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Abstract

The aim of this study was to enhance photocatalytic activity through an electrochromic
process. Multilayer films comprising WOs deposited on TiO2 nanotubes (TNTs) were
fabricated on ITO (indium tin oxide) glass substrates. The TNTs layers were synthesized
via the anodization of Ti films, with variations in the deionized water content (1, 3, and 5
wt%) in ethylene glycol and NH4F as electrolyte solutions. The results revealed that the DI
water ratios during anodization significantly affected the morphological and crystalline
characteristics of the TNTs. At a 3 wt% deionized water ratio, the TNTs exhibited an aligned
nanotube structure and a larger crystallite size of the anatase phase. At a 5 wt% DI water
ratio, degradation in both the crystalline characteristics and morphology of TNTs was
observed. Furthermore, the photocatalytic performance of the TNTs and the WOs3 films
deposited on the TNTs (WTNTs) samples was investigated to compare between pre-
colored and colored states by examining their degradation rates of methylene blue solution
under 300 pW/cm? ultraviolet irradiation. The results of the colored states analysis
indicated that the WOs layer enhanced color efficiency by increasing absorption, resulting
in the generation of more electron-hole pairs. Consequently, this state exhibited a
significantly higher degradation rate compared to the pre-colored state.
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1. Introduction

In recent years, titanium dioxide (TiO2) has become highly popular for decomposing
organic pollutants through its photocatalytic activity (PA) under UV irradiance (Dell’Edera
et al., 2021; Padmanabhan et al., 2021), an activity that can be applied in self-cleaning
glass (Garlisi et al., 2021). However, a limitation of TiOz is its bulk structure, which prevents
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it from reaching its full catalytic potential (Diebold, 2003; Junbang et al., 2024). Improving
TiOz2 catalyst performance is commonly achieved by increasing the surface area to allow
more contact with organic pollutants by reorganizing the bulk structure into nanostructures,
such as nanorods, nanowires, and nanotubes. These nanostructures have a high surface
area, resulting in the generation of more e-h* pairs during photogeneration and thus
enhanced redox reactions to degrade pollutants. In other words, this increase significantly
enhances the PA performance (Zhou et al., 2024).

In addition to issues such as wastewater and air pollution, energy problems are a
significant concern facing the world today due to global warming. This causes indoor
environments to become hotter, compelling residents to use air conditioning, which leads
to higher expenses. To address this problem, one of the promising technologies is
electrochromic (EC) smart glass (Niklasson & Granqvist, 2007). This technology prevents
heat from entering buildings after a small voltage is applied. One of the key materials used
in this technology is tungsten trioxide (WO3), renowned for its excellent electrochromic
properties. WO3 undergoes color changes through the double injection of electrons and
ions such as H*, Li*, Na*, and K* (Karuppasamy& Subrahmanya, 2008; Zheng et al., 2011).
This mechanism allows the material to absorb light in the visible to near infrared range,
effectively blocking heat from entering the building (Wu et al., 2023).

As mentioned earlier, both TiO2 and WOs rely on their active surface systems, but
each has functional limitations. TiO2, while widely used as a photocatalyst material, still
faces the challenge of a high recombination rate of e -h* pairs, which reduces the
availability of charge carriers for redox reactions and limits its overall PA efficiency. For
WOs, although it is highly effective in electrochromic applications, especially in terms of
optical performance, it suffers from poor durability, which hinders long-term functionality.
Additionally, its electronic band structure limits PA efficiency.

To address the problems, many researchers have explored the potential of
modifying and combining TiO2 and WOs to enable heterostructure functions. Smith and
Zhao (Smith & Zhao, 2008) investigated a specific design to enhance photocatalytic
performance in a TiO2/WOs two-layer nanorod array. By combining TiO2 with another
semiconductor that has a smaller conduction band energy, such as WOs, a charge
separation effect is produced, which extends the lifetime of the e ™-h* pairs, delays the
recombination rate, and demonstrates the benefits of a two-layer system for PA
performance. Meanwhile, Reyes-Gil et al. (2013) prepared WOs on TNTs through
electrodeposition. The WOs3 on the TNT surface plays an important role in enhancing EC
performance by providing a larger surface area for charge-transfer reactions, which
facilitates ion diffusion. This results in increased insertion—extraction charge capacity and
enhances both contrast and stability in the electrochromic process. Ultimately, the
composite materials of WOs on TNTs demonstrated higher electrochromic performance
compared to pure WO3 and TiOz.

At this point, the correlation between PA and EC phenomena remains a hot topic.
However, we could not find any literature that mentions PA performance in the colored
state via the EC process. One of the main factors influencing PA performance is the
number of carriers on the surface, with higher quantities typically leading to better
degradation (Alves et al., 2017; Zhang et al., 2022). The EC mechanism relies on the
intercalation of electrons and ions, which increases the surface charge density of the
material (Cao et al., 2010; Liu et al., 2020). After considering that, this research was aimed
to study the impact of PA performance in TNTs and WTNTs before and after coloration
achieved via the EC process by monitoring the degradation of methylene blue (MB) under
UV irradiation to assess the effects.
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We focused on preparing TNTs through anodization, an electrochemical process
that oxidizes Ti in an electrolyte solution containing ethylene glycol (EG), deionized (DI)
water, and ammonium fluoride (NH4F). The anodization process promotes the formation of
a nanotube film. When voltage is applied, Ti is oxidized to Ti** and reacts with O%" in the
electrolyte, resulting in the formation of TiO2. Once the TiOz2 film forms, F~ in the electrolyte
etches the oxide, dissolving parts of the film into [TiFe]* . In regions of high electric field
intensity, this etching creates pores while the oxide barrier layer grows. The interaction
between etching and oxide barrier growth leads to the formation of nanotube structures,
significantly increasing both the length and diameter of the tubes, thereby enhancing the
surface-active area. For efficient TNT synthesis, controlling anodization parameters is
essential to obtain the desired nanotube morphology. This remains challenging, and
significant attention has been drawn to factors such as electrolyte concentration, electrolyte
pH, anodization voltage, time, and temperature (Bae et al., 2008).

In this study, we examined the influence of electrolyte concentration. It is well
recognized that, under the same conditions, different electrolytes can produce varying
electric field intensities. Additionally, it is known that in the initial stage of anodization, a
higher electric field intensity can induce larger sites, ultimately resulting in a wider diameter
of TNTs. We aim to find the right balance between electrolyte viscosity to prevent the
breakdown of TNTs during anodization while achieving a high surface area, and porosity
by adjusting the ratio of DI water to facilitate better charge insertion during the EC process
within the film structure (Corrente et al., 2020; Yao et al., 2024). Furthermore, a layer of W
was to be deposited on top of TNTs (TNTs — WTNTSs) using DC magnetron sputtering to
enhance EC efficiency. Additionally, all samples underwent thermal oxidation (TO) in a
furnace at 500°C for 1 h to form metal oxides. The reaction involved was
W6+ + 30% — WOs. The tungsten trioxide (WOs3) layer also plays a crucial role in initial light
absorption, particularly low-energy light, due to its low Eg (2.8 eV), which is opportune in
photogeneration (Sajan et al., 2017; El-Yazeed & Ahmed, 2019; Wahyuono et al., 2019;
Ya et al., 2021; Thakur et al., 2023;), as shown in Figure 1.
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Figure 1. Scheme of (a) EC and PA and (b) mechanism of the PA
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2. Materials and Methods

The 100 nm thick ITO coated on glass substrates underwent cleaning using an ultrasonic
process with acetone, ethanol, and DI water each for 15 min. After that, 500 nm thick
metallic Ti films were deposited on the ITO glass substrate (glass/ITO/Ti) using the DC
magnetron sputtering technique. A 2-inch Ti disc (99.995% purity, Kurt J. Lesker Company)
was used as the target. Argon (99.999% purity) at a flow rate of 15 sccm was used as the
sputtering gas in a high vacuum chamber system at a base pressure of 5.0x107° mbar
using a rotary pump coupled with a diffusion pump. The sputtering power was set to 150
W. The process continued to the next step once the deposition was completed.

2.1 Preparation of TNTs

An electrolyte solution was prepared consisting of NH,F, EG, and DI water with a total
volume of 60 g. The DI water ratios were varied to 1, 3, and 5 wt% for each condition as
summarized in Table 1. The Pb cathode and the glass/ITO/Ti anode were connected. The
electrodes were immersed in the electrolyte as shown in Figure 2 and a constant voltage
of 25 V was applied for 1 h to form TNTs. After the process, the films were cleaned using
an ultrasonic cleaner with DI water for 10 min to remove any debris covering the top of the
TNTs.

Table 1. Preparation of TNTs with varying DI water ratios at 1, 3, and 5 wt% in the
electrolyte

sompies (RO NAE B0 iG] Dt
TNTs 1% 0.60+984+1.0 0.36 53 0.60
TNTs 3% 0.60+96.4+3.0 0.36 52 1.8
TNTs 5% 0.60+94.4+5.0 0.36 51 3.0

Oxide barrier layer

Figure 2. Experimental setup for anodization of TNTs
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2.2 Preparation of WTNTs

After preparing the TNT films through the anodization process and cleaning them with an
ultrasonic cleaner in DI water for 10 min, a 100 nm thin metallic W film was deposited on
the TNTs using DC magnetron sputtering with a sputtering power of 100 W. A 2-inch W
disc (99.95% purity, Kurt J. Lesker Company) was used as the target under the same
sputtering gas, flow rate, and base pressure conditions as for glass/ITO/Ti. The scheme
for preparing the WTNTSs is shown in Figure 3. After preparing TNTs and WTNTs, all
samples were heated to form metal oxides using the TO technique in a furnace at 500°C
for 1 h.

Electrolyte solution

S N S
Ji 500 nm X7 Y
ArE)/ IW atoms

Glass/ITO/Ti

_ —_—
TNTs WTNTs
Anodization DC Magnetron sputtering Thermal Oxidation (TO)

Applied V=25V for I hr Sputtering power of 100 W at 5.0x10-° mbar Heated in a furnace at 500°C for 1 hr

(a) (b) (c)

Figure 3. Experimental setup for the preparation of WTNTs samples with 3 steps (a)
anodization, (b) DC magnetron sputtering, and (c) thermal oxidation

2.3 Characterization

The surface morphology of the TNT and WTNT samples after TO at 500°C for 1 h were
investigated using FE-SEM (Tescan Mira 3, Czech Republic). Crystal structures were
determined using XRD (D2 PHASER, Bruker) with Cu Ka radiation at 1.54 A. A scanning
range of 20°-80° and a time per step of 0.2 s with increments of 0.02° were used. The
optical properties and PA performance of the TNT and WTNT samples were determined
before and after coloration. In the coloration process, a DC voltage of 1.5 V was applied,
with the films acting as the cathode and Pb as the anode. The samples were dipped in
H2S04 as the electrolyte for 1 min, and the T% at 200-1000 nm was measured using a UV-
Vis spectrophotometer (Genesys S10, Thermo Scientific). The PA before and after
coloration was tested by measuring the relative absorbance of MB with a base concentration
of 0.025+0.005 mM as an organic pollutant under a UV lamp (Silver light 10W/T8/BL
Blacklight) with irradiance of 300£20 yW/cm?, recording every 50 min for 200 min.

3. Results and Discussion

3.1 Morphology

The top and cross-sectional views of the TNT and WTNT samples were observed using
FE-SEM as shown in Figure 4, and the pore diameter and tube length were measured
using Imaged software, with Gaussian distribution plots shown in Figure 5 and data
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summarized in Table 2. The results showed that the 1 and 3% TNTs exhibited
interconnected nanotube walls, with tube length increasing after raising the DI water ratios
in the electrolyte. The electrolyte concentration directly affects charge mobility during
anodization, influencing the rate of etching and the formation of TNT structures (Chin et
al., 2016; Suhadolnik et al., 2020; Kato & Shirai, 2022; Yu et al., 2022). A lower viscosity
of the electrolyte solution enhances ion mobility in the anodization process, promoting
etching and pore growth. This growth results in an increase in both the length and diameter
of the tubes, with reported lengths increasing from 703.0 nm to 930.7 nm and average
diameters increasing from 37.16 nm to 43.48 nm for TNTs 1 and 3%, respectively. In
contrast, TNTs 5% exhibited tube deformation, resulting in the peeling of TNTs from the
surface, which showed the collapse and destruction of the nanotubes, leaving only thin
TiO; films attached to the glass/ITO. This was supported by Saharudin et al. (2018), who
studied the parameters affecting morphology and found that H20 facilitated the extraction
of Oz and OH- from the electrolyte to form the oxide layer, contributing to the formation of
long nanotubes with thick walls. However, an excessive amount of H20, resulting in low
viscosity, can lead to the formation of unstable nanotubes that collapse due to rapid etching
effects, thereby reducing nanotube length. After considering that, the viscosity of the
electrolyte significantly affects the growth and stability of TNTs during anodization. Low-
viscosity electrolytes, such as those with high DI water content, can lead to faster diffusion
of ions, resulting in longer nanotubes and a transition from inconsistent to uniform TNT
structures. However, excessive DI water content can also cause increased destruction of
the tube walls, potentially leading to structural defects, such as the breakdown of the
nanotubes, especially if there is an imbalance between the oxidation and etching
processes.

Figure 4. Top and cross-sectional views of FE-SEM images of (a) TNTs 1%, (b) TNTs
3%, (c) TNTs 5%, (d) WTNTs 1%, (e) WTNTs 3%, and (f) WTNTs 5% after TO at 500°C
for1h
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Figure 5. The distribution of pore diameters of TNTs samples under DI water ratios of
(a) 1 wt% and (b) 3 wt%

Table 2. The average pore diameter and tube lengths of TNT and WTNT samples

Samples Avg Diameter (nm) Avg Thickness (nm)
TNTs 1% 37.16x10.37 703.04£57.01
TNTs 3% 43.4819.530 930.7+25.33
TNTs 5% - 150.8+26.78

For the WTNTSs, the 100 nm thick W film deposited on the TNTs resulted in the
WOs layer covering the TNTs in a significantly thicker layer on top of the tubes. Varying the
DI water ratios resulted in different morphological characteristics. In the WTNT 1%
samples, similar to the morphology of TNTs 1%, a wide distribution of tube lengths and
pore diameters was observed, resulting in a rough surface where the distribution of W
atoms over the tubes created more space and greater porosity on the surface. In contrast,
the WTNTs 3% showed WOs films with smaller grain sizes and a smoother surface,
reflecting a more uniform arrangement of tubes with less distribution in length and pore
sizes. The larger pore size allowed the sputtered W atoms to be inserted into the pores.
However, they likely became stacked on the surface, forming a dense WO3 layer on top.
This resulted in a more compact and less porous surface compared to WTNTs 1%, as
clearly seen in the FE-SEM image. For WTNTs 5%, only the WOs3 film was observed
covering the substrate due to the collapse of the nanotubes. These different morphological
structures directly affect the PA and EC properties due to variation of specific surface area.

3.2 Crystal structure

The crystal structure of TNTs and WTNTs after TO at 500°C for 1 h was analyzed using
an X-ray diffractometer (XRD), as shown in Figure 6 and the results are summarized in
Table 3. For the TNT samples, XRD peaks were observed at 25.37° and 37.92°,
corresponding to the (101) and (004) planes of the anatase TiO: crystal phase (JCPDS
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Figure 6. XRD graphs of TNTs and WTNTSs after annealing at 500°C for 1 h

Table 3. Intensity and crystallite size on the (101) and (004) planes of TNTs prepared
under different DI water wt%

Intensity (a.u.) Crystallite size (nm)
Samples li101)/l(004)

li101) loos) (101) (004)

TNTs 1% 11.9 3.44 3.46 59.4 334
TNTs 3% 9.49 3.13 3.03 60.4 32.8
TNTs 5% 4.47 1.59 2.81 37.6 8.40
WTNTs 1% 5.76 6.90 0.83 46.3 43.1
WTNTs 3% 8.77 2.54 3.45 65.2 16.2
WTNTs 5% 2.08 1.78 117 26.7 8.16
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PDF no. 03-065-5714). For WTNTs samples, XRD peaks were observed at 23.21°, 23.77°,
24.37°, 28.83°, and 33.35° corresponding to the (002), (020), (200), (112), and (202) planes
of the monoclinic WOs crystal phase (JCPDS PDF no. 00-005-0363). Additionally, the
crystallite size was calculated using the Debye-Scherrer equation (1).

D = (kA/BcosB) (1)

where D is the crystallite size, k is Scherrer’s constant, A is the X-ray wavelength (1.54 A),
and B is the full width at half maximum (FWHM) of the diffraction peak.

As mentioned earlier, increasing the DI water content while fixing the anodization
time at 1 h resulted in a different arrangement of the crystal structure of TiO2. Optimized
anodization conditions supported ion diffusion, leading to increased tube length and
thickness by reducing the viscosity of the electrolyte, which also enhanced the stability of
the nanotube morphology during anodization by promoting crystallite growth at the (101)
plane in both TNT and WTNT samples. The largest crystallite size at the (101) plane was
found under the 3 wt% DI water condition due to the enhanced structural stability during
the anodization process, while the smallest crystallite size occurred at the 5 wt% condition,
probably due to the collapse of the tubes. For the (004) plane, the TNT samples, after DI
water content increase, indicated a trend towards reduced peak intensity, with crystallite
sizes significantly decreased at 33.4, 32.8, and 8.40 nm for TNTs 1, 3, and 5%,
respectively.

For WTNTSs, we found that increasing the DI water ratio also reduced the crystallite
size at the (101) and (004) planes, which was consistent with the trend observed in TNTs.
Additionally, the intensity of the l(020) and I200) peaks from monoclinic WO3 decreased, likely
due to W atoms being inserted into the tube structure and possibly occupying oxygen
vacancies with Ti atoms at the same positions. This affects the atomic arrangement and
changes the crystal structure (Arvizu et al., 2014; Indira et al., 2015).

3.3 Optical properties

The TNTs and WTNTs samples after TO were classified into two states: (1) the pre-color
state, represented by dashed lines, and (2) the coloration state obtained via the EC
process, represented by solid lines, and hereafter referred to as C-TNTs and C-WTNTs
(Figures 7 and 8). In the coloration process, a DC voltage of 1.5 V was applied to the films,
with the films acting as the cathode and Pb as the anode when they were immersed in
H2S04 as the electrolyte for 1 min, followed by the EC process. The samples were then
analyzed using a UV-Vis spectrophotometer to investigate the optical transmittance
spectra (T%). Additionally, the band gap energy (Eg) of the films was determined from
Tauc's plot, as shown in Figures 7 and 8.

For the TNT samples, Eg values increased from 3.41, 3.50, and 3.80 eV for TNTs
1, 3, and 5%, respectively. The TNTs 1 and 3% exhibited similar transparency, with distinct
interference fringes caused by the film thickness. In contrast, TNTs 5% displayed a
featureless optical response due to the severe structural collapse, as confirmed by
morphological analysis. For the WTNT samples, the WO3 deposited on TNTs resulted in
reduced overall Eq values, which was consistent with W having a lower Egof 2.6 eV. The
Eg values were found to be 3.04, 3.44, and 3.83 eV for WTNTSs 1, 3, and 5%, respectively.
In terms of EC, the injection and extraction of H* ions and electron transfer between TiO2,
WOs, and H2SO4 result in the EC reactions of HxTiO2 and Hx\WOs3 (Karuppasamy, 2015),
as described by equations (2) and (3).
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Figure 7. T% and Eg values from Tauc’s plot for TNTs in before and after coloration
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Figure 8. T% and Eg values from Tauc'’s plot for WTNTs in before and after coloration
TiO2 + xH* + xe~ (pre-color) = HxTiOz2 (colored) (2)

WOs3 + xH* + xe~ (pre-color) = HxWOs3 (colored) (3)

After a specific compound forms, the color variations depend on the value of x,
with a higher x value resulting in a distinct color and a lower x value corresponding to a
transparent state. In the case of the C-TNTs 5%, the collapse of the tube morphology likely
increased H* and e~ insertion, improving color formation efficiency and leading to a higher
degree of coloration (Deshpande et al., 2007; Her & Chang, 2014; Huo et al., 2019; Ozkan
et al., 2003). On the other hand, the C-TNTs at 1% did not show significant changes after
coloration, while C-TNTs 3% exhibited only slightly coloration.

In the C-WTNTs, light absorption in the green spectrum induced a deep blue color,
indicating that the W layer significantly enhanced color efficiency compared to the TNT
sample. The C-WTNTs 1% exhibited a larger surface area, roughness, and porosity, which
facilitate H* and e~ insertion due to these morphological properties. In contrast, the C-
WTNTs 3% had WO3 atoms forming a layer with a smooth and less porous surface, making
it more difficult for H* and e~ insertion, resulting in reduced coloration efficiency compared
to C-WTNTs 1% (Riyanto et al., 2023). This demonstrated that the DI water ratio also

10
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influenced color efficiency, as it correlated with porosity and the amorphous structure.
Highly disordered structures exhibited fast switching response and enhanced coloration
efficiency (Fang et al., 2009; Ivanov et al., 2013; Saitow et al., 2018; Zhen et al., 2020;
Thongjoon et al., 2024).

Additionally, after the EC process, we found that the Eg of both C-TNTs and
C-WTNTs slightly decreased. In general, EC materials that rely on ion insertion can modify
the electronic band structure, leading to bandgap widening as described by the Burstein-
Moss (BM) phenomenon. This phenomenon shows that the apparent Eg of a
semiconductor increases when the energy band is filled, and optical transitions must
involve empty band states. This results in the absorption edge being pushed to higher
energies due to certain states close to the conduction band in degenerate semiconductors,
which can be expressed as: Eopt = Eg + Esm, Where Eopt is the optical band gap, Eg is the
fundamental band gap, and Eswm is BM shift due to carrier doping. It can be concluded that
the BM shift can broaden the optical band gaps following an increase in carrier density.

However, Zhou et al. (2023) reported that intercalating Li* ions into Y2CF2 at
different concentrations (LixY2CF2 for x = ¥4 and x = 1) could be employed to tune carrier
density in EC devices. They found that the intercalation of small ions decreased the
fundamental Eq in inorganic materials, such as transition metal oxides, which tended to
counteract the BM shift. Additionally, Zhao et al. (2022) reported on the inorganic dual-
band mechanism of EC in single-component WO; films, where the observed colors (from
transparent to dark blue) depended on the varying densities of free carriers. This variation
was induced by adjusting the voltage to increase double injection, resulting in a reduced
Eg of the WOs films as the voltage was increased. This observation is relevant to our
conditions for C-TNTs and C-WTNTs, as the presence of inorganic materials in the colored
state may influence the optical properties and adjustments in Eg.

3.4 Photocatalytic activity

The PA performance of the TNT and WTNT samples after TO was monitored and
categorized into 2 states: (i) before coloration (represented by dashed lines) and (ii) after
coloration via the EC process (represented by solid lines, referred to as C-TNTs and C-
WTNTs) (Figures 9 and 10). The PA performance was assessed by monitoring the
degradation of MB (with an initial concentration of 0.025£0.005 mM) as an organic
pollutant, under UV irradiation at 300+20 yW/cm?. The relative absorbance at 664 nm was
recorded every 50 min over a total duration of 200 min to determine the MB concentration.
These data were plotted against time and used to calculate the degradation rate (k) based
on first-order chemical kinetics (Hauch et al., 2002) as described in equation (4). The
results are presented in Figures 9-11.

In (£2) = kt (4)

where C is the MB concentration, Co is the initial MB concentration (0.025 mM), k is the
first-order rate constant, and t is time.

The PA results of TNTs 1 and 3% (pre-color) exhibited similar k values, attributed
to their comparable morphology and crystallite size, while TNTs 5% showed a lower k value
due to the collapse of the tube structure, as mentioned before. After coloration by the EC
process, C-TNTs 1% showed a slight increase in the k value from 0.00176 to 0.00185 m™,
whereas C-TNTs 3% decreased from 0.00167 to 0.00122 m™ and C-TNTs 5% slightly
decreased from 0.00067 to 0.00060 m™".
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Figure 9. The degradation of MB in TNT and WTNT samples before and after coloration
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In the case of C-TNTs 1%, there was a slight increase in degradation rate
compared to TNTs 1%, unlike the trends observed in C-TNTs 3 and 5%, which exhibited
slower degradation than the pre-colored samples. After considering the similarities in
crystal structure between the C-TNTs 1 and 3% samples, the instability of the tube
morphology appears to be a significant factor. The highly distributed tube morphology plays
a crucial role in charge accumulation on the film's surface, as is well known in the EC
mechanism. While TNTs 1% benefit from surface porosity that enhances charge insertion,
C-TNTs 1% facilitate H* insertion but exhibit less durability in EC devices. This means that
H* cannot be retained in the structure for a long time, which emphasizes the importance of
stability and durability in EC devices.

From this, we assume that the EC charge in C-TNTs 1% exits the structure more
quickly, allowing easier contact with MB compared to the more stable C-TNTs 3%, which
retains the EC charge within the structure for a longer duration. However, despite the longer
retention of H*, the C-TNTs samples still showed insufficient coloration. Additionally, the
behavior of charge insertion may act like a defect, obstructing electron-hole
photogeneration. Furthermore, charge insertion from the EC process on the film surface
could hinder UV exposure to the longer tubes, leading to reduced direct contact with TNTs
and ultimately decreasing PA efficiency.

However, during the preparation of the samples in the coloration state, we applied
voltage to the films and immersed them in H2SO4 right before the PC testing. This might
introduce slight deviations that were difficult to avoid, also creating cloudiness in the
influence of EC effects on the PC behavior in both C-TNT and TNT films when compared
to the C-WTNT samples.

Regarding the PA performance in WTNT samples, the deposited W layer on top
of the tubes showed a significant difference in coloration state compared to TNT samples.
Unfortunately, the PA performance in the pre-color state decreased. Vasilaki et al. (2017)
prepared a bilayer of TiO2/WOs3 and reported that effective exposure of the active catalyst
surface to dye solution under UV irradiation facilitated both oxidation and reduction
reactions, allowing photogenerated electrons and holes to reach the surface more easily,
where they created hydroxyl radicals that enhanced PA performance. After considering
that, in WTNT samples, the deposition of W atoms likely formed a dense layer on top of
the tubes. This layer may reduce UV interaction with the main catalytic agent (TNTs). This
effect was particularly noticeable in TNTs 3%, where despite wider tube diameters allowing
WO:s to penetrate inside and form a dense layer within the tubes and cover the tubes, the
direct contact of TNTs with MB was probably significantly hindered, reducing the PA
performance (Dozzi et al., 2016; Bogati et al., 2017)

Nevertheless, in the coloration state achieved by the EC process, all C-WTNT
samples showed a clear increase in degradation efficiency, with k values increasing from
0.00043 to 0.00051 m™, 0.00031 to 0.00060 m~, and 0.00047 to 0.00070 m~* for WTNTs
1, 3, and 5%, respectively. This enhancement can be attributed to the role of WOs layers
in the EC performance, which stimulate charge insertion and form the compound HxWO3
(Cai et al., 2016). The effect of DI water ratios on the k values of C-WTNT samples is also
influenced by the structures with high porosity and defects, which support H* and e
insertion into the film structure during the EC process. However, increasing H* and e
insertion in samples with high porosity resulted in decreased stability. This may explain
why C-WTNTs 1 and 5% showed a trend to stabilize after 100 min, whereas C-WTNTs 3%
exhibited a more consistent upward trend and indicate higher linearity.
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4. Conclusions

In this research, the impact of EC on the PA performance of TNT and WTNT samples was
studied, alongside the effects of DI water ratios (1, 3, and 5 wt%) in the electrolyte solution
during the preparation of TNTs by anodization. It was found that increasing the DI water
ratio from 1 to 3 wt% improved ion diffusion and provided stability to the nanotube
morphology by enhancing both the pore diameter and the tube length. However, excessive
ratios above 5 wt% caused an imbalance between the oxidation and etching processes,
which tended to result in the collapse of the tube morphology and a decrement in the
anatase phase of TiO2. For WTNT samples, WOs3 films deposited on the surfaces of TNTs
formed a dense layer, indicating the lower Eg values of the TNTs. The PA performance of
TNT and WTNT samples, both before and after coloration via the EC process, was
investigated by monitoring the degradation of MB. It was revealed that WTNT samples
showed lower k values due to the WO3 layer obstructing direct UV contact with the catalyst
layer compared to TNT samples. However, in the colored state, the C-TNT samples
showed a trend of reduced PA performance, while in the C-WTNT samples, the WO3 layer
played a critical role in enhancing PA performance. The k values increased from 0.00043
to 0.00051 m™, 0.00031 to 0.00060 m~", and 0.00047 to 0.00070 m~" for C-WTNTs at 1,
3, and 5%, respectively. Despite the observed improvements of k values in C-WTNT
samples, the PA performance remained less efficient compared to TNT and C-TNT
samples. Nonetheless, this study provided possibilities for further advancements in EC
properties for driving PA systems.
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