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In this study, anatase-phase titanium dioxide (TiO,) nanoparticles were
synthesized using a straightforward electrochemical method, enhanced by
applying of ultrasound waves. Various characterization measurement
methods, such as X-ray diffraction, scanning electron microscopy, and
Raman spectroscopy, were employed to examine the structural,
morphological, and optical properties of the synthesized TiO, nanoparticles.
The results indicated that the TiO, nanoparticles exhibited a uniform, sphere-
like morphology, moreover a notable reduction in particle size related to the
ultrasound assistance. X-ray diffraction and Raman spectra provided further
insight into the crystallographic and vibrational characteristics of the TiO,
nanoparticles, confirming the presence of a highly crystalline anatase phase.
The Raman spectra specifically highlighted the phonon vibrational modes
corresponding to the Eq, Byg, and Ay modes, which are characteristic of the
anatase phase, demonstrating the improved crystallinity achieved through the
ultrasound-assisted method. In addition, when these anatase TiO,
nanoparticles were incorporated into lubricating oil, the cutting performance
of AISI stainless steel was significantly improved. This enhancement
underscores the potential of ultrasound-assisted TiO, nanoparticles synthesis
in developing advanced, high-performance lubricating systems.
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TU KHOA

Hat nano TiO,
Pha Anatase

Phuong phéap dién hoa
H) trg clia séng siéu am

DAu bdi tron

Trong nghién ctru nay, cac hat nano titan dioxide (TiO,) pha anatase dugc
tong hop bing phwong phap dién hoa don gidn dudi sy hd tro cla song siéu
4m. Nhiéu phuorng phap do ludng tién tién khac nhau nhu nhidu xa tia X,
kinh hién vi dién tr quét va quang phd Raman, da duoc sir dung dé kiém tra
cac tinh chét cdu trac, hinh thai, quang hoc cua cac hat nano TiO,. Két qua
chi ra rang cac hat nano TiO, c6 hinh thai ddng nhét, gidng hinh cau, hon nira
kich thudc hat giam dang ké khi c6 sy hd trg cia song siéu am. Phd nhiéu xa
tia X va Raman da cung cdp thém cac thong tin vé cac dic trung tinh thé
cling nhu cac pha dao dong mang tinh thé cua cac hat nano TiO,, qua d6 da
xéc nhan sy hién dién cuia pha anatase v6i do tinh khiét cao. Pho Raman déc
biét 1am ndi bat cac ché d6 rung dong phonon tuong tng véi cac ché do =
Big va Ayq, dédc trung cua pha anatase, chimg minh d¢ tinh thé duoc cai thign
khi xuat hién su hd trg cta song siéu am. Hon nita, khi cac hat nano anatase
TiO, ndy dugc dua vao dau boi tron da 1am ting higu suat Cat thép khong gi
AISI. Két qua nay thé hién tiém nang ciia phuong phap tong hop hat nano
TiO, dudi su ho tro cua song si€u 4m trong viéc phat trién cac vat liéu hd tro
boi tron tién tién, hiéu suét cao.
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1. Introduction

In recent decades, nanomaterials, especially metal nanoparticles, have garnered significant
attention due to their various technological applications, as highlighted in numerous studies. The
unique properties of nanoparticles, which differ markedly from their bulk counterparts, have
made them a subject of great interest among scientists [1], [2]. Among them, Titanium dioxide
(TiO,) nanoparticles, particularly those less than 100 nm in diameter, have emerged as a new
generation of advanced materials with many applications. TiO, is one of the most extensively
studied materials, especially in applications like solar cells, pollutant degradation, water
photolysis, gas sensors, and various engineering-process applications owing to its excellent
photocatalytic activity, non-toxicity, low cost and high stability [1], [3], [4].

The synthesis and stabilization of TiO, nanoparticles (NPs) are commonly achieved through
the sol-gel, hydrothermal/solvothermal, chemical vapour deposition (CVD) and/or
electrochemical method. The sol-gel method, widely used for synthesizing TiO, nanoparticles,
involves the hydrolysis and condensation of titanium alkoxides to form a colloidal sol, which
upon drying and calcination, yields TiO, nanoparticles [5], [6]. This technique is preferred for
producing high-purity nanoparticles with controlled size and morphology. Yang H.M. and his
group reported on the TiO, NPs prepared by sol-gel method which following an annealing
process from 500 to 650 °C to promote the mono-phase anatase and mix-phase of anatase and
rutile for reducing of methylene orange dye [6]. However, challenges like weak anatase
crystallinity and poor mono-dispersity can impact their performance in specific applications.
Hydrothermal/solvothermal methods construct TiO, nanoparticles under high temperature and
pressure, with water and organic solvents. Furthermore, the dopants into TiO, structure were
explored by the hydrothermal process which enhanced the efficient TiO,-based photocatalyst [7].
In addition, for the accurate control over nanoparticle size, shape, and crystallinity flexible on the
thin film TiO, applications, the CVD is an adaptable technique. This method facilitates the
deposition of TiO, NPs on various substrates, resulting it in particularly valuable for applications
requiring thin films or coatings, such as photovoltaic devices. Nevertheless, the process can be
costly, involves high temperatures, and may produce hazardous by-products, limiting them for
large-scale production [8]. These methods offer accurate control over nanoparticle size, shape,
and crystallinity, making them suitable for high surface area. However, they require specialized
equipment, extended reaction times, and pose challenges in scalability.

The electrochemical method is a highly effective approach for synthesizing TiO,
nanoparticles. By employing controlled current electrolysis, it enables the deposition of highly
crystalline anatase TiO, nanoparticles with precise control over size distribution, which can be
finely tuned by adjusting current density and electrolyte composition. This method is particularly
advantageous for producing nanoparticles with high purity and uniformity, essential for
applications [9]. Moreover, the electrochemical method is straightforward and cost-effective,
making it well-suited for large-scale production. Unlike other techniques that may require
complex equipment or harsh chemical conditions, this method operates under relatively mild
conditions, reducing the risk of contamination and material degradation. However, the primary
challenges are the requirement for precise control of the electrochemical parameters, such as
current density and electrolyte composition, to achieve consistent results. Variations in these
parameters can lead to non-uniform particle size, crystallinity, and purity, which may affect the
performance of the nanoparticles in specific applications. Another drawback is the potential for
electrode degradation during the process, particularly if reactive electrolytes or high current
densities are used. This can result in contamination of the nanoparticles and reduced efficiency of
the synthesis process [10], [11]. Additionally, the method typically produces a relatively low
yield of nanoparticles per batch, which might limit its efficiency in large-scale production unless
optimized for higher throughput. To address these issues, the study proposes the synthesis of pure
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anatase TiO, nanoparticles using an electrochemical method, specifically controlled the
effectiveness of the reaction is crucial.

Herein, we report a simple route preparation of anatase TiO, NPs by using an electrochemical
process with the assistance of the ultrasound wave. The synergistic of ultrasound energy with the
electrochemical process would enhance both the cavitation phenomenon and the mass transport
of oxidation—reduction reaction. Moreover, the ultrasound-assisted TiO, NPs synthesis plays a
key role of developing advanced, high-performance lubricating systems.

2. Materials and experiment
2.1. Materials

Ti foils (99%), absolute Ethanol were purchased from China, NH;NO; was purchased from
Sigma Aldrich. The Simply soybean cooking oil was purchased from supermarket in Vietham.

2.2. Prepare TiO, NPs

First, 200 mL of a I M NH4NO:s solution was prepared in a 250 mL beaker. The solution was
stirred on a hotplate at 300 revolutions per minute (rpm) for 20 minutes at room temperature to
serve as the electrochemical electrolyte. After stirring, the beaker was placed in a bath sonicator
operating at 20 kHz and 80 W. Next, two titanium (Ti) foils, with the size of 1 cm in width, 5 cm
in length, and 0.1 cm in thickness, were positioned 1 cm apart and immersed to a depth of 3 cm
in the electrolyte. The foils were connected to the anode and cathode of a direct current power
supply, with a constant voltage of 30 V applied for 30 minutes. Following the electrochemical
process, the resulting TiO, nanoparticle suspension in the electrolyte was sonicated for 20
minutes. The powder product was then collected by filtration using a PVDF membrane with a 0.2
um pore size. The collected powder was washed by ethanol and de-ionized (DI) water at least 3
times and then dried at 70 °C in the air for 3 hours and stored in a vial for further
characterization. The sample prepared with ultrasound assistance is referred to as ultrasound-
assisted TiO, nanoparticles (UA-TiO,). A control experiment, conducted under similar conditions
but without the use of ultrasound, produced a sample named non-ultrasound-assisted TiO,
nanoparticles (NUA-TIO,).

2.3. Characterization

Field emission scanning electron microscopy (FE-SEM) images were captured using a JEOL
6700 microscope, operated at an accelerating voltage of 15 kV. Raman spectra were obtained
with a HORIBA LabRAM HR spectrometer, utilizing an Ar laser source with a 514.5 nm
excitation wavelength. X-ray diffraction (XRD) analysis was carried out using a Bruker D2
diffractometer, equipped with a Cu Ko radiation source.

3. Results and Discussions

Figure 1 shows the experiment setup where 2 TiO, foils were connected to external anode and
cathode of a DC supply power in sonicator bath. The electrochemical anodization is performed in
1 M NH4NO; aqueous electrolyte. When the DC current goes through two electrode the Ti metal
instantly starts to be transformed into TiO, NPs from the surface of anode connection foils. In the
meantime, there is a vigorous bubble flow at the cathode connection foil. Under the synergistic of
ultrasound energy, the formed TiO, on the anode foil peeled off and dispersed into the
electrolyte. The next layer of Ti metal continues anodized by the same mechanism which
following the reaction equation:

Ti+ 2H,0 - TiO, + 4H* + 4e~ (@h)
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Sonicator

Figure 1. Experiment setup

Mass measurements using an analytical scale, taken before and after the TiO, synthesis
experiment, indicated that a small amount of TiO, was produced from the Ti cathode foil. In
contrast, the experiment without ultrasound support was performed under the same conditions for
comparison. The electrochemical forming of the insulating layer TiO, during the process inhibits
ionic diffusion from the electrolyte to the titanium anode, thereby slowing down the anodization
process. Without the ultrasound activation, the electrochemical reaction was reduced and stopped
after 8-10 min cause of the nonconductivity anode with the TiO, layer covering. In the case of the
ultrasound application, the insulating layer of TiO, was dispersed in the electrolyte, resulting in
the electrochemical reaction at the anode for forming TiO, NPs [12]. Therefore, the use of
ultrasound is crucial for sustaining the electrochemical preparation of TiO,.

i
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Figure 2. SEM images with different magnification of (a), (b) NUA-TiO, NPs and (c), (d) UA-TiO, NPs
The field emission scanning electron microscope (FESEM) was selected to compare the
morphology different of TiO, NPs prepared by electrochemical anodization process. Figure 2
displays the SEM images of NUA-TIO; (a, b) and UA-TIO; (c, d) NPs at different magnification,
respectively. The powder of TiO, NPs was stick on the carbon tape and annealing at 70 °C for 3hr
in the air. The prepared-sample were employed SEM at high voltage of 15 kV with the working
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distant of 8 mm by using the JEOL 6700 FE SEM. The NUA-TIO, nanoparticles display a
relatively uniform morphology, as depicted in Figure 2(a). However, upon increasing the
magnification to 50K, significant differences in particle structure become evident, as shown in
Figure 2(b). In contrast, SEM images of UA-TiO, nanoparticles, presented in Figure 2(c, d),
reveal a highly uniform particle morphology with a notable reduction in particle size. While the
NUA-TIO, sample exhibits a range of particle sizes between 50 nm and ~100 nm with varied
morphologies, the UA-TIO, sample consists exclusively of spherical particles with sizes ranging
from 10 to 20 nm. These results suggest that ultrasound assistance not only sustains the
electrochemical reaction but also significantly influences both the reduction in particle size and
the enhancement of morphological uniformity in TiO, nanoparticles.

To comprehensively investigate the effect of ultrasound on the structural properties of TiO,
NPs, X-ray diffraction (XRD) and Raman spectroscopy were employed. Figure 3(a) illustrates
the XRD patterns of the NUA-TiO, and UA-TiO, samples, represented by the dark and red
curves, respectively. XRD analyses were conducted over a 20 range of 20° to 80° to assess the
crystalline structure of the samples in detail. The diffraction peaks observed at 26 values of 25.3°,
38.0°, 47.7°, 54.3°, and 62.6° are associated with the (101), (004), (200), (105), and (204) crystal
planes, respectively, corresponding to the anatase phase of TiO,, this results highly agreed with
previously reported [13], [14]. In addition, the UA-TiO, sample exhibits significantly sharper and
more intense diffraction peaks compared to the NUA-TIO, sample, indicating a higher
crystallinity in the ultrasound-assisted synthesis. The lower intensity and broader diffraction
peaks observed in the NUA-TIO, sample suggest the presence of an amorphous phase and a
mixture of anatase and rutile phases in the TiO, structure [7].

Figure 3(b) presents the Raman spectra for both UA-TiO, and NUA-TIO, samples, obtained
using a 532 nm He-Cd laser source directed onto the powder samples placed on a glass substrate.
In the Raman spectrum of the NUA-TiO, sample, only a single, prominent peak is observed at a
wavenumber of 147.9 cm™, corresponding to the Eq mode, which is characteristic of the anatase
phase of TiO,. In contrast, the Raman spectrum of the UA-TiO, sample reveals four feature
peaks, corresponding to the E4, By, and Ay modes, which are typically associated with the
anatase phase. The appearance of these additional peaks in the UA-TiO, sample suggests a higher
crystallinity, as well as potential size effects influencing the Raman response [15]. This contrast
in peak sharpness and intensity underscores the role of ultrasound in enhancing the crystallinity
of TiO, nanoparticles during synthesis.
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Figure 3. (@) XRD patterns and (b) Raman spectra of NUA-TiO, and UA-TiO,
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To examine the application of anatase phase TiO, NPs on the affection of the mechanical
processing, the additives including nanoparticles were used as the lubricant of the cutting of AISI
304 stainless steel rod. TiO» NPs, both NUA-TiO.) and UA-TiO, were dispersed at a
concentration of 1 wt% in Simply soybean cooking oil and sonicated for 20 minutes before being
applied during the cutting process. The cutting was conducted using a mini cutter machine
equipped with a circular saw blade, and the lubricant was sprayed onto the cutting region both
before and during the operation. Analysis of the cutting surface, performed using a digital
microscope, revealed that without lubricant, the surface displayed a rough texture and a blue
discoloration as shown in Figure 4(a). In contrast, the application of the nanofluid lubricant
resulted in a smoother, white surface, indicating a significant enhancement in cutting
performance as revealed in Figure 4(b,c). This improvement is attributed to the reduction in
friction and temperature facilitated by the TiO, NPs, which reduces the cutting force required.
TiO, nanoparticles exhibit excellent hardness, heat resistance, and wear resistance. When added
to cooking oil, they enhance its anti-wear properties. Due to their strong adsorption capacity,
TiO, nanoparticles absorb more cutting fluid, increasing fluid presence at the tool/workpiece
interface. With unsaturated bonds, their surface atoms readily bind to polar atoms in cooking oil,
raising surface energy and improving lubrication [16]. Notably, no apparent difference was
observed between the effects of UA-TiO, and NUA-TIO,, possibly due to the limited resolution
of the digital microscope used in the study. These results highlight the potential of TiO,
nanofluids in improving the efficiency and quality of the cutting process in stainless steel.
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Figure 4. Cutting surface of AISI 304 stainless steels (a) without lubricant (b) NUA-TiO, NPs blends oil
and (c) UA-TiO, NPs blends oil additive

4. Conclusion

In this research, anatase phase TiO, nanoparticles (NPs) were synthesized through an
electrochemical method supported by ultrasound assistance. SEM images confirmed the
production of high-quality, uniformly spherical nanoparticles, with sizes ranging from 10 to 20
nm. XRD patterns and Raman spectroscopy analyses revealed that the ultrasound-assisted
synthesis resulted in nanoparticles with enhanced crystallinity. The synthesized anatase TiO, NPs
were found to be effective lubricants in cutting processes. This obtained study suggest that TiO,
NPs could be a valuable lubricant in practical applications, offering improved performance in
machining operations.
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