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Abstract: A comprehensive understanding of the interplay between doping, thermal treatment, and structural evolution
in titanium dioxide (TiO,) is critical for optimizing its performance in photocatalysis and energy applications. While
doping and hydrogenation have been extensively studied as independent processes, their combined effects on the
structural and morphological evolution of TiO, nanotubes remain insufficiently explored. This study investigates the
influence of hydrogenation temperature on ruthenium-doped TiO, nanotubes (Ru-TNTs) subjected to heat treatment
at 500 °C, 550 °C, and 600 °C under an Ar/H, (90/10) atmosphere. Structural analysis reveals that increasing the
hydrogenation temperature accelerates the anatase-to-rutile phase transition, induces lattice distortions, and promotes
crystal growth, resulting in a reduction of the anatase phase fraction from 89.18% to 39.38%. High-resolution
transmission electron microscopy (HRTEM) confirms these structural modifications, showing a transition from a well-
defined crystalline lattice in Ru-TNTs hydrogenated at 500 °C to the formation of a disordered outer layer at 600 °C,
consistent with X-ray diffraction (XRD) and field-emission scanning electron microscopy (FE-SEM) observations.
Furthermore, microscopic analysis indicates significant morphological deformation with increasing temperature. These
findings underscore the critical role of controlled hydrogenation in tailoring the structural and morphological properties
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of Ru-TNTs, providing valuable insights for the development of advanced materials with enhanced photocatalytic and
energy conversion efficiencies.

Keywords: thermal hydrogenation, Ru-doped TiO, nanotubes, phase transformation, morphological alterations,
reduction post-treatment

1. Introduction

Titanium dioxide (TiO,) nanotubes have been the subject of extensive investigation due to their remarkable
structural, optical, and photocatalytic properties, which make them ideal for applications such as water splitting, solar
energy harvesting, and pollutant degradation."” Enhancing the performance of TiO, often involves doping with foreign
elements and applying post-synthesis treatments.”” Among these, ruthenium (Ru) doping combined with thermal
hydrogenation has emerged as an effective method to modify the structural and electronic properties of TiO, nanotubes,
thereby improving their stability and functionality under various operational conditions.*’

Ru has been chosen as a dopant due to its ability to enhance electronic conductivity, stabilize the TiO, lattice, and
facilitate controlled phase transitions.'” Compared to other transition metals, Ru exhibits superior catalytic activity,
electrical conductivity, and thermal stability, making it highly suitable for applications requiring long-term performance
and high efficiency."

Some studies have suggested that thermal hydrogenation does not induce significant changes in the XRD patterns
of either doped or undoped TiO, nanotubes'>"* with the anatase phase remaining stable at temperatures up to 800 °C in
vacuum."* For instance, Schmuki’s team indicated that the thermal hydrogenation process does not significantly affect
the primary crystalline structure of TiO, nanotubes without doping."” The XRD analysis after post-treatment in an Ar/
H, atmosphere confirmed the retention of well-crystallized anatase. Conversely, other studies have reported a shift
toward higher 26 values in doped samples, a trend that is consistent with our earlier observations.*'>'* Despite extensive
research on defective TiO,_, nanostructures, a critical knowledge gap remains regarding the combined influence of
thermal hydrogenation and elemental doping on the anatase-to-rutile phase transition and morphological alteration.

This study systematically examines the impact of ruthenium (Ru) doping on the structural and thermal stability of
TiO, nanotubes when subjected to hydrogenation at different temperatures (500 °C, 550 °C, and 600 °C) in a reductive
Ar/H, atmosphere. Hydrogenation above 600 °C leads to electrode fragility and cracking in Ru-doped TiO, nanotubes.
Under these conditions, phase transitions and lattice distortions may occur, potentially facilitating the formation of
new crystal structures. Morphological changes induced by hydrogenation are analyzed using field emission scanning
electron microscopy (FE-SEM) and high-resolution transmission electron microscopy (HRTEM). The findings provide
deeper insights into the interplay between Ru doping, thermal hydrogenation, and TiO, phase stability, offering valuable
guidance for optimizing these materials for photocatalysis and other energy applications.

2. Materials and methods
2.1 Fabrication of Ru-doped TiO, nanotubes

Intrinsically Ru-doped TiO, nanotube thin films were fabricated via the electrochemical anodization of a Ti-Ru alloy
containing 0.2 atomic % Ru. Prior to the anodization process, the substrates underwent a thorough cleaning procedure
that involved sequential ultrasonic treatment in acetone, ethanol, and deionized water, each for 15 minutes. This was
followed by drying with nitrogen gas. Anodization was performed at 120 V using a high-voltage power supply in a
two-electrode configuration for 2 hours. A platinum mesh served as the counter electrode, while the Ti-Ru alloy acted
as the working electrode. The electrolyte used consisted of 0.2 M HF dissolved in 99 vol.% ethylene glycol. After
anodization, the samples were rinsed with ethanol and dried with a nitrogen stream. To crystallize the as-formed Ru-
doped TiO, nanotubes, the samples underwent annealing in air at a temperature of 450 °C for 1 hour (hereafter referred
to as Ru-TNT).
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2.2 Thermal hydrogenation treatment

The hydrogenated Ru-TNT samples were synthesized in a tube furnace under an Ar/H, atmosphere with a
composition of 90/10 vol %. A schematic of the thermal hydrogenation process is shown in Figure 1. Initially, the
furnace was purged with argon gas for 30 minutes at a flow rate of 14 mL min™' to ensure an oxygen-free environment.
The argon gas supply was then shut off, and the furnace was filled with the Ar/H, mixture for 10 minutes, maintaining
the same flow rate of 14 mL min™. Subsequently, the fabricated nanostructures were annealed at predetermined
temperatures (500, 550, and 600 °C) under the Ar/H, gas flow at a rate of 2.5 mL min™ for one hour, yielding samples
designated as Ru-TNT (H500), Ru-TNT (H550), and Ru-TNT (H600), respectively. Upon completing the reduction
process and before opening the furnace, argon gas was reintroduced to prevent exposure of the reducing gas to ambient
air, ensuring safety.

Figure 1. A schematic of thermal hydrogenation treatment of Ru-TNTs

2.3 Characterizations: morphology and crystal structure

Field-emission scanning electron microscopy (FE-SEM) was employed to analyze the surface morphology of the
fabricated thin films. The crystal structure of the nanotube thin films was characterized using grazing incidence X-ray
diffraction (GIXRD) with Cu K, radiation (A = 1.5406 A). XRD scans were conducted over a 26 range of 20-80° with a
scanning rate of 0.05° per second. The crystallite size was estimated from the peak broadening of the XRD reflections,
using the Scherrer formula as given by the following equation:'’

K4
Pcosf

()

where D represents the crystallite size, k is the dimensionless shape factor (set to 0.94 in this study),'™" 1 is the
wavelength of the X-ray radiation used, 6 is the diffraction half angle, and f is the full width at half-maximum (FWHM)
in radians, obtained from the XRD patterns of the anatase (101) and rutile (110) peaks.

The interplanar d-spacing, a fundamental property of crystalline materials, is determined using Bragg’s law, given
by the following equation:™

d="%
2sin @

2

where 7 is order of diffraction (typically n = 1 for first-order diffraction), 1 is the wavelength of the X-ray beam (in A),
and 6 is the Bragg angle.
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3. Results and discussions
3.1 Crystalline phase transformation

Figure 2a presents the grazing incidence X-ray diffraction (GIXRD) patterns of Ru-TNT samples hydrogenated
at temperatures of 500, 550, and 600 °C, designated as Ru-TNT (H500), Ru-TNT (H550), and Ru-TNT (H600),
respectively. The tetragonal anatase phase (space group 141/amd, JCPDS No. 21-1272)"' is identified by sharp,
characteristic peaks marked by black triangles (V) in the GIXRD spectra. This phase is dominant in the sample
hydrogenated at 500 °C (dark yellow line), where the intensity of the anatase peaks is higher, suggesting that at
hydrogenation temperatures 50 °C above the annealing temperature, the TiO, nanotubes primarily maintain the anatase
structure.

As the hydrogenation temperature increased, the intensity of the anatase peaks gradually decreased, particularly
in the samples treated at 550 °C (red line) and 600 °C (blue line), indicating a transition from the anatase to the rutile
phase.” The rutile phase is indicated by hollow triangles (V) in the XRD spectra. In the XRD spectrum of Ru-TNT
(H500), the (110) peak corresponding to the rutile TiO, phase at 26 = 27.47° appeared relatively weak, indicating that
the rutile phase is present in only small amounts.

(a) (b)
Y:Anatase @:TiO Ru-TNT (H600 Ru-TNT (H600)
v V:Rutile ——Ru-TNT (H550 —— Ru-TNT (H550)
Ru-TNT (H500 Ru-TNT (H500)
[ v _
g v ”VV Y7 vy Yy ;, J\
2 o
£ £
= =
Q Q
20 30 40 50 60 70 80 23 24 25 26 27 28 29
2-Theta (degrees) 2-Theta (degrees)

Figure 2. XRD patterns of Ru-doped TNTs subjected to thermal hydrogenation treatments at temperatures of 500, 550, and 600 °C are designated as
Ru-TNT (H500), Ru-TNT (H550), and Ru-TNT (H600), respectively (a) 26 = 20-80° and (b) 26 = 23-29°

However, as the hydrogenation temperature increased to 550 °C and 600 °C, the intensity of the (110) peak
increased significantly. Figure 2b illustrates the 26 angles in the range of 23° to 29°, using a higher magnification to
clearly highlight the variations. The data in Figure 2a and b indicate that the (110) diffraction peak in the Ru-TNT (H600)
sample is the most pronounced, suggesting that crystal growth predominantly occurs along this specific plane of rutile
TiO,.” These changes are attributed to the formation of a compact crystal lattice, which results from the removal of
oxygen from the TiO, lattice in the Ar/H, medium, causing lattice deformation in the doped nanostructures.*** Moreover,
another diffraction peak corresponding to the (210) plane of rutile phase appeared at 26 = 43.98° in the XRD pattern
of Ru-TNT (H600) sample. This peak is highlighted in yellow in Figure 2a. Additionally, the 3D waterfall plots of the
samples in Figure 3 clearly show this peak in the XRD pattern of Ru-TNT (H600) at higher magnification.

When comparing our results to those of previous studies,””’ it is important to note that the synergistic effect of
doping and thermal hydrogenation not only accelerates the anatase-to-rutile phase transformation but also induces
distortion in the crystal lattice. This is particularly significant when examining the impact of thermal hydrogenation
temperatures in an Ar/H, reductive atmosphere on the crystallite size of Ru-doped TiO, nanotubes based on X-ray

diffraction data.
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Figure 3. A 3D waterfall plot of XRD patterns for the Ru-TNT (H500), Ru-TNT (H550), and Ru-TNT (H600) samples within the 26 range of 43° to
46° is provided to offer a more comprehensive perspective on this particular range

Table 1 presents a comparison of crystallite sizes (D) determined using the Scherrer equation (Equation (1)) and
d-spacing (Equation (2)) for various hydrogenated samples. Furthermore, the positions of the (101) peaks related to the
anatase phase, along with their FWHM values, have been analyzed and compared. For the Ru-TNT (H600) sample, data
for both the (101) and the (110) diffraction peaks, corresponding to the anatase and rutile TiO, phases, respectively, are
included. Notably, as the hydrogenation temperature increased, the position of the (101) peak shifted slightly toward
higher 26 values, from 25.30° for the Ru-TNT (H500) sample to 25.32° for the Ru-TNT (H600) sample, accompanied
by a decrease in the FWHM value from 0.43° to 0.39°. Therefore, the crystallite size along the (101) plane increased
from 20.2 to 22.2 nm. It is noteworthy that, for the Ru-TNT (H600) sample, the crystallite size along the (110) plane at a
260 = 27.47°, associated with the rutile phase, was determined to be 24.8 nm, which is notably larger than the crystallite
size along the (101) plane.

Table 1. The position of the main diffraction peaks, the full width at half maximum (FWHM), crystallite size, and d-spacing of Ru-TNT samples
before and after thermal hydrogenation treatment at 500, 550, and 600 °C

A: Anatase

Sample name 26 (°) R Rutile FWHM (°) D (nm) d-spacing (A)
Ru-TNT (H500) 25.30 (101)Y/A 0.43 20.2 3.517
Ru-TNT (H550) 25.31 (101)/A 0.39 222 3.516
Ru-TNT (H600) 25.32 (101)/A 0.39 222 3.515
Ru-TNT (H600) 27.47 (110)/R 0.35 24.8 3.244

The full width at half maximum (FWHM) of Ru-TNT (H550) and Ru-TNT (H600) was observed to be smaller
than that of the Ru-TNT (H500) sample, suggesting that higher hydrogenation temperatures induce internal stress.”

From Table 1, the thermal hydrogenation treatment of Ru-doped TiO, nanotubes reduced the d-spacing value as
a result of oxygen vacancy defects introduced into the crystal structure of the samples.” It is worth mentioning that
the incorporation of Ru ions into the TNTs lattice could increase d-spacing value, causing a shift in the XRD peaks
toward lower angles. This occurs because of the slightly larger effective ionic radius of Ru*" (0.62 A) compared
to Ti*" (0.569 A), while still maintaining the anatase framework.” A further novel finding of this study is that the
hydrogenation process significantly influences the crystal structure and lattice parameters of titanium dioxide, surpassing
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the effects of ruthenium doping at lower doping concentrations.

As discussed, the XRD patterns of hydrogenated Ru-doped TiO, samples revealed a transition from the anatase
phase to a mixed anatase-rutile phase as the hydrogenation temperature exceeded 600 °C. The transformation of anatase
to rutile is a significant phase transition in TiO,, which influences its photocatalytic properties and applications such as
water splitting and solar cells.”** The intensity ratio (1,/Iy) of the most prominent anatase reflection (101) to that of the
strongest rutile reflection (110) for TNT samples remains unaffected by variations in diffractometer characteristics.”
Consequently, this ratio serves as a valuable indicator of the samples’ composition and anatase-to-rutile transition. Bar
diagrams presented in Figure 4 display the intensity of /, and /; for the hydrogenated samples. The results indicate
that the Ru-TNT (H500) and Ru-TNT (H550) samples have a minimal presence of rutile, whereas the Ru-TNT (H600)
sample exhibits a significant quantity of the rutile phase.

=i
-

Intensity (CPS)

I I S

Ru-TNT (H500) Ru-TNT (H550) Ru-TNT (H600)

Figure 4. Bar diagrams depicting the intensity of the primary reflections for the anatase (/,) and rutile (/) phases of hydrogenated Ru-TNTs

To assess the relative quantities of rutile and anatase phases in the samples, the weight fraction calculation can

be utilized. The weight fraction of an anatase-rutile mixture can be determined by the method of Spurr and Myers as
follows:”

-——— 3)
1+1 .26[R]

A

1, and I represent the intensity of the (101) anatase peak and (110) rutile peak, respectively.

Table 2. The /I, intensity ratio, weight fraction of anatase (,), and W,% derived from XRD data for hydrogenated samples at temperatures of 500,
550, and 600 °C

Sample name I/1,, intensity ratio Weight fraction of anatase (W) W%
Ru-TNT (H500) 0.0963 0.8918 89.18
Ru-TNT (H550) 0.1245 0.8644 86.44
Ru-TNT (H600) 1.2217 0.3938 39.38
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Table 2 summarizes the relationship between the /I, intensity ratio, the weight fraction of anatase (/7,) and the
percentage weight fraction of anatase (/,%) for three Ru-TNT samples treated at different hydrogenation temperatures
(500 °C, 550 °C, and 600 °C). For the Ru-TNT (H500) sample, the /y/I, intensity ratio is 0.0963, indicating that
the rutile phase is negligible compared to the anatase phase. In addition, the weight fraction of anatase is 0.8918,
corresponding to 89.18% of the total sample weight. Therefore, the Ru-TNT (H500) sample consists predominantly of
anatase, with minimal rutile content.

In the Ru-TNT (H550) sample, the /I, intensity ratio increased slightly to 0.1245, suggesting a gradual rise in
the rutile phase. Consequently, ¥, decreased to 0.8644, corresponding to 86.44% of the total weight. The increase in
the rutile content at this temperature indicates the onset of the anatase to rutile phase transformation. Finally, the /i/I,
intensity ratio rises significantly to 1.2217, indicating a major increase in rutile content in the Ru-TNT (H600) sample.
Correspondingly, the weight fraction of anatase decreases sharply to 0.3938, confirming a substantial phase transition
from anatase to rutile due to the higher hydrogenation temperature.

3.2 Morphological alterations

Field-emission scanning electron microscope (FE-SEM) was employed to examine the surface morphology of the
fabricated thin films. As shown in Figure 5a, the Ru-TNT (H500) nanotubes exhibit a well-organized, densely packed
structure with a uniform distribution. The clearly visible circular openings indicate that the anodization and thermal
hydrogenation processes successfully preserved the structural integrity of the nanotubes.’ The surface maintains a

porous, tube-like structure, which is essential for applications such as photocatalysis and photoelectrochemical water
34,35

splitting.

500 nm

Figure 5. (a) Top-view and (b) cross-sectional view of FESEM images of Ru-TNT (H500) sample

The absence of significant deformation suggests that hydrogenation at 500 °C did not compromise the nanotube
architecture. The cross-sectional view (Figure 5b) reveals vertically aligned nanotubes of uniform length, indicating an
effective anodization process in which the tubes grow perpendicular to the substrate. The nanotube walls appear thin,
consistent with anodized TiO, nanotubes.’ The preservation of this feature during hydrogenation demonstrates the
structural stability under thermal treatment at 500 °C. The nanotubes remain intact without signs of collapse or damage,
highlighting their resilience under the applied hydrogenation conditions.

A comparative analysis of the cross-sectional FE-SEM images of Ru-doped TNTs subjected to thermal
hydrogenation at 500, 550, and 600 °C is presented in Figure 6. The Ru-TNT (H500) nanotubes retain a well-ordered,
vertically aligned structure. Their walls appear smooth and uniform, indicating minimal damage during hydrogenation.
The overall structure remains intact, with distinct separation between individual nanotubes. This observation is
consistent with previous research findings.”**
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Figure 6. Cross-sectional FESEM images of (a) Ru-TNT (H500), (b) Ru-TNT (H550), and (c) Ru-TNT (H600), respectively

To the best of our knowledge, the anatase phase is expected to remain the dominant phase at this temperature, as
temperatures up to 550 °C generally preserve anatase as the primary crystalline phase. This structural stability is highly
beneficial for photocatalytic activity, as it maintains the integrity of the active sites, ensures efficient charge separation,
and facilitates the transfer of photogenerated electrons and holes, ultimately enhancing the overall efficiency and
durability of the photocatalytic process.”* Compared to Ru-TNT (H500), the tube walls of Ru-TNT (H550) exhibit
slight roughness, suggesting the initiation of phase transformation or structural modification. This roughening may be
associated with the gradual emergence of the rutile phase. Additionally, partial deformation or irregularity at the tube
ends could indicate localized stress induced by increasing temperature. At 550 °C, the anatase-to-rutile phase transition
may initiate, leading to the observed morphological changes. This finding aligns with results from other studies, further
validating the observed trends and reinforcing a shared understanding within the research community regarding this
phenomenon.”** However, the Ru-TNT (H600) nanotubes underwent significant structural changes. The tube walls
became thicker and less defined, indicating a further phase transformation to rutile. Many tubes exhibited collapse or
fusion, resulting in a loss of alignment. This deformation is likely attributed to the combined effects of thermal stress and
hydrogenation at elevated temperatures. By 600 °C, the rutile phase is expected to dominate, as it is thermodynamically
stable at high temperatures.”**
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Figure 7. Cross-sectional FESEM image of Ru-TNT (H600) at higher magnification

As illustrated in Figure 7, this phase transition corresponds with the disappearance of distinct nanotube
characteristics. The tubular architecture of Ru-TNT (H600) appears heavily deformed, with noticeable collapse and
fusion of nanotube walls. This indicates a loss of the well-aligned nanotube structure typically observed at lower
hydrogenation temperatures. The nanotubes’ walls seem thickened, likely due to sintering effects induced by high
thermal stress and phase transformation. These structural changes could reduce the material’s surface area and
porosity.”"” Furthermore, the bottom region of the nanotubes appears compacted, suggesting densification near the
substrate due to prolonged exposure to elevated temperatures and hydrogenation.

: AT
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Figure 8. HRTEM images of (a) Ru-TNT (H500) and (b) Ru-TNT (H600), with the dotted line indicating the lattice distortion

Furthermore, the high-resolution transmission electron microscopy (HRTEM) images of Ru-TNT (H500) and Ru-
TNT (H600) samples revealed significant morphological changes due to thermal hydrogenation treatment as detailed
below:

* Ru-TNT (H500) Morphology: The Ru-TNT (H500) nanotubes exhibited a well-defined crystalline lattice
characteristic of the anatase phase, with a lattice spacing of ~ 0.35 nm, as shown in Figure 8a.

* Ru-TNT (H600) Morphology: After hydrogenation at 600 °C, the morphology of the nanotubes underwent
notable transformations. The HRTEM image in Figure 8b reveals a disordered outer layer (~ 4-5 nm thick), indicating
structural changes by the hydrogenation post-treatment at 600 °C. This outer disordered layer exhibits increased defects
and distortions, which are attributed to the high-temperature treatment, likely resulting in a decrease in structural
stability and a phase transformation.

¢ Phase Transition and Lattice Distortions: In addition to the morphological changes, the hydrogenation process
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induced lattice distortions in the material. The transition from the anatase to the rutile phase at 600 °C induced
significant changes in the crystal structure, as observed in Figure 8b, where the lattice spacing corresponding to the
rutile phase was measured at ~ 0.324 nm.

These findings, which are fully consistent with the results obtained from X-ray diffraction and field emission
scanning electron microscopy, demonstrate that thermal hydrogenation not only alters the phase composition but
also induces significant morphological deformations, such as lattice distortions. These modifications are critical for
understanding the overall structural integrity and functionality of the TiO, nanotubes.

4. Conclusion

This study systematically explored the combined effects of ruthenium doping and thermal hydrogenation post-
treatment on the structural and phase properties of TiO, nanotubes. The key findings are summarized as follows:

(1) Structural Stability & Phase Evolution: Ruthenium doping enhanced lattice stability and facilitated controlled
phase transformation, particularly when combined with hydrogenation in an Ar/H, atmosphere at 500 °C, 550 °C, and
600 °C. Higher hydrogenation temperatures accelerated the anatase-to-rutile phase transition while inducing beneficial
lattice distortions and defects.

(2) Morphological Transformations: At 500 °C, the nanotubes retained their well-organized architecture, crucial for
functional applications. However, at elevated temperatures, significant morphological changes, such as wall thickening
and partial fusion, were observed due to advanced phase transformation and thermal stress effects.

(3) Practical Implications: These findings provide valuable insights into engineering TiO, nanotubes with tailored
properties for photocatalysis and energy conversion applications. The synergistic effects of Ru doping and thermal
hydrogenation offer a promising strategy to enhance material performance, leading to more efficient and durable
nanostructured systems.

Future research could explore different hydrogenation durations to study their effects on phase transitions and
stability in Ru-doped TiO, nanotubes. Theoretical modeling, such as DFT calculations, may help understand phase
transformations. Investigating long-term stability in real-world applications is essential, as well as exploring doping
with other metals like platinum or palladium to expand potential applications. These directions could provide deeper
insights and enhance material performance.
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