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Abstract 

This study demonstrates that time-controlled photoassisted deposition of silver (Ag) 
nanoparticles can effectively tune the plasmonic and photoelectrochemical behavior of TiO2 

nanotube arrays (TNTs/Ti foil). Structural analyses confirmed the preservation of phase-pure 
anatase TiO2 and revealed progressive Ag loading with deposition time. FESEM observations 
showed that early deposition (5–15 min) primarily thickened tube walls, increasing the outer 
diameter from ~210 to ~250 nm, while distinct Ag nanoparticles were not yet resolved. At longer 
deposition times (20–25 min), well-defined Ag particles appeared, growing from ~450 to ~750 
nm, indicating coalescence and aggregation. These morphological changes corresponded with 
optical responses, where a pronounced LSPR band emerged at ~620 nm and the apparent band 
gap decreased from 3.20 eV for pristine TNTs to 2.7 eV at 10 min Ag coverage. 
Photoelectrochemical measurements highlighted the importance of deposition time: photocurrent 
density increased from 0.11 mA cm-2 for pristine TNTs to a maximum of 0.39 mA cm⁻² at 10 
min, over 3.5-fold enhancement, before declining due to aggregation-induced recombination. 
Overall, these results show that precise control of Ag deposition time governs nanoparticle 
nucleation, growth, plasmonic behavior, and interfacial charge transfer, providing a scalable 
strategy for designing high-performance plasmonic photoelectrodes. 
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1. Introduction  

Over the past decade, nanoscale semiconductor structures have attracted significant interest due 

to their potential in advanced optoelectronic and photoelectrochemical applications. Numerous 

studies have explored different fabrication strategies to enhance structural uniformity, optical 

absorption, and interfacial charge transfer, all of which are crucial for improving energy 

conversion efficiency [1–6]. Within this context, TiO2 nanotube arrays (TNTAs) have gained 

particular attention because of their well-ordered morphology, high surface area, and efficient 

one-dimensional electron transport pathways [7-9]. These properties make TNTAs promising 

photoanodes for solar-driven PEC systems [10].  However, the wide band gap of TiO2 (~3.2 eV) 

restricts its activity to the UV region, which represents a small fraction of the solar spectrum. 

Various modification strategies such as coupling with narrow-band-gap semiconductors (e.g., 

CdS) or controlling electrolyte composition during nanotube formation have been shown to 

improve visible-light response and interfacial charge dynamics [11-12]. Despite these advances, 

noble-metal decoration, particularly with silver (Ag), remains one of the most effective methods 

for enhancing visible-light absorption through localized surface plasmon resonance (LSPR) [13]. 

Noble metals such as Pt, Au, Ag, and Pd generate strong electromagnetic fields at the metal–

semiconductor interface, boosting photon harvesting and suppressing charge recombination [14-

17].  

Ag nanoparticles are especially attractive due to their tunable plasmonic properties and strong 

surface plasmon resonance in the UV–visible range [18, 19]. Integrating Ag with TiO2 leads to 

broadened optical absorption, enhanced charge separation, and improved PEC activity under 

both UV and visible illumination, as widely demonstrated in plasmon-enhanced TiO2 systems 
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[20-22]. Previous studies further show that Ag decoration can introduce defect states, modify 

band alignment, and significantly enhance photocatalytic and PEC performance [23, 24]. 

Although Ag-modified TiO2 nanotubes have been widely studied using photoreduction, chemical 

reduction, and electrodeposition, the literature still lacks a systematic investigation of how 

precisely controlled photoassisted deposition time dictates Ag loading, plasmonic behavior, 

band-edge alignment, and the resulting PEC performance. This gap highlights the need for time-

resolved deposition studies, which the present work directly addresses. Recent studies have 

extensively explored noble-metal modification of TiO2 nanostructures, particularly Ag, to boost 

photoelectrochemical (PEC) performance. Although various methods including photoreduction, 

chemical reduction, and electrodeposition have been used to improve light absorption, plasmonic 

response, and charge separation, the literature still lacks a systematic understanding of how 

precisely controlled photodeposition time governs the evolution of Ag nanoparticle loading, 

band-edge alignment, and the resulting PEC behavior. Prior reports have only addressed isolated 

aspects of this relationship. For instance, Liu et al. (2019) [25] demonstrated that 

electrodeposition followed by H/N post-treatment produces Ag/TiO2-x nanotubes with 

significantly enhanced photocurrent and plasmonic response due to oxygen-vacancy formation 

and improved electron transport, while Zhang et al. (2020) [26] highlighted that the metal-

deposition sequence alters the LSPR response. Likewise, a study in Veziroglu et al. (2024) [27] 

reported that the sequence and duration of photodeposition of Ag and Au nanoparticles critically 

govern the resulting plasmonic resonance, spectral tunability, and PEC behavior of TiO2 

nanotube arrays. Additional studies, including Yang et al. (2021) [28] and Chen et al. (2022) 

[29], confirm the importance of controlled Ag loading but do not establish a quantitative link 

between deposition time, structural evolution, and PEC performance. Photo-deposition was 
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employed to decorate Ag nanoparticles on TiO2 nanotubes due to its ability to drive site-selective 

nucleation via photogenerated electrons, ensuring strong interfacial contact and efficient charge 

separation. Unlike conventional chemical reduction, sol-gel, or SILAR methods, which often 

lead to random particle deposition and aggregation, photo-deposition provides precise control 

over particle size, distribution, and coverage. The approach is also milder, cleaner, and 

environmentally friendly, making it ideal for fabricating highly efficient Ag - TiO2 nanotube 

photoelectrodes. 

In this context, the present work addresses this gap by systematically correlating photoassisted 

Ag deposition duration with the resulting structural, optical, and PEC properties of TiO2 

nanotube arrays. By resolving how deposition time modulates PEC performance, this study 

provides a clearer design framework for optimizing Ag- TiO2 interfaces and advancing next-

generation PEC systems for solar-driven applications. 

2. Experimental 

Titanium dioxide (TiO2) nanotube arrays were fabricated via the anodization technique. Titanium 

foils (99.9% purity, Sigma-Aldrich) were cut into rectangular pieces of 2.5 × 1.0 cm² and 

sequentially ultrasonicated for 15 minutes in acetone, isopropanol, and deionized water to 

remove organic contaminants. Subsequently, the foils were immersed in 6 M HNO3 for 10 

minutes to eliminate surface impurities and obtain a smooth, clean surface. An electrochemical 

cell was assembled, where the titanium foil served as the working electrode and a high-density 

graphite plate acted as the counter electrode. The inter-electrode distance was maintained at 2 

cm. Anodization was conducted using a DC power supply (MP6010D) in an electrolyte 

containing 75 mL glycerin, 25 mL deionized water, and 0.5 g ammonium fluoride (NH4F), as 

illustrated in Figure 1. 
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Following anodization, the resulting TiO2 films were annealed in air at 500 °C for 2 hours to 

obtain well-crystallized TiO2 nanotube arrays. Photodeposition method employing a mercury UV 

lamp (365 nm, 300 W) providing an irradiance of approximately 150 mW/cm² at a distance of 10 

cm from the sample surface. The photodeposition was carried out at a controlled temperature of 

27°C within the deposition chamber. The temperature was maintained by employing a vacuum 

exhaust system to remove the hot air generated by the UV lamp and prevent 

overheating of the sample. The TiO2 nanotube arrays grown on Ti foils were used as substrates, 

and photodeposition was performed in an aqueous 0.1 M AgNO3 solution for different irradiation 

times (5, 10, 15, 20, and 25 minutes). After photodeposition, the samples were thoroughly rinsed 

with deionized water and dried at room temperature, as schematically presented in Figure 1. 

Under UV illumination, photogenerated electrons from TiO2 reduce Ag⁺ ions to metallic Ag, 

leading to nucleation and growth of Ag nanoparticles directly on the nanotube surface, while 

holes oxidize residual species in the solution. The deposition time was adjusted to control 

particle size and surface coverage. 
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Figure 1. Schematic diagram of the synthesis of Ag@TiO2 NTs. 

 2.1 Characterization of TiO2 nanotubes 

The X-ray diffraction (XRD) evaluation was accomplished using the Shimadzu LabX XRD-6000 

diffractometer, which operated inside a scanning variety of 10º to 80º using Cu Kα radiation (λ = 

1.54 Å). The instrument was changed into a set to a working voltage of 40. kV and a current of 

40 mA. Morphological characterization of the samples was carried out using field-emission 

scanning electron microscopy (FESEM, Nova Nano SEM 450), while elemental composition and 

distribution were analyzed by energy-dispersive X-ray spectroscopy (EDS) attached to the same 

instrument.  UV-visible diffuse reflectance spectroscopy was performed using the Shimadzu TM 

DUV 3700 double-beam spectrophotometer, covering a wavelength variety from 200 to 800 nm. 

For PEC studies, a conventional three-electrode electrochemical cell was employed to evaluate 

the performance of TiO2 and Ag@ TiO2 nanotube (NT) electrodes. The TiO2 and Ag@ TiO2 NT 

samples were used as working electrodes, with a silver/silver chloride (Ag/AgCl) electrode as the 

reference and a platinum (Pt) wire as the counter electrode. The electrolyte solution consisted of 
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0.1 M Na2S and 0.1 M Na2SO3, adjusted to a pH of ~13. Photocurrent measurements were 

performed using linear sweep voltammetry (LSV) with a Vertex One potentiostat (Ivium 

Technologies, Netherlands) controlled by IviumSoft software. The potential was swept from –1.0 

V to +1.0 V versus Ag/AgCl at a scan rate of 20 mV/s. A 300 W halogen lamp (120 V) served as 

the light source, positioned 15 cm from the quartz reaction cell, providing an illumination 

intensity of ~100 mW/cm² over an active electrode area of 1 cm². The light was modulated 

manually (chopped) to record photocurrent responses under intermittent illumination. The 

applied bias photon-to-current efficiency (ABPE) was calculated using the following relation 

[30]: 

𝜼 =
𝑱𝒑𝒉൫𝑬𝒓𝒆𝒗

𝒐 − ห𝑬𝒂𝒑𝒑.ห൯

𝑷𝒊𝒏
 × 𝟏𝟎𝟎%                                (𝟏) 

Pin is the incident light irradiance (100 mWcm-2), and 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. 

3. Results and discussion  

3.1 XRD analysis 

The crystalline structures of the anodized TiO2 nanotube arrays and silver-decorated TiO2 

nanotubes (Ag@TiO2 NTs) prepared via photodeposition for varying durations (5, 10, 15, 20, 

and 25 minutes) were analyzed using X-ray diffraction (XRD). The obtained diffraction patterns 

were compared systematically with standard reference data from the Joint Committee on Powder 
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Diffraction Standards (JCPDS): metallic titanium (Ti, card no. 00-044-1294), anatase TiO₂ (card 

no. 00-021-1272), and metallic silver (Ag, card nos. 00-004-0783).  As shown in Figure 2, the 

XRD pattern of the pristine titanium substrate exhibited characteristic diffraction peaks at 2θ 

values of approximately 35.42°, 38.60°, 40.44°, 53.52°, 63.15°, 70.80°, and 76.41°, which 

correspond to the (100), (002), (101), (102), (103), (112), and (201) crystallographic planes of 

metallic Ti, respectively. Following an oxidative preparation of 1 hour (designed as TNT), new 

diffraction peaks emerged at 2θ values near 25.11°, 38.23°, 47.86°, and 52.86°, as a result of the 

anatase phase of TiO2 with planes (100), (004), (200), and (105). Notably, the (100) anatase peak 

at ~25.3° was particularly intense, indicating a preferential orientation and more suitable 

crystallinity of regular anatase TiO2 with thermodynamically favorable successful alongside this 

plane. The attenuation of Ti peaks expanded anatase depth, indicating the formation alongside of 

an extra uniform and thicker TiO₂ nanotube layer oxidation, with the average crystallite size 

expected at approximately 22.1 nm via Scherrer's equation. These effects are in agreement with 

earlier studies [31–33]. The subsequent deposition of silver led to additional diffraction 

reflections, primarily at approximately 38.1°, 44.3°, 64.4°, and 77.3°, which correspond to the 

(111), (200), (220), and (311) planes of silver, respectively matching JCPDS cards 00-004-0783. 

These XRD peaks confirm the successful nucleation and formation of crystalline silver 

nanoparticles on the TiO2 substrate. The deposition time significantly influences the nanoparticle 

size, crystallinity, and phase development, with longer deposition durations promoting the 

growth of larger and well-defined metallic silver domains. A comprehensive evaluation of the 

silver photodeposition intervals reveals a progressive and systematic evolution in nanoparticle 

growth. At the initial stage (5 min), the diffraction peaks associated with metallic silver are 

relatively broad with moderate intensity, indicating the onset of nucleation and the formation of 
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small crystallites (~23.5 nm), characteristic of the cubic phase of Ag. For Ag-10min@TNT, the 

increased peak intensity with slightly reduced peak broadening indicates higher Ag loading and 

surface coverage, while the Scherrer-estimated crystallite size (~29 nm) confirms nanoscale 

growth without altering the crystallinity of the TiO2 substrate. At Ag-15min@TNT, further 

enhancement in peak intensity along with moderate broadening suggests continued nucleation 

and gradual particle growth (~29.1 nm), reflecting the stabilizing effect of extended 

photodeposition. In the case of Ag-20min@TNT, the sharper and more intense diffraction peaks 

correspond to improved crystallinity and an increase in Ag domain size (~32 nm). Finally, for 

Ag-25min@TNT, the most intense peaks with reduced broadening indicate substantial particle 

growth (~40 nm), consistent with extensive photodeposition leading to larger, well-developed Ag 

nanoparticles. This systematic progression underscores the critical role of deposition time in 

dictating nanoparticle size, crystallinity, and phase evolution. Prolonged deposition durations 

prefer the development of massive, strong metallic silver domain names on TiO2 nanotubes. 

These findings provide valuable insights for optimizing nanocomposite fabrication strategies, 

with direct implications for advanced applications in photocatalysis, sensing, and antimicrobial 

coatings, and are in settlement with previous reports [34-37]. 
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Figure 2. XRD patterns of pristine TiO2 nanotube arrays (TNTs) and Ag-decorated TNTs 
obtained at various photodeposition durations. 
 
 
.2 Morphological and EDS Analysis 

The pristine TiO2 nanotubes (TNTs) (Figure 3a) exhibit highly ordered and uniform nanotubular 

architecture with smooth walls, well-defined openings, and minimal structural defects, providing 

a stable platform for surface modification. The average inner diameter of the tubes is 
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approximately 95 nm, consistent with typical anodically grown TiO2 nanotubes. No discrete 

nanoparticles are observed on the pristine surface, and the only measurable “particle-like” 

feature corresponds to the tube diameter with wall thickness. Upon Ag photodeposition, the 

morphological evolution depends strongly on deposition time (Figure 3b–f). At early stages (5–

15 min) Figure 3b-d, distinct Ag nanoparticles are not yet resolved in FESEM images; instead, 

the outer tube diameter increases progressively from ~210 nm (5 min) to ~230 nm (10 min) and 

~250 nm (15 min), reflecting partial wall thickening and early-stage nucleation. In the Ag-

5min@TNTs sample, sparse Ag nuclei appear near the tube openings, indicating limited surface 

coverage. In contrast, by 10 min, a more uniform distribution of Ag along the tube mouth is 

observed, corresponding to optimally sized nanoparticles that promote enhanced plasmonic 

activity and efficient charge separation. At 15 min, the deposition produces a denser metallic 

layer, suggesting the onset of particle coalescence. At longer deposition times Figure 3e-f, 

discrete metallic Ag particles become clearly visible, with particle sizes increasing sharply to 

~450 nm at 20 min and forming large agglomerates of ~750 nm at 25 min. These larger clusters 

reduce the effective active surface area of the nanotubes, induce plasmon damping, and increase 

light scattering, thereby adversely affecting charge transport and photoelectrochemical 

performance. Tube diameter and Ag particle-size estimation from Figure 3 (histograms) shows a 

clear growth trend with deposition time. Histogram analysis confirms this progressive particle-

size evolution, from small nuclei at early stages, through uniform nanoparticles at intermediate 

times, to coalesced and aggregated domains at prolonged deposition. Overall, these observations 

highlight the critical role of Ag deposition time in tuning the morphological, optical, and 

photoelectrochemical properties of TiO2 nanotube arrays. Moderate deposition (10 min) yields 

the most favorable balance between nanoparticle dispersion, plasmonic enhancement, and charge 
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separation, whereas excessive loading leads to aggregation and diminished functional 

performance.  
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Figure 3. FESEM images at different magnifications showing the surface morphology of (a) pristine TiO2 nanotube 
arrays (TNTs), and Ag-decorated TNTs obtained at various photodeposition durations: (b) Ag-5min@TNTs; (c) Ag-
10min@TNTs; (d) Ag-15min@TNTs; (e) Ag-20min@TNTs; (f) Ag-25min@TNTs. Approximate particle-size 
histograms for TNT and Ag nanoparticles on TiO2 nanotubes as a function of photodeposition time 

 

Figure (4a–f) presents cross-sectional field-emission scanning electron microscopy (FESEM) 

images depicting the morphological evolution of TiO2 nanotube arrays and their Ag-decorated 

counterparts via photodeposition at different durations. 

The reference image (Figure 4a) shows pristine TiO2 nanotubes synthesized via 1-hour 

anodization. The nanotubes are vertically aligned, highly ordered, and uniform in length, with 

well-defined smooth walls. This open, homogeneous tubular morphology confirms successful 

anodic formation, consistent with previous reports that optimized anodization conditions yield 

dense and well-established TiO2 nanotube arrays [43]. The absence of surface particulates further 

validates their pristine nature, making them an ideal template for subsequent nanoparticle 

decoration. In Figure 4b (Ag-5min@TNT), initial Ag nucleation is observed as isolated 

nanoscale clusters moderately dispersed on the nanotube surfaces and within the tubular 

openings. This early stage of photodeposition reflects localized reduction of Ag⁺ ions by 

photogenerated electrons (Taipina et al., 2021) [44]. The overall nanotube morphology remains 

largely intact, indicating minimal structural disturbance. For Figure 4c (Ag-10min@TNT), the 

density of Ag nanoparticles increases significantly, with uniform attachment along the inner 

walls and outer diameter of the nanotubes. The morphology is still predominantly unaltered, 

demonstrating controlled nanoparticle growth without substantial blockage of the tubular 

channels. In Figure 4d (Ag-15min@TNT), larger Ag nanoparticles appear, particularly along the 
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outer edges of the nanotubes. While the overall structure is preserved, partial particle 

coalescence suggests the onset of aggregation, and some obstruction of tube openings may 

slightly influence photocatalytic activity by modifying light absorption and site accessibility. 

Figure 4e (Ag-20min@TNT) shows further particle accumulation and more pronounced partial 

occlusion of the nanotube openings. This surface saturation aligns with literature reports 

indicating that excessive metal deposition can cause surface roughening and cluster formation, 

potentially reducing the available active surface area and affecting plasmonic resonance and 

photocatalytic efficiency. 

Finally, Figure 4f (Ag-25min@TNT) exhibits near-complete coverage with densely aggregated 

Ag nanoparticles and extensive coalescence zones. Such excessive silver loading can negatively 

impact photocatalytic performance due to light reflection, shadowing effects, and restricted 

access of reactants to the nanotube interior, thereby hindering charge transfer processes. Overall, 

these FESEM images demonstrate that Ag nanoparticle deposition via photoreduction exhibits a 

clear time-dependent behavior, profoundly influencing the morphology of TiO2 nanotubes. 

Optimizing deposition duration is essential to balance plasmonic enhancement with the 

preservation of the tubular structure, which is critical for photocatalytic and 

photoelectrochemical applications. Excessive silver deposition compromises structural integrity 

and reduces active surface area, suggesting an optimal deposition window of approximately 10 

minutes to achieve maximum catalytic performance [45]. 
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Figure 4. Cross-sectional images at various magnification of (a) pristine TiO2 nanotube arrays 
(TNTs) and Ag-decorated TNTs obtained at various photodeposition durations: (b) Ag-5min@TNTs; (c) 
Ag-10min@TNTs; (d) Ag-15min@TNTs; (e) Ag-20min@TNTs; (f) Ag-25min@TNTs. 
 

The EDS spectra shown in Figure 5a–f provide elemental characterization of pristine TiO2 

nanotube arrays and those decorated with silver (Ag) nanoparticles via photodeposition at 

various durations (5, 10, 15, 20, and 25 minutes). In Figure 5a (pristine TNTs), the spectrum 

confirms the presence of titanium (Ti) and oxygen (O), with Ti accounting for approximately 

87.1 wt% and O for 12.9 wt%, consistent with the stoichiometry of TiO₂ and previous reports 

[46]. For Figure 5b (Ag-5min@TNT), a small Ag signal (0.4 wt%, 0.1 at%) is detected, 

indicating the onset of nanoparticle nucleation. At this early stage, Ag nanoparticles form sparse 

clusters or isolated particles due to the limited number of nucleation sites and the initial 

reduction of Ag⁺ ions. In Figure 5c (Ag-10min@TNT), the Ag content slightly increases to 0.6 

wt% (0.2 at%), reflecting initial nanoparticle growth and localized aggregation. Minor 

measurement variability may also contribute to this modest increase. Figure 5d (Ag-

15min@TNT) shows a further rise in Ag content to 1.9 wt% (0.7 at%), indicating enhanced 

nucleation and more extensive surface coverage. This progressive accumulation suggests 

ongoing photoreduction and deposition, potentially leading to nanoparticle coalescence and 

increased density, consistent with reported photoreduction kinetics (Shinnur M et al., 2024) [47]. 

In Figure 5e (Ag-20min@TNT), Ag content increases substantially to 11.9 wt% (4.8 at%), 

corresponding to the formation of continuous or partially agglomerated nanoparticle layers. This 

stage, corroborated by FESEM images, significantly affects the optical and catalytic properties of 

the nanotube arrays. Finally, Figure 5f (Ag-25min@TNT) exhibits the highest Ag loading (19.7 

wt%, 7.8 at%), associated with dense Ag nanoparticle agglomerates. While high Ag content can 

enhance photocatalytic activity and induce plasmonic effects, excessive deposition may result in 
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shadowing, particle sintering, and restricted reactant accessibility, potentially hindering 

performance. Overall, the EDS analysis demonstrates a clear time-dependent increase in Ag 

nanoparticles on TiO2 nanotube arrays via photodeposition. The progressive Ag accumulation 

correlates with distinct morphological changes, particularly at longer deposition durations, 

highlighting a tunable strategy for optimizing surface functionality. These findings are in 

agreement with previous studies [48, 49]. 

 

Figure 5. Energy-dispersive X-ray spectra of (a) pristine TiO2 nanotube arrays (TNTs) and Ag-
decorated TNTs obtained at various photodeposition durations: (b) Ag-5min@TNTs; (c) Ag-
10min@TNTs; (d) Ag-15min@TNTs; (e) Ag-20min@TNTs; (f) Ag-25min@TNTs. 
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3.3 UV-Vis (DRS) analysis 

As presented in Figure 6, the spectra provide valuable insight into the light-harvesting behavior 

of pristine TiO2 nanotubes (TNTs) and their Ag-decorated counterparts synthesized via 

photodeposition at different time intervals. The pristine TiO2 nanotubes (black curve) exhibit an 

absorption onset around 380 nm, corresponding to band gap energy of approximately 3.20 eV, 

which is consistent with the characteristic value of anatase TiO2 that primarily absorbs ultraviolet 

light. The negligible absorption in the visible region (above 400 nm) highlights the limited solar 

utilization of pristine TiO2, restricting its photocatalytic and photoelectrochemical performance. 

Following Ag photodeposition, significant modifications in the optical response were observed. 

The absorption spectrum of Ag/ TiO2 nanotubes exhibits a clear redshift compared to bare TiO2, 

with the absorption onset moving from ~380 nm to ~460 nm, depending on the size and 

distribution of Ag nanoparticles. This redshift corresponds to an increase in the effective photon 

flux in the visible region, quantitatively enhancing the photogenerated charge density. For Ag-

decorated samples obtained after 5 and 10 minutes of irradiation (red and blue curves), a distinct 

redshift of the absorption edge was detected, indicating the influence of silver nanoparticles 

through localized surface plasmon resonance (LSPR). Longer deposition durations (15 and 20 

minutes, green and purple curves) resulted in broader absorption bands extending from 400 to 

700 nm due to the increased Ag content, which enhances visible-light absorption via plasmonic 

excitation. At 25 minutes of deposition (yellow curve), a pronounced absorption peak appeared 

between 500 and 600 nm, characteristic of the LSPR of Ag nanoparticles. This plasmonic 

resonance originates from the collective oscillation of conduction electrons in Ag under light 

excitation, effectively extending the absorption range into the visible region. 
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However, excessive Ag loading (e.g., at 25 minutes) can lead to nanoparticle agglomeration, as 

clearly shown in the FESEM images (Figure 3), which induces light scattering and partial 

shielding effects, thereby diminishing photoelectrochemical efficiency. This observation 

emphasizes the importance of optimizing photodeposition duration to balance enhanced light 

absorption with uniform nanoparticle dispersion.  

The optical band gaps (Eg) were estimated using the Tauc relation (Equation 2) [50]: 

(𝜶𝒉𝒗)𝒏 =  𝒉𝝂 −  𝑬𝒈                                (2) 

Where 𝛼 is the absorption coefficient, ℎ𝜈 is the photon energy, and 𝐸௚ is the optical band gap. 

𝑛 =  2 for direct band gap. The optical band gap (𝐸௚) is determined by extrapolating the linear 

segment of the curve to zero. The band gap values obtained from the extrapolated linear regions 

of the Tauc plots are summarized in Table 1.  

 
 
Table 1:  The energy gap values of pristine TiO2 nanotube arrays (TNTs) and Ag-decorated 
TNTs obtained at various photodeposition durations. 
 
 

 

 

As illustrated in Figure 7, the optical band gap decreases progressively with increasing Ag 

deposition time up to 10 minutes, reflecting enhanced visible-light absorption and improved 

charge transfer through metal–semiconductor interfacial interactions. The subsequent increase in 

Constructions Energy gap (eV) 
TNTs 3.20 

Ag-5 min/TNTs 2.80 

Ag-10 min/TNTs 2.70 

Ag-15 min/TNTs 2.86 

Ag-20 min/TNTs 2.96 
Ag-25 min/TNTs 3.05 
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the apparent band gap beyond 15 minutes can be attributed to excessive Ag nanoparticle loading, 

leading to partial surface coverage and light shielding effects. 

The observed modulation in optical properties arises from plasmonic and interfacial phenomena 

rather than intrinsic lattice modification as occurs in doping. Therefore, Ag decoration 

effectively tunes the optical response of TiO2 nanotubes without altering their fundamental 

crystal structure. Consistent with these optical findings, photoelectrochemical measurements 

revealed a marked enhancement in photocurrent density for the optimally decorated TiO2 

nanotube arrays compared to pristine TiO2. This improvement is primarily due to the synergistic 

influence of Ag-induced plasmonic enhancement and the formation of Schottky junctions, which 

facilitate electron extraction and suppress charge recombination at the TiO2/electrolyte interface. 

Prolonged deposition (e.g., 25 minutes), however, resulted in decreased performance due to 

nanoparticle aggregation and scattering effects, in agreement with previously reported results 

[51, 52]. The Tauc analysis revealed a non-monotonic evolution of the apparent band gap with increasing 

Ag deposition time. The band gap decreased from 3.20 eV (pristine TNTs) to a minimum of ~2.70 eV at 

10 min, coinciding with the formation of uniformly distributed and optimally sized Ag nanoparticles. This 

reduction is attributed to strong plasmon–semiconductor coupling, increased localized electromagnetic 

fields, and the introduction of shallow metal-induced states near the TiO₂ conduction band.  However, at 

longer deposition times (15–25 min), the apparent band gap increased again (up to ~3.05 eV), 

which we associate with nanoparticle coalescence, loss of plasmonic resonance sharpness, and 

increased optical scattering. These effects weaken the near-field enhancement and reduce the 

contribution of Ag-induced sub-bandgap absorption, resulting in a partial reversal of the redshift 

observed at the optimal 10-minute deposition interval.  This trend confirms that moderate Ag 

loading maximizes plasmonic enhancement, whereas excessive deposition deteriorates both the 
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optical response and the effective band-edge modulation.  In the Ag-25/TiO2 sample, the Tauc-

derived band gap shows a slight decrease to 3.05 eV, while the DRS spectrum displays a strong 

absorption peak at ~620 nm. This peak originates from the localized surface plasmon resonance 

(LSPR) of Ag nanoparticles. The plasmonic absorption, along with mid-gap states and enhanced 

light scattering at high Ag loading, accounts for the mild redshift in the apparent band-gap edge, 

without indicating an actual narrowing of the intrinsic TiO2 band gap. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. UV – Vis absorption spectra of pristine TiO2 nanotube arrays (TNTs) and Ag-
decorated TNTs obtained at various photodeposition durations. 
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Figure 7. UV–Vis spectra bandgap energy curves of pristine TiO2 nanotube arrays (TNTs) and 
Ag-decorated TNTs obtained at various photodeposition durations. 
 
 
 
3.4 Photoelectrochemical Performance 

Figure 8 presents the J–V characteristics evaluating the photoelectrochemical (PEC) performance 

of titanium  dioxide (TiO2) nanotubes (TNTs) synthesized via 1-hour anodization, before and 

after surface modification with silver (Ag) nanoparticles using photodeposition at various 

durations (5, 10, 15, 20, and 25 minutes). The photocurrent response under simulated solar 

irradiation was measured to assess the material’s photoactivity and charge separation efficiency.  

Although complete triplicate datasets were not available, all photocurrent and efficiency 

measurements were repeated multiple times to verify stability and consistency. The results 

showed minimal variation under identical conditions, confirming the robustness of the observed 

trends.  Pristine TNTs exhibited low photocurrent densities with a photoconversion efficiency of 
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0.18%. This limited performance is primarily due to the wide band gap (~3.2 eV), which restricts 

light absorption to the ultraviolet region, and the rapid recombination of photogenerated charge 

carriers in the TiO2 matrix.  Surface decoration with Ag nanoparticles significantly enhanced 

PEC performance. This improvement is mainly attributed to the surface plasmon resonance 

(SPR) effect of Ag nanoparticles, which extends light absorption into the visible spectrum and 

promotes effective charge separation. Ag nanoparticles act as electron sinks at the nanoscale, 

capturing photogenerated electrons and reducing the recombination rate  a key factor in 

improving PEC efficiency. 

Among the modified samples, Ag-10min@TNT exhibited the highest photocurrent density and 

photoconversion efficiency (0.39 mA/cm² and 0.48%, respectively), indicating an optimal Ag 

loading that balances light absorption enhancement and charge separation without introducing 

recombination centers. Few studies report photocurrent densities in Ag decorated TiO2 systems. 

The only comparable report shows 0.35 mA/cm² using nanoplate morphology on an FTO 

substrate [48]. In contrast, our Ag-10 min/TiO2 nanotube arrays on Ti foil achieve a higher 

photocurrent density of 0.39 mA/cm², corresponding to a photoconversion efficiency of 0.48%. 

This enhancement can be attributed to the one-dimensional nanotube morphology, which 

facilitates directional electron transport, reduces charge recombination, and increases the surface 

area available for Ag nanoparticle deposition. Shorter deposition times (5 min) resulted in 

insufficient Ag coverage, yielding lower SPR effects and moderate photocurrent (0.18 mA/cm², 

0.22%). Conversely, longer deposition times (15, 20, and 25 min) led to excessive Ag 

accumulation and nanoparticle aggregation, which can block active sites, act as recombination 

centers, and hinder charge transfer. The corresponding photoconversion efficiencies were 0.20%, 
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0.19%, and 0.18% for 15, 20, and 25 min, respectively. Table 2 summarizes the photocurrent 

densities and photoconversion efficiencies. 

 

Table 2: Photoconversion efficiency (η) of pristine TiO2 nanotube arrays (TNTs) and Ag-
decorated TNTs obtained at various photodeposition durations. 
 

Sample Jph (mA/cm²) @ 0 V η (%) 

Pure TNTs 0.15 0.18 

Ag-5 min/TNTs 0.18 0.22 

Ag-10 min/TNTs 0.39 0.48 

Ag-15 min/TNTs 0.17 0.20 

Ag-20 min/TNTs 0.16 0.19 

Ag-25 min/TNTs 0.15 0.18 
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Figure 8. 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 of pristine TiO2 nanotube arrays (TNTs) and Ag-decorated TNTs 
obtained at various photodeposition durations. 
 
 
The valence and conduction band edges of TNTs and Ag-decorated TNTs were estimated using 

the following empirical relations [53]: 

 

Eେ୆ = χ − E୭ − 0.5E୥                        (3) 

E୚୆ = Eେ୆ +  E୥                                  (4) 

where ECB and EVB are Conduction and valence band potentials (vs. NHE), χ is the 

electronegativity of TiO₂ (5.82 eV), E₀ is the energy of free electrons on the hydrogen scale (4.5 

eV) [54], and Eg is the band gap energy. It should be noted that the electronegativity-based 

calculation provides approximate band-edge estimation. The presence of surface-deposited Ag 
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nanoparticles does not alter the intrinsic electronegativity (χ = 5.82 eV) of TiO₂, but may 

introduce surface states and local electronic perturbations that are not captured by this empirical 

model.  

Table 3: Band-edge positions (CB and VB) referenced to NHE and vacuum levels for pristine 
TiO2 nanotube arrays and Ag-decorated TNTs synthesized at different photodeposition times. 
 

Sample Band Gap (eV) CB Potential (V) 
vs. NHE 

VB Potential (V) 
vs. NHE 

ECB (eV) 
vs. Vac. 

EVB (eV) 
vs. Vac. 

TNTs 3.20 -0.28 +2.92 -4.78 -1.58 

Ag-5 min/TNTs 2.80 -0.08 +2.72 -4.58 -1.78 

Ag-10 min/TNTs 2.70 -0.03 +2.67 -4.53 -1.83 

Ag-15 min/TNTs 2.86 -0.11 +2.75 -4.61 -1.75 

Ag-20 min/TNTs 2.96 -0.16 +2.80 -4.66 -1.70 

Ag-25 min/TNTs 3.05 -0.20 +2.84 -4.70 -1.65 

 

Table 3 summarizes the band gap (Eg), conduction band edge potential (CB vs. NHE), and 

valence band edge potential (VB vs. NHE) for pristine titanium dioxide (TiO2) nanotube (TNT) 

arrays and Ag-decorated TNTs prepared via photodeposition at different durations (5, 10, 15, 20, 

and 25 minutes). For Ag-modified samples, these values should be regarded as approximate, as 

metal-induced mid-gap states, interface dipoles, and surface plasmon–mediated electronic 

perturbations can shift the apparent band edges beyond the predictive capability of the empirical 

model [55]. Notably, Ag-10min@TNT shows a reduced optical band gap (2.70 eV) and an 

estimated ECB of −0.03 V vs. NHE (from −0.28 V for pristine TNTs), consistent with plasmon-

driven band-edge modulation observed in Ag/TiO2 heterostructures [56]. Although a less 

negative CB reduces the thermodynamic driving force for H⁺ reduction, enhanced hot-electron 

injection and suppressed recombination at the Ag–TiO2 interface can compensate kinetically 

[57]. The apparent increase in band gap at longer deposition times (≥15 min) is consistent with 

reports attributing such behavior to nanoparticle aggregation, light-scattering effects, and 
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modified surface states rather than intrinsic widening of TiO2’s band structure [58]. Overall, the 

results highlight the trade-off between band alignment and plasmonic/structural effects that 

governs the PEC response of Ag-decorated TNTs. 

Figure 9 illustrates the charge transfer mechanism in the Ag@ TiO2 NT heterostructure under 

visible-light illumination. Photon absorption excites electrons from the valence band (EVB) to the 

conduction band (ECB), generating holes in the valence band. Ag nanoparticles act as electron 

sinks due to Fermi level differences, efficiently capturing photogenerated electrons and 

suppressing electron–hole recombination. Electrons collected by Ag migrate through the external 

circuit to the counter electrode, reducing protons to generate hydrogen (H2), while the remaining 

holes in TiO2 oxidize water to produce oxygen (O2) and additional protons. The required 1.23 V 

potential difference between H2/H⁺ and O2/ H2 O is maintained, enabling overall water splitting. 

The formation of a Schottky barrier at the Ag/TiO2 interface is a key factor underlying the 

enhanced PEC performance observed in the Ag-decorated TiO2 nanotube arrays. Using the 

reported electron affinity of TiO2 (χ = 5.82 eV), the work-function mismatch between TiO2 and 

Ag (ΦAg ≈ 4.3–4.7 eV) creates a favorable energy offset that drives electron transfer from Ag to 

TiO2 until Fermi-level equilibration is reached [59]. This electron redistribution induces 

downward band bending on the TiO2 side, establishing a Schottky-like junction that promotes 

directional charge separation. Upon illumination, photogenerated electrons in TiO2 readily 

migrate toward Ag nanoparticles, which act as electron sinks due to their lower Fermi level and 

high electrical conductivity [60]. This effectively suppresses electron–hole recombination, 

increasing the lifetime of photogenerated holes for oxidation reactions. These metallic bridges 

facilitate rapid electron transport from TiO2 to Ag, effectively suppressing electron–hole 

recombination. As a result, the photoluminescence intensity of Ag-modified TiO2 films is 
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reduced by more than half, consistent with the quenching behavior reported in Ref. [61]. 

Furthermore, Ag nanoparticles introduce localized surface plasmon resonance (LSPR), 

generating energetic (“hot”) electrons that can be injected into the TiO2 conduction band, further 

improving the separation and transport of photogenerated carriers. The combined action of 

plasmonic excitation and Schottky barrier-driven charge extraction accounts for the marked 

increase in photocurrent density after optimal Ag photodeposition. 

In conclusion, controlling the Ag modification process is crucial for tuning band gaps, band edge 

potentials, and charge transfer efficiency. Optimizing deposition duration enhances visible-light 

absorption, promotes efficient charge separation, and improves hydrogen evolution, providing 

key insights for the design of nanostructured materials for renewable energy and 

photoelectrochemical applications [62-64].  
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Figure 9. Schematic illustration of charge transfers in the Ag@TiO2 nanotube heterostructure. 
 

 
 

4. Conclusion 

A time-controlled photoassisted deposition strategy was used to decorate TiO2 nanotube arrays 

with Ag nanoparticles, enabling systematic tuning of their plasmonic and electronic behavior. 

The pristine TiO2 NTs exhibited an inner diameter of ~95 nm, while early deposition stages (5–

15 min) caused progressive wall thickening, reflected by increases in outer tube diameter from 

~210 nm (5 min) to ~230 nm (10 min) and ~250 nm (15 min), despite the Ag particles not yet 

being visibly resolved. The photocurrent reached its maximum at 10 min, confirming that 

moderate Ag loading enhances charge separation while limiting recombination. At longer 
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deposition times, distinct Ag nanoparticles appeared, growing substantially from ~450 nm at 20 

min to ~750 nm at 25 min, where excessive aggregation introduced recombination centers and 

reduced PEC performance. These results underscore the critical role of deposition time in 

controlling Ag nucleation, growth, and interface quality, offering clear design guidelines for 

optimizing plasmonic-semiconductor photoelectrochemical systems. 
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