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GRAPHICAL ABSTRACT

TiOz nanoparticles synthesized at
300 °C, 500 °C and 600 °C
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RESEARCH HIGHLIGHTS

e Successful synthesis of TiO2 nanoparticles at 300 °C, 500 °C and 600 °C by SILAR

method.
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e Nanospherical balls with an average grain size of about 31 nm were exhibited by the

anatase and rutile phases of TiOz crystal structure.

e TEM and SAED patterns showed agglomerations of nanospherical balls with Debye
Scherrer’s rings which correspond to the crystal lattice planes of TiO2 while the

elemental presence of the deposited nanoparticles were confirmed from the EDX studies.

e High transmittance percentage with optical band gap energy ranging from 3.41-3.60 eV

was obtained.

e The chemical vibrational bonds existing between the nanoparticles and the band-to-band

transitions and were evident from the FTIR and PL studies respectively.
ABSTRACT

Successive ionic layer adsorption and reaction (SILAR) method was adopted in synthesizing
titanium dioxide nanoparticles at various temperatures so as to investigate their morphological,
structural, elemental, optical, chemical bond and photoluminescence properties. The as-prepared
nanoparticles were characterized with scanning electron microscopy (SEM), X-ray
diffractometry (XRD), transmission electron microscopy (TEM), selected area electron
diffractometer (SAED), energy dispersive x-ray spectroscopy (EDX), UV-Visible
spectrophotometry (UV-Vis), photoluminescence (PL) spectra and fourier transform infrared
spectroscopy (FTIR). Nanospherical balls revealing anatase and rutile crystal structures at (101)
and (110) planes respectively were observed. Agglomerations of chain-like small particles
manifested in Debye-Scherrer’s rings were evident from the TEM and SAED patterns. EDX
spectra confirmed the deposition of the major elements: Ti and O. High transmittance of about
80% with a band gap energy range of 3.41-3.60 eV was obtained from the optical properties.
Emission peaks arising from the PL spectra gave information on the charge transport and
recombination rates occurring at the TiO: nanoparticles while FTIR studies revealed the
chemical vibrational bonds of the deposited TiO2 NPs. The obtained results show the deposited

nanoparticles are suitable for solar cell applications.
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1. INTRODUCTION

Titanium (I'V) oxide or titanium dioxide or titania has the chemical formula TiO2 and is
the naturally occurring oxide of titanium. Titania is an efficient photocatalyst because it
maintains its photostability over time, toxic-free and has high oxidizing power [1]. It occurs
naturally as the minerals: anatase, rutile and brookite. The rutile crystallographic phase exhibits
more stability and density than the anatase and brookite phases. The interface between rutile and
anatase improves photocatalytic activity by increasing the separation of charge carriers [2].
When deposited as a thin film, TiOz serves as a good reflective optical coating due to its high
refractive index. Other features like high transmission in the visible and near-infrared region,
great usage in photocatalytic splitting of water, outstanding electrical (high resistivity and
dielectric constant) and optical (optically transparent with high refractive index) features have
increased its usage and research interest [1], [3]. Titanium dioxide has been synthesized via
various methods like atomic layer epitaxy [4], electrophoretic method [5], dc magnetron
sputtering [6]-[8], reactive r.f. magnetron sputtering [9], [10], ion beam enhanced deposition
[11], calcination process [12], liquid phase deposition [1], [13], pulsed laser deposition [14]-
[16], spray pyrolysis [17], [18], sol-gel [19]-[21], thermal evaporation [22], chemical vapor
deposition [23], [24], chemical bath deposition (CBD) [25], [26], successive ionic layer
adsorption and reaction (SILAR) [27]-[29]. SILAR method was adopted in this study because of
its simplicity, no special equipment required, relatively cheap and ease in film thickness control,
especially as it applies to optical devices. Titania finds application in protective layers of
electronic devices, gas sensing material, photovoltaics, surface coatings to minimize wears, as an

electric insulator and anti-reflective layer in optical coatings [19], [23].

However, few reports, though not recent have been made on TiO:2 nanoparticles
synthesized by SILAR technique. Pathan et al.[28] synthesized titanium dioxide thin films via
SILAR method using TiCls and NH4OH as cationic and anionic precursors, respectively. The
films deposited on indium-doped tin oxide (ITO) substrates were annealed at 450 °C for 6 hours
for annealing effect observation. Dense and uniform films were observed with the structure
revealing only the beta-phase of the TiO: film. Elemental composition of deposit was confirmed
while agglomerations were seen on the transmission electron microscopy images. Band gap

energy of 3.0 eV with improved photo-activity upon annealing was obtained [27]. Patil et al. [29]



deposited TiOz thin films using 0.1 M Ti(III)Cl3 as precursor, HCI as cation and NaOH as anion
via SILAR method on fluorine-doped tin oxide and glass substrates in order to understand its
structural, morphological, optical and photoactive properties. The films were annealed at 673 K
for 2 hours in the air. A power conversion efficiency of 0.047% was obtained in 1 M NaOH
electrolyte. Anatase phase was observed from the X-ray diffractomograms with the selected area
electron diffraction (SAED) patterns confirming the diffraction planes of the nanocrystallites.
Fourier transform infrared spectroscopy (FTIR) spectra revealed vibrational modes
corresponding to the anatase phase with a band gap energy of 3.6 eV [28]. Park et al.[??]
synthesized TiOz thin films and nanoparticles via SILAR method using (NH4)2TiO(C204)2.H20
and NaOH as precursors. The films were put in a preheated box furnace at 200 °C (16 h), 400 °C
(5 h), 600 °C (5 h), 800 °C (5 h) and 1000 °C (2 h) and characterized. The anatase and rutile
phases were seen from the XRD patterns with homogenously closely packed TiOz thin films seen
from the AFM images. The films annealed at 200 °C showed better mechanical stability and
photocatalytic activity [29].

In this work, we present the morphological, structural, elemental and optical properties of
titanium dioxide nanoparticles synthesized by SILAR method at annealing temperatures of 300
°C, 500 °C and 600 °C for 2 hours. SILAR method was adopted to regulate its thickness and
encourage large scale production. No solvent was introduced unlike in previous reports so as to
avoid contaminating the deposited layers and altering desired results. Alternatively, nanoparticles
instead of thin films have been used so as to minimizing recombination effects, increasing

surface area activity and increasing direct transition of the anatase phase.
2. EXPERIMENTAL DETAILS

TiO2 nanoparticles were synthesized via SILAR method on glass substrates and annealing the
obtained films at 300 °C, 500 °C and 600 °C respectively for 2 hours. The room-temperature
SILAR method comprised of four (4) steps;

Step 1: In synthesizing the cationic solution, 4 ml of titanium isopropoxide (Ti{OCH(CH3)2]4)
was mixed in 25 ml of isopropanol (CH3;CHOHCH3) in a beaker. 0.35 ml of hydrochloric (HCI)
acid was mixed with 25 ml of isopropanol in another beaker. The solutions in both beakers were

mixed together and stirred for about 10 minutes.



Step 2: 100 ml of distilled water in a beaker for rinsing film obtained from step 1

Step 3: In synthesizing the anionic solution, 0.01 M of sodium hydroxide (NaOH) solution was

prepared and put in one beaker.
Step 4: 100 ml of distilled water in a beaker for rinsing film obtained from step 3

Cyclic Process: SILAR method was adopted in synthesizing the titanium dioxide films. The
substrate was dipped in the cationic solution for 20 seconds for adsorption of the titanium
species. Rinsing of substrate in distilled water for 5 seconds to remove loosely bound electrons.
The substrate was then dipped in the anionic solution for 20 seconds and afterward rinsed in
another beaker of distilled water for 5 seconds. The film formation continued until after 23
cycles where a feasible deposit was observed on the substrate surface. The titanium solution
congealed after drying in a closed chamber for some hours. The synthesis process was repeated
to obtain three different films which were annealed respectively at 300 °C, 500 °C and 600 °C for
2 hours. Afterwards, the dried films were scraped off the substrate surfaces to obtain TiO:

nanoparticles at different temperatures. The synthesis process is illustrated in Figure 1.
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Figure 1: Illustration of the processes involved in synthesizing the TiO2 nanoparticles.

During characterization of the nanoparticles, the morphological properties were obtained
using a Zeiss scanning electron microscope while the structures were recorded using an x-ray
diffractometer (Bruker AXS D8 diffractometer) at a scanning angle range from 10-90 ° with Cu-
Ku radiation of 1 = 1.5406 A. The average particle sizes were measured using Image J software.
The elemental compositions were gotten using an energy dispersive x-ray (EDX) spectrometer
while the optical properties were obtained using a QEP00503 spectrometer within a wavelength
range of 300-2500 nm and 300-1200 nm respectively. Transmission electron microscopy (TEM)
and selected area electron diffraction (SAED) studies were carried out using Tecnai G* F20 S-
Twin High Resolution Transmission Electron Microscope (HRTEM) operated at 200 kV, the
chemical vibrational bonds of the nanoparticles were studied from the fourier transform infrared
(FTIR) spectrum using Thermo-Nicolet 8700 FTIR spectrometer while the photoluminescence
(PL) properties were obtained from an F-7000 FL spectrophotometer model at a chopping speed
of 40 Hz.

3.0 RESULTS AND DISCUSSION
3.1 Morphological Studies

Figure 2 shows the surface morphology of the TiO: nanoparticles synthesized at different
annealing temperatures for 2 hours. The morphology reveals spherical balls of different sizes
with dimensions in the nanometer range. Agglomerations have also been observed from the SEM
images. The nanoparticles of different sizes spread uniformly across the surface for the purely
anatase phase. This porous morphology was due to the nucleation and coalescence encountered

during the formation process [28]. This morphology encourages photocatalytic activity as more

species get adsorbed on the surface per unit area [7].




Figure 2: SEM micrographs of the TiO2 films synthesized at (a) 300 °C (b) 500 °C and (c) 600 °C

The average grain sizes of the TiO: films produced at 300 °C, 500 °C and 600 °C were
respectively 31.03 nm, 31.59 nm and 31.77 nm. It can be deduced that the average grain sizes of
the films increased with annealing temperature. Increasing the annealing temperature also
produced larger grain sizes with less surface coverage and smaller voids present. The different
grain sizes are due to the nucleation and growth rates of the nanoparticles. The small voids
obtained at higher temperatures increase the oxidation rate of the particles by allowing direct
passage of oxygen molecules inward from the ambient surrounding [6]. Annealing titania
enhances the adsorption of oxygen so that the anatase and rutile phases of the TiO2 nanograins

could be formed [22].
3.2 Structural Studies

Figure 3a shows the XRD patterns of the TiO: particles at various annealing temperatures with
the corresponding indices of the different diffraction planes where A and R represent anatase and
rutile respectively. The particles exhibited two phases: anatase and rutile. However, the particles
annealed at 300 °C showed the anatase phase, the particles annealed at 500 °C exhibited both the
anatase and the rutile phases while the particles annealed at 600 °C showed a purely rutile phase.
An increase in the diffraction intensity as the annealing temperature increased is an indication of
crystallite growth and improved crystalline nature of the samples [1]. An increase in the
magnitude of the diffraction peaks with increasing temperature could be because the radicals
were adsorbed better into the materials synthesized at higher temperatures and with larger grain
sizes [17]. At 300 °C, the low intensities of the diffraction peaks were due to the transformation
from amorphous to anatase phase that required sufficient temperature to initiate the
crystallization process [1], [30]. Anatase-to-rutile phase transformations aimed at technological
advancements have been studied by [31], [32]. The presence of the anatase phase makes it a
potential material for photocatalytic applications while the rutile phase makes it applicable in

medicine [5].
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Figure 3: (a) XRD patterns of the TiO: particles at various annealing temperatures (b) Zoomed
XRD patterns showing the most prominent anatase (A (101)) and rutile (R (110)) peaks.

The XRD patterns in Figure 3 reveal tetragonal crystal structures of the anatase and rutile
TiO2 phases corresponding to the JCPDS card numbers: 00-021-1272 and 00-021-1276
respectively. Upon increasing the temperature beyond 300 °C, (110) plane was prominently
observed. The (110) plane of the stable rutile tetragonal phase at 600 °C exhibited the most
intense peak. TiO2 has been reported to be more stable with high manifestation of photocatalytic

activity at (101) anatase planes [33].

From Figure 3b, as there are no apparent R (110) peaks for the particles annealed at 300
°C, hence its rutile structure content is assumed to be 0%. Similarly, for the particles annealed at
600 °C, the A (101) peaks are absent. Therefore, the rutile structure content is assumed to be
100%. However, for the 500 °C annealed sample, the anatase and rutile contents (fa) and (fr) in
the materials were obtained to be 50.8% and 49.2% respectively using a formula proposed by

Spurr and Myers [34] in equation (1).
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where la and Ir are the XRD intensities for A(101) and R(110) structures respectively.



This indicates that an increase in annealing temperature of TiO2 brings about an amorphous-to-
anatase-to-rutile transition. This agrees with research by Porter et al. [35] on the effect of

calcination temperature on the structure on TiOx.

The XRD results agree with the SEM results that increasing the annealing temperature
led to an increase in the crystallinity of the material and hence an increase in the crystallite
number. The average crystallite sizes of the nanoparticles for the prominent peaks were

calculated using Scherrer’s formula [36] in equation (2):

D 0.941
Pcosé

2

Where A is the wavelength of the XRD target, 0 is the Bragg’s diffraction angle and 3 is the full
width at half maximum (FWHM).

Crystal defects in the form of grain boundaries dislocations existed due to the polycrystalline
nature of the titania nanoparticles. The lattice constants: a and ¢ of the TiO2 nanoparticles with
other structural parameters are summarized in Table 1. The inter-planar distance, d, between
parallel atomic planes and the dislocation density, 8, were obtained using equations (3) and (4)

[37]:
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Table 1: Summary of some crystal parameters obtained from the TiO2 nanoparticles

Annealing Crystallite FWHM D@@mm) d(mm) §(nm?) a c
Temperatures (°C) Phase ®

300 A(101) 1.4266 0.1018 0.92 96.44 3.79 9.51
500 A(101) 0.5887 0.2468 0.92 16.42 3.79 9.51
500 R(110) 0.0978 0.3496 0.08 8.18 4.59 2.96

600 R(110) 0.2506 1.7975  0.08 0.31 4.59 2.96



It is evident from Table 1 that the 300 °C nanoparticles recorded the lowest crystallite size and
agrees with the SEM results. The dislocation density of a material is inversely proportional to the
crystallite size and is confirmed from the obtained results. The lattice constants correspond to the

anatase and rutile phases of TiO2 nanoparticles.

Transmission electron microscope (TEM) images and selected area electron diffraction
(SAED) modes were obtained in imaging for the nanoparticles synthesized at various
temperatures so as to respectively understand the morphological and crystallographic structures
of the nanoparticles. Figure 4(a-b, d-e) describe the anatase phase while Figure 4(c, f) represent
the rutile phase of the TiO2 nanoparticles. The TEM patterns revealed agglomerations of small
particles and chain-like crystallite aggregates viewed at the nanometer range. The different
structures observed from the TEM images account for the different phases: anatase and rutile
obtained from the XRD results. The interplanar spacing of the different samples revealing the
anatase and rutile structures are indexed in the TEM patterns. The large surface area
encompassing the porous nanospherical grains make the titania particles potential
photoelectrochemical electrodes [28]. The SAED patterns in the figure revealed Debye-Scherrer
rings with each ring representing a particular (h k 1) reflection of either the anatase or rutile
crystalline phases of the titania nanoparticles. The rings confirm the nanocrystalline nature of
TiOz2 particles. The different arrangements of the diffracted rings show a phase evolution of the
crystalline grains due to annealing. The anatase-to-rutile phase transformation was evident from
the spots which became brighter with increasing temperature. The bright spots show preferential
diffraction features while the high intensity of the spots show that it came from the nanoparticle
core [7]. The spots also reveal the random orientation of the crystallites which correspond to
different diffraction planes. The interplanar distances are indicated by rings which correspond to

the lattice planes observed from the XRD patterns.




Figure 4: (a-c) TEM images and (d-f) SAED patterns of the TiO2 nanoparticles synthesized
respectively at a) 300 °C b) 500 °C ¢) 600 °C

3.3 Elemental Composition

Energy dispersive x-ray spectroscopy (EDX or EDS) was adopted in determining the elemental
composition of the synthesized TiO: particles. The EDX spectra of the TiO: nanoparticles
annealed at various temperatures are shown in Figure 5. The major elements: titanium (Ti) and
oxygen (O) were obtained and confirmed the deposition of the expected film. Other elements
like: Cu, C and Si obtained could be due to environmental interferences during the laboratory
synthesis process and the substrate used for the deposition. The EDX investigations confirmed

the formation of TiO2 nanoparticles upon deposition on the substrate surfaces.
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Figure 5: EDX spectra of TiO2 nanoparticles synthesized at 300 °C, 500 °C and 600 °C.

3.4 Optical Studies

Figure 6 shows the spectra of optical absorbance, transmittance and reflectance in the
wavelength range 300-2500 nm of the TiO: particles annealed at different temperatures. The
spectra showed interference fringes throughout the wavelength range. Low absorbance observed
in the visible region of the electromagnetic spectra as seen in Figure 6(a) is the characteristic of
Ti02. Maximum transmittance of about 80% was obtained in Figure 6(b) at the highest annealing
temperature. High transmittance percentage has also been obtained. The lower transmittance
property of the particles annealed at temperatures of 300 °C and 500 °C could be due to sufficient
oxygen vacancies that absorbed the incident light [11]. Excitation of the electrons from the
valence to conduction band of titania after light absorption contributed to the low transmittance
exhibited below 400 nm. The optical transmittance was also accompanied by a spectral blue shift
in the lower wavelength regions. These transmittance properties could be attributed to annealing
at high temperatures and transformations between anatase and rutile phases [38]. The rutile
titania phase exhibited better optical transmittance. Figure 6(c) shows the particles deposited at
lower temperatures recorded reduced reflectance than that synthesized at 600 °C. Changes in the
optical features could be due to slight changes in the crystallite size, phase structure and surface

morphologies of the particles.



0 oal a0 ) -
5 004 (a —300 C| & (b 30.15 (c
s W L
8 ——500 C| =60 juw
S 600 °C X Soto
: 0w :
s L [o)
not 0.02; o 300 OC Q ——300°C
7] 1 Z 204 f— 500 C | 0.05 | s/
0 < o~ LL 500 G
2 4% ——600 C| 3 o,
T T — - T T — v 600 C
800 1600 2400 800 1600 2400 %0 1600 2400
WAVELENGTH (nm) WAVELENGTH (nm) WAVELENGTH (nm)

Figure 6: Plots showing the a) absorbance b) transmittance c) reflectance of the TiO2

nanoparticles annealed at 300 °C, 500 °C and 600 °C.

Figures 7(a) and (b) illustrate the absorption coefficient (o) and (chv)? (as a function of photon
energy) synthesized at different temperatures. The plots were obtained from the diffuse
reflectance values using Kubelka-Munk theory. The dependence of the absorption coefficient on
the incident photon energy obtainable from Tauc equation helps in determining the nature of the
optical absorption transition. The particles synthesized at 300 °C and 500 °C demonstrated lower
absorption coefficients than that synthesized at 600 °C. All the particles recorded higher
absorption coefficients at the lower photon energy regions are shown in Figure 7(a). The
increased absorption coefficient values at increasing temperatures agree with previous reports
and could be due to increased crystallinity and compactness of the nanoparticles [6], [38]. The
decrease in the absorption edge wavelength for the titania nanoparticles is a clear indication that

its band gap would reduce with decreasing annealing temperature.

The Kubelka-Munk (K-M) equation is given in equation (5a) while the optical band gap energy
(Eg) and absorption coefficient is related by equation (5):

F(R) = (1-R)?/ 2R (5a)
(¢hv)* = A(hv—E,)" (5b)

Where F(R) is the K-M function, R is the diffuse reflectance, w is the absorption coefficient, hv

is the photon energy, A is a factor that is dependent on the transition probability, h is Planck’s



constant, and the power n depends on the transition during the absorption process. n has values
ranging from 1/2, 3/2, 2, and 3 for the direct allowed, direct forbidden, indirect allowed, and
indirect forbidden transition respectively. The nanoparticles synthesized at 300 °C, 500 °C and
600 °C recorded band gap energies of 3.60 eV, 3.53 eV and 3.41 eV respectively as seen in
Figure 6(b). Reduction of band gap energies with annealing temperature has been attributed to a
reduction in interatomic spacing and structural modifications [6], [9]. Similar band gap energies
have also been obtained [25], [28]. The higher band gap energies obtained could be due to
quantum size effect [28] and the thermal stress encountered during the annealing process [14].
The reduction of the band gap energies at increasing temperatures justifies the increase in grain

sizes as seen from the SEM images.
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Figure 7: Optical plots showing the a) absorption coefficient and b) band gap energy of the

nanoparticles synthesized at various temperatures.

3.5 Fourier transform infrared spectroscopy (FTIR)

FTIR study was carried out to investigate the chemical structure and vibrational bonds existing
between the TiO2 nanoparticles. The FTIR spectra of the TiO2 nanoparticles synthesized at 300
°C, 500 °C and 600 °C are shown in Figure 8. The samples show the main bands at 400-700 cm™!
which are attributed to Ti-O stretching and Ti-O-Ti bridging stretching modes [44]. The 1400-
1750 cm! regions belong to O-H bending vibrations [45]. The broad bands at 2800-3800 cm’!



represent the O-H vibration for water molecules while the broad band at 3100-3600 cm™ is
attributed to Ti-OH [1]. The O-H group was evident because of water molecule absorption from
the aqueous solution during the synthesis process. The different phases: anatase and rutile were
evident from the spectrum displayed by each sample. These results agree with the x-ray
diffractomograms. The intensities of O-H vibration band reduced while that of the Ti-O band
increased with annealing temperature. The results confirm the formation of titanium

nanoparticles.
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Figure 8: FTIR spectra of the TiO2 nanoparticles synthesized at300 °C, 500 °C and 600 °C.
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3.6 Photoluminescence (PL) Studies

The PL emission spectrum is a useful tool in determining efficient charge transport and the rate
of recombination of carriers in semiconductors [39]. Some reports on the PL spectra of titania
nanoparticles have been presented in literature [25], [40], [41]. Figure 9(a) shows the room

temperature photoluminescence spectra for the TiOz particles annealed at 300 °C, 500 °C and 600



°C in the wavelength range of 350-1200 nm. Three main emission peaks were observed at 440
nm, 625 nm and 835 nm for the particle synthesized at 600 °C while the particles synthesized at
300 °C and 500 °C had emission peaks at 430 nm and 695 nm. The broad bands in the visible
region could arise due to the recombination of ionized oxygen vacancies with photo-generated
holes. The observed peak at 430 nm corresponds to the band transitions due to electron excitation
from the valence to the conduction band. All the particles manifested narrow and less intense
emission peak at 620 nm. The emission peaks could be due to charge-transfer and band gap
transitions [42]. The variations in the photoluminescence intensity could be due to a change in
defect state of the titania surface and the different phase structures that arose from different
annealing temperatures [43]. The particle synthesized at 600 °C recorded the maximum emission
intensity as compared to the other samples synthesized at lower temperatures. An illustration of

the active energy levels of the materials is shown in Figure 9(b).
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Figure 9: (a) Photoluminescence spectra showing the absorption emission peaks (green arrow)
and (b) Illustration of active energy level for the TiO2 nanoparticles synthesized at 300 °C, 500
°C and 600 °C.

4.0 CONCLUSION

This study investigated the morphological, structural, elemental, optical and charge transport
properties of TiO2 nanoparticles synthesized by SILAR method at annealing temperatures of 300
°C, 500 °C and 600 °C. SEM results revealed nanospherical porous grains with the anatase and

rutile TiO2 phases evident from the XRD results. EDX spectra confirmed the deposition of basic



elements on the substrate surface. Good optical properties with band gap energies ranging from
3.41 eV to 3.60 eV was obtained for the nanoparticles. TEM images showed agglomerations of
small chain-like particles while SAED measurements confirmed the nanocrystalline nature of the
deposited samples. PL measurements described the charge transport mechanisms while the FTIR
studies revealed the chemical vibrational bonds existing between the TiO2 nanoparticles. The
rutile TiO2 phase exhibited better features than the anatase phase of the nanoparticles. The

deposited films have the potential in finding the applications in biomedicine and solar cells.
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