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Annotation

Titanium nanotubes (TiNTs), as a type of novel nanomaterial, have received abundant attention
due to their remarkable structural and functional properties, including a large surface area,
excellent biocompatibility, high photochemical capability and good electronic performance. In
this regard, the hydrothermal method is the most reliable synthetic method for titantate
nanotubes, as the entire set of charac- teristics can be controlled accurately and more im-
portantly the synthesis of well-defined nanostructures.

Here in, we describe the synthesis and characterization of titanate nanotubes, which were
prepared viaa hydrothermal reaction strategy using temperature gradient. The experimental
process started with the synthesis of TiNTs by hydrothermal reaction at room pressure. The final
samples were further investigated by advanced analytical techniques, such as FTIR, SEM, TEM,
and XRD, and all the analyses confirmed the crystalline phase of TiNT.

The XRD diffraction pattern of the prepared TiNTs, e.g., was quite different from that of the
parent anatase TiNPs, for example. Sharp peaks could be seen at 26 angles of 27.600°, 36.160°,
41.450°, 54.460°, 62.850° and 69.200°, corresponding to the crystallographic plans (110), (101),
(111), (211), (020), and (301), respectively. The characterizations proved that the well-ordered
crystalline structure to be formed were TiNTs, indicating that the proposed hydrothermal
synthesis was feasible.
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1. Introduction

Titanium-based nanostructures have attracted significant attention in advanced materials research
due to their unique physicochemical properties and broad applicability across energy, biomedical
engineering, environmental remediation, water treatment, biosensors, and drug delivery systems
[1-5]. Titanium nanotubes (TiNTs), a distinct class of one-dimensional nanomaterials derived
from titanium dioxide (TiO-), exhibit a high aspect ratio, excellent ion-exchange capacity, specific
interface effects, strong photocatalytic activity, and superior chemical/thermal stability [6-8].
These characteristics are highly dependent on synthesis methods, which have evolved
considerably over the past two decades. Several elaborate techniques such as electrochemical
anodisation, sol-gel process, hydrothermal method, chemical vapour deposition (CVD) and
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template directed formation have been used... extensively explored to control TiNT size,
morphology, crystallinity, and surface properties [9,10]. Historically, the first electrochemical
deposition of TiNTs was reported in 1996 [9,11]. A major breakthrough came in 1998 when
Kasuga et al. demonstrated hydrothermal synthesis of TiO: and titanate nanotubes from TiO:
powders under controlled alkaline conditions [12]. This method has since become prominent due
to its simplicity, scalability, and ability to produce well-ordered multi-walled nanotubes under
mild conditions. In this process, titanium precursors or TiO. powders react in concentrated
alkaline media (e.g., NaOH or KOH) at elevated temperatures, forming crystalline nanotubular
structures through a dissolution-reprecipitation mechanism. Key parameters—including alkali
concentration, temperature, reaction duration, and post-synthesis annealing—precisely control
nanotube dimensions, crystallinity, and structural integrity [13-17]. For example, Zhou et al.
showed that concentrated NaOH solutions yield nanotubes with inner diameters of 5-10 nm [18],
while Macak et al. confirmed that annealing at 300-500°C enhances crystallinity and stability
[19]. Subsequent studies refined these parameters, examining how reaction time, pH, temperature,
and post-treatments affect morphology and surface characteristics [20,21]. Bavykin et al.
emphasized hydrothermal treatment as a versatile route for multi-walled titanate nanotubes [22],
with Zavala et al. further investigating how HCI washing and annealing temperature influence
structure and stability [23]. In recent years, Rempel et al. detailed hydrothermal TiNT synthesis
from titanium sources using NaOH/KOH at 100-180°C, followed by acid washing to obtain high-
surface-area anatase-phase TiNTs [24]. Fauzi et al. extended this approach to locally sourced
ilmenite, producing high-performance nanotubes via NaOH treatment (150°C, 24 hr) and thermal
post-processing [25]. Similarly, Alkanad et al. optimized direct hydrothermal synthesis of anatase-
phase TiNTs by controlling temperature, time, and precursor ratios, achieving high crystallinity
without calcination [26]. As noted by Sengupta and Hussain, hydrothermal/solvothermal methods
enable anatase-phase TiNT growth from titanium precursors in alkaline environments [27].
Collectively, these studies demonstrate hydrothermal synthesis as a flexible, eco-friendly, and
scalable method for tailoring nanotube morphology. However, limitations persist, including long-
term product instability, challenges in producing well-ordered crystalline TiO: films, restricted
pore size adjustability, and uniformity issues [9]. Further optimization of process parameters—
particularly temperature profiles and residence times—could advance this technique. To our
knowledge, no published studies have implemented gradient temperature ramping in hydrothermal
TINT synthesis. This work therefore investigates the feasibility of synthesizing titanium
nanotubes via a gradient-temperature hydrothermal process, with emphasis on structural
optimization.

2. Materials and methods
2.1 Materials and chemical reagents

The materials considered Materials The materials used in this work are: TiO2 nanoparticle
(Ti02), NaOH, KOH, HCI, and deionized (DI) water.. All these materials were analytical grades
and obtained from the United States of America and Indian suppliers as listed in Table 1.

Tablel. List of materials used and their specifications.

Material Formula Molecular mass (gmol!) Purity
Titanium Dioxide T10, 79.90 99.5%
Sodium Hydroxide NaOH 40.00 97.5%
Potassium Hydroxide KOH 56.11 85%
Hydrochloride Acid HCL 36.46 36.5-38.0%
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2.2 Synthesis of titanate nanotubes (TiNTSs)

The protonated TINT (H-TINT) were fabricated with the help of an ambient-pressure
hydrothermal method in the presence of a base. The method consisted of preparing an aqueous
alkaline solution containing both sodium hydroxide (NaOH) and potassium hydroxide (KOH).
Titanium dioxide (TiO22)powder was homogeneously dispersed in this alkaline solution in a
polytetrafluoroethylene (PTFE) round-bottomed flask.

The suspension was stirred for 2 h at 80 °C, then subjected to a 72-h three-step reflux process as
follows:

Initial 24-hour period at 100°C
Subsequent 24-hour phase at 120°C
Final 24-hour stage at 140°C

The reaction mixture was cooled to room temperature after the thermal treatment. The material
was then washed several times with distilled water until the washing effluent ran neutral into a pH
range of 7-8.

The nanotubes were protonated by a slowly addition of a dilute hydrochloric acid solution (HCI)
to reach pH 2. The pH was subsequently adjusted to 5 by repeated rinsing with water. The
resulting product was filtered and vacuum dried at room temperature for 24 hours.

The whole of the synthesis process of titanate nanotube via temperature-gradient hydrothermal
approach was schematically shown in Figure 1.

TiO; (NaOH+KOH) suspension stirring
2 hrs (@ 80 °C

'

TiO; Reaction with
(NaOH+KOH) Solution for 72 hrs:
1* 24 hrs @ 100 °C
274 24 hrs @ 120 °C
last 24 hrs @ 140 °C

B

‘ Ion exchange

Adding HCl to Na-TiNTs

, y ,
o H-TiNTs
Stirring for 24 hrs @ RT

........ - l Centrifuge

v

Washing with deionized water
Filtration

'

Air drying under vacuum @RT

m H-TiNTs final product

2]

Figure 1. Flow chart of TiNTs synthesis via the temperature gradient hydrothermal process.
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2.3. Kinetics characteristics of TINTs synthesis and formation

The reaction kinetics of TINT synthesis via hydrothermal treatment is governed by multiple
sequential steps, including TiO: dissolution, ion exchange, and tubular self-assembly. This
kinetics is highly dependent on the reaction parameters, such as temperature, initial concentration,
reaction residence time, and pH. Kinetic studies indicate that the formation follows a pseudo-first-
order and diffusion-controlled model during the early dissolution phase, whereas the scrolling of
titanate layers into tubular structures is driven by minimization of surface free energy. In the
dissolution step, the nanostructured TiO- dissolution in the aqueous solutions can be achieved by
the following possible chemical reactions [28]:

TiOys) + 4 H" = Ti** + 2H,0
TiOzs) + 2H20 = Ti** + 40H (2)
TiOys) + 20H = TiOs* + H20

The exact form of the Ti** and TiOs% ions may be more complex, including the creation of soluble
hydroxides or polytechnic anions. However, one of these processes will dominate dissolution
depending on the pH value of the aqueous solution [29].

At high pH values and temperature, TiO- reacts with NaOH to form sodium titanate (Na.Ti:O- or
Na.TiOs) according to the flowing reaction:

nTiOz (s) +2NaOH (aq) —NaxTinOen+1 (5)+H20 (3)

During recrystallization and layer formation steps, the sodium titanate (Na.TisO-) synthesized
through the reaction in Equation (3) starts to form layered nanosheets. These layers are soft and
flexible under hydrothermal conditions [23,30]. The scrolling and tubular growth occurs via layer
scrolling kinetics, driven by strain minimization and surface tension. in this step, upon aging or
mild heating the titanate nanosheets grow anisotropic ally and rearrange into single or multi-
walled TiO: nanotubes, typically with amorphous walls.

The cation-exchange reaction is required for the conversion from Na.Ti:07 to H.Ti:0s. This
method of protonation was adapted from prior work [31,32] and was performed in the standard
ambient temperature (25°C, 1 atmosphere pressure).

At the time frame of 2 h, it is crucial Na.Ti:07 was exposed to a diluted HCI aqueous solution to
exchange sodium Na* cations with the hydronium (HsO") ions in the titanate structure. This ionic
substitution can be designated by the chemical transformation given by equation (4).

NazTisO (s) +2HCI (aq) —H,Tis07 (s) +2NaCl (aq) (4)

Bavykin et al. [28] reported that increasing temperature from 110°C to 180°C significantly
accelerated the transformation. Furthermore, Sugimoto et al. [29] revealed that the growth rate of
TiNTs is also influenced by the type of alkali used, where NaOH yields higher dissolution kinetics
compared to KOH. Overall, the hydrothermal kinetics obey Arrhenius behavior, and the optimum
nanotube formation occurs under balanced thermodynamic and kinetic control to prevent over
etching or incomplete scrolling.

The TiNTs used in the present work has been prepared and synthesized via hydrothermal process
using temperature gradient technique. Applying a temperature gradient during the hydrothermal
process can influence the nucleation and growth rates as the temperatures gradient can lead to
variations in the morphology, crystallinity, and surface properties of the nanotubes. It allows for
the controlled growth of TiNTs with tailored properties. By adjusting the temperature gradient, it
can fine-tune the dimensions (diameter, length) and structure (e.g., nanotube wall thickness) of
TiNTs. Achieving the desired morphology and properties requires precise control over the
temperature gradient and other synthesis parameters. The temperature gradient can also affect the

American Journal of Technology Advancement 70



( American Journal of Technology Advancement)

crystallinity and phase composition (e.g., anatase, rutile) of TiNTs, which are critical for their
photocatalytic and electronic properties

3. Characterization of TiNPs and TiNTs samples

In this section, the formation and structural confirmation of raw TiNPs and TiNTs is addressed.
The produced nanotubes have been synthesized in the laboratory The work was prepared in the
Chemical Engineering Department, Basrah University using a well-regulated hydrothermal
synthesis method with temperature fluctuation to result in similar structural properties and high
purity of materials. Material characterization Utilizing state-of-the-art analytical techniques such
as: These are a glass transition temperature (Tg) of 54.5 °C, a glass transition stop temperature
(Tg-stop) of 27.1 °C, and the inorganic loading of 41% are shown.

FTIR (Fourier-transform infrared spectroscopy)
SEM (scanning electron microscopy)
TEM (transmission electron microscopy)

and X-ray diffraction analysis (XRD), were used to examine their physical and morphological
structure.

3.1 Fourier transform infrared (FTIR) spectroscopy

The functional groups and molecular bonds for the fabricated nanomaterials were analyzed by
Fourier-transform infrared (FTIR) spectroscopy, confirming the chemical change from TiO: to
titanium nanotubes. The FTIR spectra are displayed in Figure 2 where the spectrum for titanium
NPs is shown in panel a) and the nanotubes in panel b).
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Figure 2. (&) FTIR spectrum of TiNPs, (b) FTIR spectrum of TiNTSs.

Figure 2b shows the FTIR spectra of hydrothermal-treated titanium nanotubes (TiNTs) with bands
of absorption in the region of wavenumbers from 500 to 4000 cm™'. A number of characteristic
vibrational modes were observed:

Strong bands of 3208.0046 cm'correspond to the stretching of O-H bond vibration(logits) 2.5.2.2.

The peak at 1618.948 cm! originates from the bending modes of Ti-OH due to the water
molecules.

The absorption peak at 1482.0269 cm™ is attributed to the Ti-O-Ti stretching vibrations.

Some other distinguishable sharp peaks are also present at 1066 cm™, 1637 cm™, and 3369 cm™!,
which are original band of TiNTs, strongly illustrating that the obtained TiNTs are formed
successfully and confirm our material was highly pure.
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3.2 SEM and TEM characterizations
Scanning Electron Microscopy (SEM)

SEM presents itself as an imaging technique using intense electron source from thermionic or
field-emission types in order to explore more and more thoroughly the surfaces of samples. This
method generates detailed topographical maps shown on a viewing screen via electron-sample
interactions.

Transmission Electron Microscopy (TEM)

TEM is based upon an entirely different principle by taking a coherent electron beam of uniform
current density produced by thermionic, Schottky and field-emission sources [33, 34]. This
radiation propagates through the ultra-thin samples, and provides high-resolution images of this
internal structure.

Voltage Classification of Electron Microscopes:
Conventional-voltage instruments: Operating range from 80-120 kV acceleration voltages
Intermediate-voltage systems: Work in the range of 120-500 kV, with higher resolution

High Voltage apparatus: Operable between 500 - 3000 kV for superior resolution of further
specialized applications

In Figure (3a) SEM image of TiNPs has been shown, which obviously demonstrates their
spherical shape with minimal aggregation. Furthermore, it can be seen clearly that all of the
particles were nano-sized. Figure (3b) provides a SEM images of TiNTs. The image shows
randomly arranged nanotubes which is a characteristic of hydrothermal synthesis. Also, very few
spherical particles are observed which illustrate the presence of the unconverted of the TiO2 nano
particle powder. The encircled portion gives the image of a high aspect ratio single nanotube
almost 200 nm long.

Figure 3. EM images of (a) TiNPs and (b) TiNTs

A titanium-based nanoparticles of nanoscale associated to the anatase crystalline form can be
observed by TEM (Figure 4a). These nanoparticles are spherical with an average particle size of
about 40 nm, which is evidently observed in the micrograph.

The TEM image (Figure 4b) clearly shows the tubular appearance of the fabricated titanium NTSs.
The micrograph distinctly shows:

Characteristic hollow cylindrical structures
Considerable length-to-width ratios
Average dimensions about 120-150 nm in length
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Diameters varying between 25-30 nm.

The nanotubes are haphazardly oriented, indicating that they were formed by a hydrothermal
method.

Figure 4. TEM images of (a) TiNPs and (b) TiNTs
3.3 X-Ray Diffraction (XRD)

X-ray diffraction (XRD) serves as a powerful analytical method for examining material structural
characteristics, including:

v' Crystallinity level

v Phase composition

v’ Structural purity

v Crystalline domain dimensions

This technique yields crucial data regarding the crystalline phases present and the structural
quality of titanium dioxide nanostructures. During analysis, diffracted X-ray intensities are
measured while systematically varying:

1. The diffraction angle (20)
2. Sample positioning

The resulting peak intensities correlate directly with the quantity of crystallographically aligned
grains. Alternatively, scattering angles can be measured while maintaining a fixed sample
position.

For both titanium nanoparticles (TiNPs) and nanotubes (TiNTS), crystallite dimensions can be
determined through application of the established Debye-Scherrer equation [35,36]:

D, — KA (1)

B BeosB

Several important factors are included in the Debye ascherrer equation:
D,: Mean crystallite size

K: Byshape Scherrer constant factor (0.89 0.94)

A: The incident X-ray wavelength

B: Represents the line broadening at half maximum intensity (FWHM)
0: Bragg diffraction angle
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This series allows the accurate determination of nanocrystalline parameters from X-ray diffraction
data.

The XRD patterns of the (a) precursor titanium nanoparticles and their (b) as-synthesized
nanotubes are displayed in Figure 5. The diffraction pattern of the NPs presents five typical peaks
at:

25.320° (101 crystallographic plane)
37.820° (004 plane)
48.070° (200 plane)
55.040° (211 plane)
62.790° (204 plane)

These diffraction angles closely match previously reported values [37,38] and indicate the anatase
crystalline phase of the precursor. According to Table 2, the average size of crystallites was found
to be 40.39 for hkl notation and which is the standard Miller indices to identify the crystal plane.
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Figure 5. XRD patterns of (a) TiNPs and (b) TiNTs
Table 2. The crystallite size of TiNPs

No. | 20 (deg) |  hkl F(\(’j‘g;';" 20 (rad) | D (nm) | Matched by
1 | 253189 | 101 02263 | 022632 | 36.007

2 | 37.8188 | 004 02263 | 0.22632 | 36007 | . oo
3 | 48.0718 | 200 0.3168 | 0.181056 | 25.480 PP
4 | 55.0546 | 211 01811 | 022632 | 45.008

5 | 627932 | 204 0.1358 | 0.181056 | 59.452

As shown in Figure 5b, the X-ray diffraction pattern of the as-synthesized TiNTs exhibits a very
different structure from the precursor anatase-phase particles. This change is manifested as a clear
change in the crystal phase features. A diffraction pattern with sharp peaks at the following Bragg

angles:

27.600° (110 plane)
36.160° (101 plane)
41.450° (111 plane)
54.460° (211 plane)
62.850° (020 plane)
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69.200° (301 plane)

These characteristic reflections prove the successful synthesis of crystalline titanate nanotubes
having an average crystallite size of 27.30 nm (Table 3). The most intense peak at 27.600°,
54.460°, and 62.85° could be attributed to (110), (211), and (020) crystallography planes, as
reported [40].

The diffraction pattern as well show less intense residual peaks of the untransformed TiO:
nanoparticles, suggesting there are a few quantity of the starting material still present in the final
product.

Table 3. The crystallite size of TiNPs

No. | 20 (deg) | bk ':(\(’j‘é;”;" 20 (rad) | D (nm) | Matched by
1 | 27.6025 | 110 0.1811 | 022632 | 30.008

2 | 36.1638 | 101 0.2263 | 022632 | 29.007

3 | 414557 | 111 0.2716 | 022632 | 25.005 | 01-078-
4 | 544615 | 211 0.1811 | 022632 | 30.008 1510

5 | 62.8556 | 020 0.2716 | 022632 | 25.005

6 | 69.208 | 301 0.2716 | 022632 | 25.005

Conclusion

The hydrothermal method has been considered as an excellent and versatile pathway for preparing
one-dimensional titanium nanotubes (TiNTs) with well-controlled morphologies and crystalline
phases. In particular, application of the temperature gradients during the hydrothermal synthesis
has revealed significant effects on both growth dynamics and phase transition of the TiNTs
permitting a fine tuning of the dimensional parameters (length and diameter) and the crystalline
phase selection (anatase versus titanate).

In this study, the effects of temperature gradient hydrothermal treatment and the ion-exchange of
TiNTs on its structure and morphology were systematically examined. The characterization by
FTIR (Fourier transform infrared), XRD (X-ray diffraction) and electron microscopy (SEM/TEM)
demonstrated that:

The temperature-gradient hydrothermal process is an important factor inducing the growth and
structural control of nanotubes.

The crystalline transformation from the initial anatase nanoparticles to the final titanate nanotube
structure is caused by the process

The ion exchange serves to ensure a high material purity by replacing sodium ions.

This gradient-temperature hydrothermal strategy provides a versatile synthetic platform to
fabricate TiNTs with designed properties, and can be expected to have far-reaching ramifications
in both the orginial research and applications. Further improvement and scale-up of this technique
will open up significant technological breakthroughs in various application fields.
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