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This study investigates how the duration of anodization influences the structural and 
morphological characteristics and photoelectrochemical (PEC) performance of titanium 
dioxide (TiO₂) nanotube arrays (TNTs) fabricated via electrochemical anodic oxidation. 
Four different growth times, 0.5, 1, 1.5, and 2 hours, were tested to optimize the 
nanotubes’ morphology and structure for PEC applications. X-ray diffraction (XRD) 
analysis confirmed the presence of the anatase phase across all samples, with increased 
phase intensity observed with longer anodization periods. Field emission scanning electron 
microscopy (FESEM) revealed that TNTs anodized for one hour exhibited a uniform, 
vertically aligned, and crack-free structure; however, extended anodization times 
introduced structural irregularities. Energy-dispersive X-ray spectroscopy (EDS) verified 
that all samples maintained a stoichiometric TiO₂ composition, with higher oxidation 
levels correlating with longer anodization durations. Diffuse reflectance spectroscopy 
(DRS) indicated a slight decrease in band gap energy as anodization time increased, 
implying enhanced visible-light absorption. Under illumination of 100 mW/cm², 
photoelectrochemical testing showed that TNTs anodized for one hour achieved the 
highest photocurrent density of 0.15 mA/cm² at 0 V vs. Ag/AgCl, with a corresponding 
photoconversion efficiency of 0.18%. These findings suggest that a one-hour anodization 
period produces TNTs with optimal structural and optoelectronic properties, making them 
highly suitable for efficient solar-driven water splitting and other PEC energy conversion 
technologies.  
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1. Introduction 
 
The transition to sustainable energy is necessary due to the expected depletion of fossil 

fuel reserves, the increasing instability of the energy supply, and the increasing cost of fossil fuels. 
The use of green and clean energy is on the rise as a result of environmental pollution and the 
growing global energies [1]. Photoelectrochemical cells (PEC cells) are therefore efficient in 
generating electrical energy from pure free solar radiation. It is generally agreed that the best 
solutions to the world’s energy issues are sustainable energy conversion, consumption, and storage 
[2].Solar energy is the ideal renewable energy resource because it is abundant and readily 
available. In recent decades, semiconductors known as nanorods, nanowires, nanobelts, and 
nanotubes have been widely used in electrical and optoelectronic applications [3]. 

Due to their large surface area, nanostructures are particularly intriguing for 
photochemical applications because they are ideal for absorbing light and providing direct 
conduction channels for charge movement[4] . The photoanode, the most important component of 
PEC cells, is responsible for transporting photogenerated electrons to conductive substrates and 
loading light-absorbing materials. Currently, semiconductors are the most widely used photoanode 
materials. In addition to solar converters, semiconductors can be used as photocatalysts to remove 
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pollutants[5]. Scientists are interested in TiO2 nanotube arrays (NTAs), a product of the anodic 
oxidation of titanium foils. These nanotubes may find application in solar cells, sensors, and PEC 
cells for hydrogen generation. The unique nanostructure of this semiconductor can improve the 
high charge collection efficiency due to its superior transport properties[6]. 

Optimal conversion processes are essential to efficiently convert solar energy into 
chemical and electrical energy. Greater emphasis should be placed on the development of 
functional electrode materials to ensure that photochemical cells operate as efficiently as possible. 
The integration of photocatalysis (PC) with electrochemical technology results in 
photoelectrochemical (PEC), a potent and efficient method for harnessing solar energy [7]. 
Following the advancement of the photoelectrochemical water-splitting technique utilizing a TiO₂ 
electrode, the TiO₂ photoelectrode has emerged as the most prevalent and promising alternative. It 
is cost-effective, ecologically sustainable, and chemically stable across diverse environments [8]. 
Based on the duration growth (anodization time) of the nanotubes, the visible-light band-gap shift 
and optimum structural uniformity are novel contributions in PEC systems. This work examines 
the influence of growth duration on the photoelectrochemical performance of TiO₂ nanotubes, 
drawing on foundational research on TiO₂-based photocatalytic systems. This may provide us with 
new insights into the utilization of water-splitting photoelectrochemical cells. 

 
 
2. Experimental method 
 
The titanium dioxide (TiO₂) nanotubes were fabricated using the anodization method, as 

shown in Scheme 1. Initially, the area (1 cm x 2.5 cm) pieces were cut from a 99.9% pure titanium 
foil sheet. These pieces were then cleaned through a washing process involving ultrasonic waves 
in solvents such as acetone, isopropanol, or deionized water for fifteen minutes, respectively. 
Then, the samples were soaked for 10 minutes in [6 M] HNO₃ to obtain a smooth surface. In the 
electrochemical cell, high-density graphite acted as the counter electrode, while the titanium foil 
served as the working electrode during anodization. The distance between the two electrodes was 
maintained at a fixed 2 centimeters. The anodization was carried out at 30 V, powered by a direct 
current supply (MP6010D) for one hour using an electrolytic solution (75 mL glycerin + 25 mL 
DIW + 0.5 g NH₄F). Then, the prepared samples were rinsed with DI water. Next, the samples 
were annealed for 2 hours in a furnace set at 500°C.  

 

 
 

Scheme 1. Schematic diagram of anodization method setup. 
 
 
 
The X-ray diffraction (XRD) analysis was performed using the Shimadzu LabX XRD-

6000 diffractometer, which operated within a scanning range of 10º to 80º using Cu Kα radiation 
(λ = 1.54 Å). The instrument was set to an operating voltage of 40.0 kV and a current of 40.0 mA. 
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Morphological characterization of the samples was conducted through energy-dispersive X-ray 
spectroscopy (EDS) combined with a field-emission scanning electron microscope (Nova Nano 
SEM 450). UV-visible diffuse reflectance spectroscopy was carried out using the Shimadzu TM 
DUV 3700 double-beam spectrophotometer, covering a wavelength range from 200 to 800 nm. 
For photoelectrochemical (PEC) studies, a three-electrode electrochemical cell was constructed to 
evaluate the performance of TiO₂ for PEC applications. The working electrodes comprised TiO₂ 
nanotube (NT) samples, with a silver/silver chloride (Ag/AgCl) electrode serving as the reference, 
and a platinum (Pt) wire used as the counter electrode. The electrolyte solution was prepared by 
mixing 0.1 M Na₂SO₃ and 0.1 M Na₂S, resulting in a solution with a pH of approximately 13. TiO₂ 
NT samples with different growth durations served as the photoanodes. Photocurrent 
measurements were carried out using linear sweep voltammetry (LSV) on a Vertex One 
Potentiostat (Ivium Technologies, Netherlands), operated via IviumSoft software. The scans 
ranged between -1 V and +1 V versus Ag/AgCl at a scan rate of 20 mV/s. During illumination, a 
120 V, 300 W halogen lamp was used to irradiate the quartz reaction cell, positioned 15 cm from 
the electrode surface, which had an active area of 1 cm². The light intensity was maintained at 
approximately 100 mW/cm² using manual chopping. The light intensity was measured using a 
fiberoptic spectrometer (Avaspec-2048). The photoconversion efficiency (η) of the TiO₂ nanotubes 
was calculated using the appropriate formula, taking into account the external bias applied to the 
PEC system to determine the bias photon-to-current efficiency (ABPE). When an external voltage 
was applied, electrical energy costs were deducted from the overall energy conversion 
considerations the applied bias photon-to-current efficiency (ABPE) is: 

 

𝜼𝜼 =
𝑱𝑱𝒑𝒑𝒑𝒑�𝑬𝑬𝒓𝒓𝒓𝒓𝒓𝒓𝒐𝒐 − �𝑬𝑬𝒂𝒂𝒂𝒂𝒂𝒂.��

𝑷𝑷𝒊𝒊𝒊𝒊
 × 𝟏𝟏𝟏𝟏𝟏𝟏%                                                               (𝟏𝟏) 

 
where Pin is the incident light irradiance (100 mWcm-2), Jph (Jph = JL –JD) denotes the achieved 
photocurrent density (in mAcm-2) under the externally applied voltage of Vapp vs. Ag/AgCl. Eapp. 

denotes the standard reversible potential, which is 1.23 V vs. the normal hydrogen electrode 
(NHE), and Eapp is the actual electrode potential between the working electrode and the counter 
electrode at which the photocurrent was measured under illumination  [9]. 

 
 
3. Results and discussion 
 
3.1. XRD analysis  
The crystalline structures of titanium dioxide (TiO₂) nanotube arrays produced through 

varying anodization durations (0.5 h, 1 h, 1.5 h, and 2 h) were analyzed using X-ray diffraction 
(XRD). The diffraction patterns were compared to standard JCPDS cards: 00-044-1294 for 
metallic titanium (Ti) and 00-021-1272 for anatase TiO₂. As depicted in Figure 1, the untreated 
titanium substrate displayed prominent diffraction peaks at approximately 2θ = 35.42°, 38.6°, 
40.44°, 53.52°, 63.15°, 70.8°, and 76.41°, which correspond to the (100), (002), (101), (102), 
(103), (112), and (201) planes of metallic Ti. After 0.5 hours of anodization (TNT0.5h), new peaks 
appeared at 2θ values of 25.11°, 38.23°, 47.86°, and 52.86°, associated with the (101), (004), 
(200), and (105) planes of anatase TiO₂, indicating the initial formation of crystalline anatase 
nanotubes. Extending the anodization to 1 hour (TNT1h) resulted in a sharper and more intense 
anatase (101) peak at around 25.3°, reflecting improved crystallinity and a preferred orientation 
along this thermodynamically stable plane. Simultaneously, the intensity of the metallic Ti peaks 
decreased, suggesting the development of a thicker and more uniform TiO₂ nanotube layer. At 
longer durations (1.5 h and 2 h), the anatase phase became even more pronounced, with additional 
peaks at 2θ = 62.8° and 75.8° corresponding to the (211) and (204) planes, respectively. These 
findings indicate ongoing crystalline growth and better structural order of the TiO₂ nanotubes with 
increasing anodization time. Throughout all samples, the anatase (101) peak remained the most 
prominent, underscoring its favored growth due to its low surface energy and high thermodynamic 
stability.  
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These results are in agreement with prior research [10–13]. The crystallite sizes were 
estimated using the Debye–Scherrer equation: 

 
𝐷𝐷 = 0.9𝜆𝜆 /𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐                                                                        (2) 

 
where D is the crystallite size, λ is the X-ray wavelength (1.54 Å), β is the full width at half 
maximum (FWHM) of the (101) peak, and θ is the Bragg angle. For the sample anodized for 0.5 
hours, the crystallite size was approximately 33.18 nm. When the anodization duration increased 
to 1 hour and 1.5 hours, the crystallite sizes decreased to 22.1 nm and 22.12 nm, respectively, 
indicating a refinement in nanostructure that enhances surface area and optical absorption. 
Interestingly, the sample anodized for 2 hours exhibited a larger crystallite size of 33.21 nm, 
similar to the 0.5-hour sample, with a corresponding FWHM of about 0.244. The broader 
diffraction peaks observed in the 1-hour and 1.5-hour samples (FWHM around 0.366) suggest 
improved crystal quality and smaller grain sizes compared to the 0.5-hour and 2-hour samples. 
These findings are consistent with previous research[14–16], which also indicated that 
intermediate anodization times tend to produce TiO₂ nanotubes with enhanced crystallinity and 
favorable structural properties. 
 
 

 
 

Fig. 1. XRD patterns are of the TNTs samples anodized for (0.5, 1, 1.5, 2) hours. 
 
 
3.2. Morphological with EDS analysis  
Figure 2 illustrates the significant differences in the morphology of titanium dioxide 

nanotubes (TiO₂ NTs) fabricated over varying time periods. The sample formed after 1 hour 
(TNT-1h) exhibited more orderly, aligned, and symmetrical nanotube structures, characterized by 
uniform and homogeneous dimensions with few defects. This suggests that a one-hour synthesis 
duration is optimal for producing TiO₂ nanotubes with superior structural qualities. In contrast, 
samples synthesized for shorter or longer times specifically 0.5 hours (TNT-0.5h), 1.5 hours 
(TNT-1.5h), and 2 hours (TNT-2h) appeared heterogeneous and displayed broken ends. The 
images reveal incomplete structures and irregular shapes in these samples compared to the 1-hour 
specimen. Such distortions and structural degradation could result from too brief a deposition 
period, which limits reaction time (as in TNT-0.5h), or from extended deposition periods, which 
lead to overexposure to the manufacturing conditions (as in TNT-1.5h and TNT-2h). To achieve 
the most uniform and high quality TiO₂ nanotubes, it is crucial to identify the optimal synthesis 
duration. The findings strongly support that a one-hour process yields well-structured, 
homogeneous, and aligned nanotubes with minimal defects[17,18]. 
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Fig. 2. FESEM images of the TNTs samples anodized for (a. 0.5, b. 1, c. 1.5, d. 2) hours. 
 
 

 

 
 

Fig. 3. Cross-section images of the TNTs samples anodized for (a. 0.5, b. 1, c. 1.5, d. 2) hours. 
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The duration of the fabrication process influences the morphology of the nanotubes, as 
depicted in images (a), (b), (c), and (d) of Figure 3. Longer fabrication times lead to changes in 
structural density and shape, as evidenced by the cross-section images. At half an hour post-
deposition, image (a) shows that the nanotubes are incomplete at the ends, relatively short, and 
exhibit poor surface uniformity, with gaps between them. After one hour of deposition, the 
nanotubes appear more uniform, orderly, and aligned, with increased length, indicating enhanced 
growth or interaction and suggesting an improvement in structural and morphological properties as 
seen in image (b). At one and a half hours, the nanotubes form more cohesive structures with 
higher density, though they are shorter compared to the one-hour mark, as seen in image (c). After 
two hours, the nanotubes seem to reach a more stable phase, characterized by a thicker, more 
compact structure in image (d). This progression may be attributed to the extended catalytic time, 
which facilitates the formation of denser layers or additional structural features[19]. 

Energy-dispersive X-ray spectroscopy (EDS) analysis, illustrated in Figure 4, reveals the 
elemental composition and relative weight and atomic percentages of titanium (Ti) and oxygen (O) 
in the TiO₂ nanotube arrays formed at different anodization durations. The tabulated data within 
each image indicates a clear trend in oxygen incorporation over time. At a deposition duration of 
0.5 hours, the oxygen concentration is rather low, indicating incomplete oxidation and an 
inadequately formed TiO₂ layer. This outcome indicates that the nanotube production process 
remains nascent, characterized by inadequate oxygen absorption to establish a distinct oxide layer. 
Extending the anodization to one-hour results in a substantial rise in oxygen content, attaining 
12.9% by weight and 30.7% by atomic percentage. This signifies a significant enhancement in 
oxide synthesis, suggesting the emergence of a more stoichiometric and homogeneous TiO₂ layer. 
An additional extension to 1.5 hours yields a marginal increase in oxygen content to 13.3% by 
weight and 31.5% by atomic percentage. This improvement indicates that the oxidation process is 
nearing equilibrium, with the nanotube arrays almost fully formed and attaining ideal 
stoichiometry. At the 2-hour mark, a little reduction in oxygen content is noted (12.1% by weight 
and 29.3% by atomic percentage), alongside a relative increase in titanium content. This reduction 
may indicate the onset of surface restructuring, degradation, or partial dissolution of the oxide 
layer, potentially due to prolonged exposure to the electrolyte under oxidative conditions. These 
findings are consistent with those of the researchers [20–23]. These compositional shifts 
emphasize that a (1–1.5) hour anodization duration yields the most chemically balanced and stable 
TiO₂ nanotube structure, aligning with morphological and crystallographic observations. 

 
 

 
 

Fig. 4. Energy-dispersive X-ray spectra of the TNTs samples anodized for (a. 0.5, b. 1, c. 1.5, d. 2) hours. 
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3.3. UV-Vis (DRS) analysis  
The optical characteristics of the prepared samples were examined using DRS technique, 

as shown in Figure 5. All samples showed notable absorption in the UV area due to the inherent 
optical absorption properties of TiO₂, with absorption edges often seen between 350 and 400 nm, 
which is a property of TiO₂. This suggests the presence of anatase or a mixed-phase TiO₂ structure, 
consistent with previous studies [24–27]. The Tauc equation was used to estimate the band gaps of 
the four samples [28].  

 
(𝛼𝛼ℎ𝑣𝑣)𝑛𝑛 =  ℎ𝜈𝜈 −  𝐸𝐸𝐸𝐸                                                                           (3) 

where: 𝛼𝛼 is the absorption coefficient, ℎ𝜈𝜈 is the photon energy, and 𝐸𝐸𝑔𝑔 is the optical band gap. 
𝑛𝑛 =  2 for direct band gap. The optical band gap (𝐸𝐸𝑔𝑔) is determined by extrapolating the linear 
segment of the curve to zero. The Tauc plot indicates that the samples anodized for varying 
durations have varied band gaps, measured at 3.32 𝑒𝑒𝑒𝑒, 3.20 𝑒𝑒𝑒𝑒, 3.16 𝑒𝑒𝑒𝑒, and 3.10 𝑒𝑒𝑒𝑒 are shown in 
Figure 6. Following an increase times deposition, the band gap is somewhat displaced into the 
visible spectrum. The differing band gap values arise from nanotube structures linked to diverse 
morphologies resulting from variable anodization times. An extended anodization duration results 
in a systematic redshift of the absorption edge, signifying a reduction in the optical band gap. This 
alteration may be ascribed to multiple variables, such as augmented nanotube length, enhanced 
crystallinity, and improved light scattering resulting from modifications in surface morphology 
and tube wall thickness. Extended anodization results in thicker oxide layers and elongated tubes, 
so increasing the light path and augmenting absorption, especially in the near-visible spectrum. 
The redshift in the absorption edge may be linked to the diminishing influence of quantum 
confinement effects as the nanotubes lengthen and their diameter expands. Moreover, extended 
growth durations may create oxygen vacancies and Ti³⁺ defect states inside the band structure, 
thereby affecting the optical absorption properties. These UV-Vis spectra trends are consistent 
with earlier findings. Mor et al., for instance, showed that longer anodization times result in longer 
tubes and more surface area, which improves the effectiveness of light harvesting [29]. Similarly, 
by adjusting anodization parameters like voltage and duration, Yahya et al., demonstrated the 
tunability of TNTs' electrical and optical characteristics [30]. The ability to manipulate the optical 
absorption of TNTs through anodization time is particularly significant for applications in 
photocatalysis and photoelectrochemical water splitting, where enhanced light absorption can 
directly contribute to improved performance within the visible spectrum, and this is consistent 
with earlier research [31–35]. 
 
 

 
 

Fig. 5. UV – Vis (DRS) spectra of the TNTs samples anodized for (0.5, 1, 1.5, 2) hours. 
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Fig. 6. UV – Vis (DRS) spectra of the TNTs samples anodized for (0.5, 1, 1.5, 2) hours. 
 
 
3.4. Photoelectrochemical performance  
Figure 7 presents J–V characteristics of different growth durations of TiO₂ nanotubes 

(TNT) photoanodes measured under illumination, illustrating their photoelectrochemical response. 
In all samples, the photocurrent density increases with more positive applied potentials, 
demonstrating photoanodic behavior characteristic of n-type semiconductors such as TiO₂. This 
trend is attributed to the enhanced collection of photogenerated holes at higher bias voltages. 
Notably, the photocurrent onset the point at which the current begins to increase significantly is 
consistent across all curves, indicating that the band edge positions remain largely unaffected by 
variations in the growth duration. At higher applied potentials (typically >0.6 V vs. Ag/AgCl), the 
photocurrent response tends to saturate, suggesting that either surface reaction kinetics or charge 
transport limitations dominate the overall performance. Samples with shorter growth durations 
exhibit relatively low photocurrent densities, which can be ascribed to incomplete crystallization, a 
higher density of structural defects or trap states within the nanotube walls, and limited carrier 
mobility. In contrast, an optimal growth duration yields the highest photocurrent density, reflecting 
improved charge separation efficiency, superior crystallinity, and a balanced nanotube geometry 
that supports effective transport and interfacial charge transfer. However, overextended growth 
durations appear to degrade performance, likely due to excessive grain growth, which reduces 
surface area formation of recombination centers at grain boundaries, or even collapse and sintering 
of the nanotube architecture. The photoconversion efficiency (η) of TiO₂ nanotube arrays (TNTs) 
anodized for different durations was evaluated under illumination at 0 V vs. Ag/AgCl. The 
calculated efficiencies were 0.11%, 0.18%, 0.15%, and 0.14% for the 0.5 h, 1 h, 1.5 h, and 2 h 
anodized samples, respectively, Table 1. Among the samples, the 1 h-TNTs exhibited the highest 
photoconversion efficiency of 0.18%, which can be attributed to an optimal sample for nanotube 
length. At this stage of anodization, the TNTs likely provide sufficient surface area for light 
absorption and active sites for water oxidation, while still maintaining efficient electron transport 
pathways with minimal recombination losses. In contrast, the 0.5 h-TNTs displayed the lowest 
efficiency (0.11%), likely due to insufficient nanotube growth, resulting in reduced surface area 
and poor light harvesting. Although longer anodization times (1.5 h and 2 h) led to the formation 
of longer TNTs, the marginal decline in efficiency suggests that excessively long nanotubes might 
introduce increased charge transport resistance and enhanced recombination due to longer electron 
diffusion paths. These results highlight the importance of optimizing anodization duration to 
balance light absorption, charge separation, and charge transport properties. Specifically, shorter 
anodization times help prevent structural irregularities and maintain stoichiometry, while band-gap 
narrowing enhances visible-light absorption. The observed trends demonstrate that morphological 
and structural tuning of TNTs through precise control of anodization time is a key factor in 
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maximizing PEC performance for water-splitting applications, offering improvements over 
previously reported studies [36–39]. 

 
 

Table 1. Photoconversion efficiency (η) of TiO₂ nanotube arrays (TNTs) anodized for different durations. 
 

Sample Jph (mA/cm²) @ 0 V η (%) 
0.5 h-TNTs 0.09 0.11 
1 h-TNTs 0.15 0.18 

1.5 h-TNTs 0.13 0.15 
2 h-TNTs 0.12 0.14 

 
 

 
 

Fig. 7. Linear sweep voltammograms obtained at the scan rate of 20 mV s⁻¹ at applied potentials from –1 to 
1 V under illumination intensity of 100 mW cm⁻² in 0.1 M Na₂S and Na₂SO₃ electrolyte for plain TiO₂ NTs of 

(a) 0.5 h (b) 1 h (c) 1.5 h (d) 2h. 
 
 
4. Conclusion 
 
The anodization duration is a decisive factor in tailoring the structural, morphological, 

optical, and photoelectrochemical characteristics of TiO₂ nanotube arrays. Among the various 
synthesis durations investigated, a 1-hour anodization time yielded nanotubes with the most 
advantageous balance of properties, including uniform and vertically aligned morphology, 
enhanced crystallinity, an appropriate band gap favoring visible-light absorption, and a markedly 
higher photocurrent response. These synergistic features render the 1-hour anodized TNTs highly 
suitable for photoelectrochemical applications such as solar energy conversion and environmental 
remediation. In contrast, both shorter and longer anodization periods were found to induce 
morphological irregularities, limit charge transfer, or impair light-harvesting capability, thereby 
reducing overall PEC performance. Consequently, the 1-hour anodization time can be considered 
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optimal for achieving multifunctional performance. Future investigations directed at fine-tuning 
parameters such as applied voltage, electrolyte composition, and post-synthesis treatments are 
expected to further optimize the properties and expand the applicability of TiO₂ nanotube systems 
in advanced renewable energy technologies. 
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