
edge energies compared with those of the one-step.
Their band gap energy values also varied depend-
ing on the dye type: TiO,/Turmeric (2.31 eV) <
TiO,/Siamese neem (2.34 eV) < TiO,/Bergamot
(2.41 eV). Therefore, the natural dye assisted syn-
thesis can be considered as a promising prepara-
tion method to improve the visible light absorption
ability of metal oxide nanoparticles. We expected
that this approach may offer a great advantage with
respect to the preparation of nanocrystalline metal
oxides, which are suitable for photocatalysis and
photoelectrochemical applications.
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