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Abstract

The rutile phase of TiO2 can generally be obtained by high-temperature calcination of anatase nanopatrticles.
However, calcination undoubtedly leads to agglomeration and growth, hence increasing particle size. So,
fabrication of rutile titania at low temperatures is of great importance since the formation of bigger particles
can be avoided. Here, ultra-small rutile TiO2 nanopatrticles (NPs) of ~ 5 nm have been synthesized using a sol-
microwave method at low temperature (150 °C). These rutile TiO2 NPs have shown no surface defects, such
as trivalent titanium (Ti®*) ions and oxygen vacancies. The resulting samples were analyzed by the following
methods: X-ray diffraction (XRD) to determine the crystallinity and phase composition, Raman spectroscopy
to refine the phase composition, X-ray Photoelectron Spectroscopy (XPS) to identify oxidation states and
phase composition in surface layers, and High-Resolution Transmission Electron Microscopy (HRTEM) to
study morphology, phase analysis, and surface quality assessment.
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1. INTRODUCTION

Nanoscale TiOz is a very well-known and well-researched material due to its unique physical, [1] chemical, [2]
optical [3] and electrical properties,[4] and chemical and thermal stability, [5,6] which found application in
various fields, including photocatalysis,[7] electrochemistry, [8,9] and production of cosmetics [10] pigments,
[11] and biomedicine [12] Furthermore, titanium oxide nanoparticles also exhibit unique surface chemistry and
morphologies [13]. The specific surface area and surface-to-volume ratio increase dramatically as the size of
a material decreases [14]. The high surface area accomplished by small particle size is favorable to various
applications [15]. Thus, the performance of TiOz in its applications is predominantly influenced by the sizes of
the building units, apparently at the nanometer scale. TiO:z exists in several polymorphs [16]. Due to the novel
characteristics and promising properties, naturally occurring polymorphs such as rutile, anatase and brookite
have been widely synthesized [17]. From a thermodynamic point of view, rutile is the more stable phase,
whereas anatase and brookite are metastable at all temperatures and transform to rutile when heated [18].
Rutile phase is the only high refractive index phase of titania [19]. Moreover, it has higher relative permittivity
and ultraviolet ray absorption rate [20,21]. Accordingly, it is important to obtain and investigate rutile TiO2
nanoparticles. The widely known method for the preparation of nano-sized rutile TiO: is the phase
transformation from anatase at higher temperatures [22]. This method leads to the formation of large particle
size, agglomeration, and low surface area [23]. Therefore, the fabrication of rutile titania at low temperature is
significant.

There are a few methods reported to synthesize rutile TiO2 nanoparticles at low temperature including
hydrothermal method, [24] sol-gel synthesis, [25] chemical precipitation route, [26] and low-temperature
precipitation method [27]. We hereby report a facile and easily reproducible microwave-assisted synthesis of
rutile TiO2 NPs with a size less than 5 nm at low temperature. The microwave (MW) synthesis method
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dramatically reduces reaction times, increases product yields, and enhances product purities compared to
conventionally heated experiments [28]. In addition, the method is economical, rapid, less time-consuming,
and atom-economical for preparing nanostructures [29]. Furthermore, this work investigates the structural
characteristics and morphological properties of the synthesized ultra-fine rutile TiO2 NPs.

2. EXPERIMENTAL

2.1 Materials

Titanium (IV) acetylacetonate (ca. 63% in Isopropyl alcohol, TCI), Isopropanol (99.5%, anhydrous, Merck),
Ammonium hydroxide (NH4OH) (25%, Lach:ner), Ethanol (99.8%, Penta Chemicals) and DI water were used
for the experiment. All the chemicals were used as received.

2.2 Synthesis of Titanium oxide nanoparticles

Titanium (IV) acetylacetonate was mixed with 100 mL of isopropanol, 14.4 mL of distilled water and 25 mL of
NH4OH solution in a 250 mL beaker and stirred at 500 rpm for 5 minutes to create a homogenous reaction
mixture. Then, the resulting sol was introduced in a 30 mL glass vial sealed with a snap cap comprising silicone
septum. The filled vial was enclosed into a synthesis reactor, and the reactor was heated to the temperature
of 150 °C, followed by microwave heating at the same temperature for 10 min at 900 rpm. The obtained product
was dried in an oven at 100 °C for 2 hrs. After that, the dried sample was washed using DI water and ethanol
to remove organic or inorganic impurities and dried for 2 h at 100 °C.

2.3 Characterization

The TiO2 NPs have been synthesized in an Anton Paar Monowave—400 microwave reactor. All the NPs were
analyzed using the X-ray diffractometry (XRD; Smart Lab 3 kW from Rigaku, Japan), which was set in Bragg-
Brentano geometry with Cu-Ka radiation (A = 0.154 nm) and fitted with the Dtex-Ultra 1D detector. The Cu
radiation was powered by a 30-mA current and a 40-kV voltage. The diffraction patterns were acquired using
a step size of 0.02° and a scanning speed of 4°/min from 20° to 80°. Phase analysis and chemical composition
were performed using the PDF2 database. A Witec alpha-300R instrument (WITec, Ulm, Germany) was used
for Raman spectroscopy. Raman spectra were recorded in continuous scanning mode at a laser excitation
wavelength of 532 nm. A 100x objective lens focused the laser beam, producing a spot about 1 ym in diameter.
The measurement signal was reconstructed using 50 accumulations and a 20 s integration period. The
chemical composition investigation was conducted using X-ray photoelectron spectroscopy (XPS, Kratos
Analytical Axis Supra), and the spectra were calibrated against the C 1s peak (284.8 eV) using the CasaXPS
software. Transmission electron microscopy (TEM) was used to confirm the NP size and size distribution and
impart detailed structural characterization. TEM images were carried out on a TALOS F200i (ThermoFisher
Scientific) instrument, operating at an acceleration voltage of 200 kV. The TEM samples were prepared by
putting a drop of sample solution on a commercially prepared Cu grid coated with an amorphous carbon layer.
The corresponding filtered Fast Fourier transform patterns were evaluated with JEMS software.

3. RESULTS AND DISCUSSION

To accomplish low-temperature synthesis for nano-sized rutile TiO2, a sol- microwave-assisted method of
synthesis has been designed and executed at the temperature of 150 °C, using titanium (1V) acetylacetonate
as the precursor and ammonium hydroxide as precipitating agent, followed by heating at 100 °C. The sample
was yellow in colour.

3.1 X-ray diffraction

Figure 1A shows the XRD patterns of the synthesized TiO2 samples. The broad diffraction peaks can be
attributed to the particles' low crystallinity or relatively small size. Figure 1A revealed that the sample
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possessed an intense peak at 48.5° corresponds to rutile [30] and another broad rutile peak at 62° [31]. The
phase analysis conducted with an X-ray diffraction method confirmed a small crystallite size (less than 5 nm)
in the entire sample. The significant peak broadening does not allow us to confirm the purity of the rutile phase.
Hence, the Raman spectra were recorded to confirm the presence of any additional phase.

3.2 Raman spectroscopy

Raman spectroscopy was also carried out further to understand the phase of TiO2 (Figure 1B). The Raman
spectra show broad peaks at around ~ 260 cm! (second-order Raman scattering of rutile), ~ 450 cm-! (Eqg
rutile), ~ 620 nm (Axgrutile) [32,33] and a broad band in the 600-750 cm™! originated from to the silica substrate
used for Raman analysis [34]. According to the previous report, the second-order Raman scattering peak of
rutile is slightly shifted to a higher wavenumber, possibly because of the influence of the precipitating agent
ammonium hydroxide.
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Figure 1 A) X ray diffraction and B) Raman spectrum of rutile (R) TiO2

3.3 X-ray photoelectron spectroscopy

XPS spectra have been recorded for the synthesized rutile TiO2 NPs. Figure 2 represents the wide, Ti2p and
O1s XPS of the sample. The rutile TiO2 possessed Ti2p characteristic peaks corresponding to Ti**. The Ti2pay
and Ti2p12 were observed at 458.78 eV and 464.53 eV [35]. No indication of Ti®* was seen. In O1s, peaks
ascribed to Ti-O-Ti, and Ti-OH were found at 530.24 eV, and 531.28 eV, respectively [36].
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Figure 2 Wide, Ti2p and O1s XPS of rutile TiO2

3.4 Transmission electron microscopy

Transmission electron microscopy measurements were used to confirm the morphology, size, and phase of
the TiO2 nanoparticles. Figure 3A shows the clusters of ultrasmall nanoparticles, where heterogeneity in size
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and shape can be observed. The obtained nanoparticles were nearly spherical morphology with an average
diameter of 5 nm. Figure 3B is a high-resolution TEM (HRTEM) image of a single particle. Additionally, in
Figure 3C — 3E, the Fast Fourier transform (FFT) over the crystalline areas was carried out to validate the
presence of the TiOz rutile phase.

Figure 3 A) TEM, B) HRTEM of selected nanopatrticle, C) filtered FFT pattern, D) inverse filtered FFT
pattern, and E) filtered FFT pattern evaluated as the rutile TiO2 phase in the [100] crystallographic direction.

4. CONCLUSIONS

A facile reproducible sol-microwave method has been developed to synthesize rutile TiO2 NPs at low
temperature. These rutile NPs were nearly spherical in shape with ~ 5 nm in size. Furthermore, these rutile
TiO2 NPs possessed only Ti** and stoichiometric oxygen. In other words, these rutile NPs were observed free
from defects such as trivalent titanium ions (Ti®*) and oxygen vacancies.
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