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Abstract: In the present work, highly ordered titanium dioxide (TiO,) nanotube anodes were grown
using a rapid anodization process. The photoelectrochemical performances of these electrodes strongly
depend on the anodization conditions. Parameters such as electrolyte composition, anodization potential
and anodization time are shown to affect the geometrical parameters of TiO, nanotubes. The optimal
anodization parameters are determined by photocurrent measurements, linear sweep voltammetry and
electrochemical impedance spectroscopy. The thickness of the tube wall and its homogeneity is shown
to strongly depend on the anodization potential, and the formation mechanism is discussed. This study
permits the optimization of the photocurrent density and contributes to further improvement of the
photoelectrochemical water-splitting performance of TiO, nanotube photoelectrodes.

Keywords: TiO, nanotubes; electrochemical anodization; electrochemical impedance spectroscopy;
photoelectrochemical properties

1. Introduction

Since the revolutionary report by Fujishima and Honda in 1972 [1] on water splitting into oxygen
and hydrogen using a TiO, electrode, rigorous research has been devoted to hydrogen production
through solar water-splitting processes. Other semiconducting materials, such as bismuth vanadate
(BiVOy), hematite (x-FepO3), tungsten trioxide (WOs3), and tantalum (oxy) nitrides (TaON) are reported
to show high efficiencies towards photoelectrochemical (PEC) water splitting [2-5]. In recent years,
research groups have been developing heterostructures like BiVO,4/TiO; [6,7] or WO3/BiVOy [8] for
efficient photoelectrochemical water splitting. In these studies, TiO, or WOj3; nanorods provide
direct conduction pathways, minimizing recombination of photogenerated charge carriers. In the
case of TiO,, these nanotube or nanorod arrays, with their high surface area, provide a practical
solution for building photoreactors for water purification and an alternative to titania powder or dense
films [9]. Therefore, 3D titanium dioxide nanotube structures have attracted tremendous attention
due to their uniform morphologies, large surface area and controllable size, as well as their potential
applications, such as photo catalysis [10], dye sensitized solar cells [11], self-cleaning surfaces [12],
corrosion resistance [13], wastewater treatment [14], biomedical implants [15], gas sensing [16] and
solar hydrogen production [17,18].

Different approaches have been used for the synthesis of TiO, nanotubular structures, such as
atomic layer deposition (ALD) [19], hydrothermal synthesis [20], and electrochemical anodization [21].
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The growth of TiO; nanotubes by ALD requires the use of nanoporous templates, such as anodic
aluminum oxide. This template-assisted requirement limits the choice of substrates and requires
post-processing in order to separate the TiO, nanotubes from the template, in which the as-prepared
TiO; nanotube arrays may break [22]. On the other hand, the hydrothermal synthesis technique
consists of the hydrothermal treatment of titanium dioxide solutions followed by post-annealing
treatment, and results in the non-ordered distribution of the TiO, nanotubes [23]. Among these
methods, the electrochemical anodization route is widely investigated, and has attracted great interest
since the growth of the very first highly ordered titanium dioxide by Zwilling et al. in 1999 [24,25].
Electrochemical anodization is a facile method to prepare functional materials on metal substrates, and
enables us to synthesize highly self-organized structures at ambient temperature.

The functional properties of TiO, nanotubes are related to different parameters, such as the crystal
structure and surface morphology, which are dependent on the preparation parameters.

It is reported in the literature that the nanotube diameter increases with a higher anodization
voltage [26]. Previous work by Smith et al. reported that TiO, nanotubes with large diameters exhibit
a better photocatalytic activity because the catalyst’s surface is more exposed [27]. Another study by
Mazzarolo et al. [28] reported the effect of the top morphology of the tubes on their corresponding
photocatalytic activity, while other researchers have focused their research on the effect of tube length
on the photocatalytic properties of TiO, nanotubes [29].

In this work, highly ordered and self-organized TiO, nanotube arrays were fabricated using a
rapid anodization process. A series of TiO, nanotubes were prepared under different anodization
potentials, electrolyte compositions and anodization times. The effects of the varying anodization
parameters on the TiO, nanotube’s geometrical parameters, as well as their photoelectrochemical
properties, were investigated.

2. Results and Discussion

2.1. Formation Mechanism of TiO, Nanotubes

The formation of TiO, Nano tubular structures is a complex process, and the mechanisms are still
controversial [30,31]. Previous works have discussed the formation mechanisms of TiO, nanotubes
based on the field-assisted dissolution theory (FAD) [32], which suggests that the reaction happening
at the anode is the oxidation of the titanium metal, releasing Ti** and electrons (Equation (1)). The Ti*t+
ions then react with the OH™ and O~ provided by the water, leading to the formation of titanium
hydroxide (Equation (3)) and titanium oxide (Equation (4)).

Ti » Ti*t + 4e” 1)
Ti** + 40H™ - Ti(OH), )
Ti*T + 20 5> TiO, 3)
Ti(OH), — TiO, + 2H,0 (4)

Simultaneously, and under the effect of the electric field, the fluoride ions (F™) in the electrolyte
migrate to the anode, and the formed hydroxide layer or compact TiO, layer subsequently dissolves
into [TiFg]>~ under the corrosion effect (Equations (5) and (6)).

TiO, + 6F + 4ht — [TiFg]*” + H,0 (5)

Ti(OH), + 6F~ — [TiFg)*” + 40H" (6)

[TiFg]?~ is soluble in the electrolyte, which results in the formation of a large number of cracks on
the surface of compact layer (as illustrated in Figure 1). As the reactions continue, the cracks gradually
turn into nanotubes. The TiO, nanotubes’ growth at the Ti/TiO; interface and the TiO, dissolution at
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the TiO,/electrolyte interface are two competitive processes, which highly depend on the anodization
parameters. The TiO, nanotubes reach a steady growth rate when the Ti anodization rate and the TiO,
dissolution rate become equal.
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/ g\
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Figure 1. Formation mechanism of TiO; nanotubes (a) formation of TiO2 compact layer (b—d) formation
of cracks on the surface of the compact layer (e) steady growth of TiO2 nanotubes.

2.2. Chemical Composition

The surface crystal structure of the samples was investigated using X-ray diffraction as illustrated
in Figure 2a. The as-anodized samples show two diffraction peaks located at 38.30° and 40.20°,
corresponding to the (002) and (101) crystallographic planes of metallic titanium (Joint Committee on
Powder Diffraction Standards (JCPDS) Card No. 44-1294). The as-anodized samples were post-annealed
nanotubes at 420 °C for 90 min, with heating and cooling rates of 10 K per minute. The XRD pattern of
the post-annealed nanotubes is dominated by the (004) plane. In addition, the diffraction peaks located
at 20 = 25.366°, 37.85°, 38.41°, 48.00°, 51.6°, 54.00°, 54.99°, 62.93°, 68.75°, 70.84°, 75.00°, and 76.19°,
correspond to the (100), (004), (112), (200), (202), (105), (211), (213), (116), (220), (215), and (301) planes
of the tetragonal anatase phase of titanium dioxide (JCPDS Card No. 21-1272). Figure 2 refers to the
TiO, nanotubes anodized at 30 V for 30 min using a 0.8 wt% ammonium fluoride concentration.
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Figure 2. (a) X-ray diffraction pattern of the as-anodized and post-annealed TiO, nanotubes (b) X-ray
photoelectron spectra of the Ti2p (inset shows the O1s region of the TiO, nanotube).
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An X-ray photoelectron spectroscopy (XPS) study was performed in order to elucidate the
composition of the fabricated titanium dioxide nanotubes (see Figure 2b). The peaks obtained from
XPS analysis show well-resolved Ti2p (3/2) and Ti2p (1/2) peaks located at 459.36 eV and 465.02 eV,
respectively, indicating Ti** (Figure 2b). On the other hand, the peaks located at 530.62 eV and 531.85 eV
indicate the Ols peaks (inset of Figure 2b). The first peak located at 530.62 eV is characteristic of Ti and
O in TiOy, on the other hand, the Ols peak located at 531.85 eV is attributed to the hydroxyl groups on
the outermost TiO; surface as well as the adsorbed water resulting from moisture adsorption in air.

2.3. Electrical Response during the Anodization Process

In this work, a series of TiO, nanotubes were prepared under different anodization potentials,
different electrolyte concentrations and with different anodization times. Figure 3 shows the
current-time curve recorded by the Rigol Digital Multimeter during the anodization of titanium
foil in the ethylene glycol electrolytes with different ammonium fluoride concentrations, varying from
0.4 to 1.2 wt%. The anodization potential (30V) and time (30 min) were kept constant for all samples.

150 4 —— 0.4 wt % NH,F
—— 0.8 wt % NH,F
—— 1.0 wt % NH,F
4 —— 1.2 wt % NH,F
< 1004
c
2 ]
3
O
50
0 o I I e | o I I [

—r ——— — .
-200 0 200 400 600 800 1000 1200 1400 1600 1800 2000
Anodization Time (s)

Figure 3. Current-time response during the anodization process using different electrolyte
concentrations (anodization time: 30 min, anodization voltage: 30 V).

As shown in Figure 3, the anodization current is at its maximum value at the beginning of the
anodization process, after which a rapid decrease is observed, which is due to the formation of a
compact TiO; layer on the surface of the titanium substrate (Figure 1a). According to Ohm’s law, the
resistance of the compact layer is directly proportional to its thickness, which explains the first portion
of the current-time response curve (Figure 3), showing a downward trend as the compact film thickness
increases. The second portion of the current-time response curve shows an increase in the anodization
current, which is explained by the formation of TiO; pores/embryos (Figure 1b-d), which gradually and
slowly grow into self-organized nano-tubular morphology (Figure le). The last stage of the anodization
process shows the steady state growth of TiO, nanotubes, which is achieved when the titanium
electrochemical oxidation and TiO, dissolution rates become equal, reaching dynamic equilibrium.



Catalysts 2020, 10, 279 50f 15

2.4. Photoelectrochemical Testing (PEC)

2.4.1. Effect of Electrolyte Concentration

The current-transient curves of the TiO,, prepared using different electrolyte concentrations under
solar illumination (solar simulator), are illustrated in Figure 4.
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Figure 4. Current transient of the TiO, nanotubes prepared using different ammonium fluoride
concentrations (a) without ethylene glycol (b) with ethylene glycol added (samples prepared using
constant anodization time (30 min) and anodization voltage (30 V), annealed at 420 °C for 90 min).
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It can be observed that the photocurrent density increases with an increasing amount of ammonium
fluoride in the electrolyte solution (Figure 5a). In fact, a higher ammonium fluoride concentration
enhances the electric field intensity and therefore increases the etching rate during anodization.
In addition, 10 vol% of ethylene glycol as a hole scavenger in the KOH solution is shown to
almost double the photocurrent density, and enhances the charge separation and carrier lifetime.
The lowest photocurrent density is observed for TiO, nanotubes with the smallest pore diameter
(lowest concentration of ammonium fluoride), which prevents the electrolyte from diffusing into the
tubes, leading to a decrease in the photocurrent density.

Figure 5. Surface and cross-section images of the TiO, nanotubes prepared using different ammonium
fluoride concentrations (a,b) 0.4 wt% NH4F (c,d) 1.4 wt% NH4F (constant anodization time (30 min)
and anodization voltage (30 V)).

Moreover, according to the SEM images, the tube length was not affected by the ammonium
fluoride concentration, and the series of prepared TiO; nanotubes had an average tube length of 1.7 um.
However, the pore diameter is shown to increase with higher ammonium fluoride concentrations.
The average pore diameter was calculated from the SEM top view images and showed a clear variation
when changing the electrolyte ammonium fluoride concentration, but keeping the other parameters
constant. The pore diameter is shown to increase from 33 to 58 nm, with increasing ammonium
fluoride concentrations from 0.4 to 1.4 wt%. The TiO, nanotubes with higher opening exhibited a
higher photocurrent density (Figure 4). The increase in the pore opening makes the electrolyte solution
diffuse easily in the tubes, resulting in an improved photoelectrochemical activity.

2.4.2. Effect of Anodization Time

The tube length increased with longer anodization times, with 1.7, 2.1 and 2.9 pm for 30, 60 and
90 min, respectively. This increase in the tube length is illustrated in Figure 6a—c. The pore opening
size remained constant at 53 nm under different anodization times.
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Figure 6. FESEM images of the TiO, nanotube arrays under different anodization times: (a) 30 min,
(b) 60 min and (c) 90 min. (d) Corresponding photocurrent density under different anodization times
(samples prepared using constant electrolyte concentration (0.8 wt% NH4F) and anodization voltage
30V)).

Previous works have reported that the increase in the TiO, tube length provides a larger active
surface area, therefore offering higher absorption of the incident light, resulting in more photogenerated
electron/hole pairs and therefore improved photoelectrochemical activity [33]. However, our results
show that (while keeping the pore opening size constant), the photoelectrochemical properties decrease
with increasing tube length (Figure 6d).

Our experimental results can be explained by the increase in the tube layer thickness, which is
one of the most influential parameters affecting the photoelectrochemical efficiency of TiO2 nanotubes.
The observed decrease in the photoelectrochemical activity of the TiO2 nanotubes with increasing tube
length is ascribed to the coating electric conductivity. In fact, the resistivity of the TiO2 nanotubes
increases with increasing tube length, resulting in an apparent decrease in the photocurrent density.
Moreover, this behavior can also be explained by the light penetration within the nanotubes to
photogenerate the electron/hole pairs. In fact, it has been proven by Hitchman et al. [34] that the
maximum light penetration depth into TiO2 is the reciprocal of the absorption coefficient of the TiO2
film at the wavelength of the incident light, allowing light penetration up to a maximum depletion
layer width (Wmax). Therefore, any hole generated within Wax will be transported to the coating
when located in the TiO2 minority carrier diffusion length. On the other hand, absorptions at higher
depths will lead to charge recombination [34]. This result is also corroborated by Dosta et al.’s
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previous work [35], which reports that the photogeneration of oxidants can be enhanced up to a film
thickness limit.

The significant decrease in the photocurrent density (Figure 6d) can be explained by the fact that
when the nanotube length is higher, the incident light needs to travel a longer pathway within the TiO,
tubes, which also explains the decrease in the photoelectrochemical activity due to the high chance of
the recombination of the photogenerated electron/hole pairs.

2.4.3. Effect of Anodization Voltage

The effect of the anodization voltage on the photoelectrochemical properties of the prepared

TiO, nanotubes is investigated by applying different anodization voltages ranging from 15 to 100 V
(Figure 7a—f).

Current Density (mA/Cm?)

0.24
'Illlls.‘..

0.0 4

-10 08 06 04 02 00 02 04 06 08 10 12
Potential

Figure 7. FESEM cross-section images of the TiO, nanotubes prepared under different anodization
potentials, (a) 15, (b) 30, (c) 45, (d) 55 and (e) 65 V. (f) Current transient of the TiO2 nanotubes prepared

under different anodization potentials. (samples prepared using constant electrolyte concentration
(0.8 wt% NH4F) and anodization time (30 min).
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The anodization potential plays a key role in the TiO, nanotube formation, as their growth results
from the attained equilibrium between Ti electrochemical oxidation and TiO; chemical dissolution.
Therefore, as the anodization potential increases, the anodization current increases, which accelerates
the oxidation—dissolution equilibrium and leads to the fine-tuning of the tube wall thickness. According
to the FESEM images (Figure 7), it can be observed that both the pore diameter and the tube length of
the nanotubes increase with higher applied voltage.

In addition, as depicted in Figure 7a, the TiO, nanotubes prepared under 15 V anodization
potential (0.8 wt% NH4F electrolyte, 30 min anodization time) have the lowest tube length (inset of
Figure 7a), with small pore openings. This hinders the diffusion of the pollutant or electrolyte solution
into the tubes.

Moreover, it can also be observed from Figure 7 that the tubes have a somewhat cone-like structure,
showing thinner walls on the upper part of the tube and thicker walls on the bottom. This is explained by
higher etching of the fluorine ions on the upper part of the tubes. Therefore, the volume of TiO, strongly
decreases in the upper part of the tubes, while the tube length increases due to a higher anodization
time or anodization potential. Consequently, the light needs to travel a longer pathway within the
tubes before it is absorbed and the electron/hole pairs are generated. Additionally, the electrolyte
solution has to diffuse further in the tubes, resulting in a photoelectrochemical activity decrease.

Previous results have shown that TiO, nanotubes with higher tube lengths in a specific range
provide larger active surface areas, and consequently increase the absorption of the incident photons.
The photoelectrochemical behavior of TiO, nanotubes under different applied anodization potentials
is also investigated using the same photoelectrochemical cell, and the results are shown in Figure 7f.

The TiO; nanotubes prepared using an anodization potential of 15 V are short and the wall
thickness is large (the pore diameter is small), which obstructs the diffusing of the electrolyte/pollutant
inside the nanotubes. The tube length is also critical, and needs to be sufficiently long to gain high
UV absorption.

It is observed that, with increasing anodization potential, the tubes are longer and the etching rate
is higher; thus, the volume of TiO, in the walls decreases (the pore diameter is large, see FESEM images
in Figure 7). The results show that the photoelectrochemical activity of the tubes decreased, which is
due to the fact that the photogenerated electrons have to travel a longer pathway and are prone to
recombination with holes. The TiO, nanotubes prepared at higher anodization voltage (from 55 to
100 V) were subject to stability issues and were prone to partial peeling off the foil surface. Therefore,
the photocurrent response of these tubes was not measured.

In order to further confirm the photocurrent measurement results, and to investigate the working
mechanism and the electronic properties of the TiO, samples, electrochemical impedance spectroscopy
(EIS) analysis was performed to study the impedance and capacitance of the TiO, nanotubes in
dark conditions and under UV illumination at 365 nm. The Nyquist plots (Figure 8) represent the
opposite of the imaginary part of the complex impedance (Z”) as a function of the real part (Z') and are
corroborated by the photoelectrochemical (PEC) tests. As depicted in Figure 8a, the charge transfer
resistance recorded for the samples prepared with a higher ammonium fluoride content (1.4 wt%
NH4F) is lower compared to samples anodized at a lower ammonium fluoride content (0.4 wt% NH4F),
which confirms the photocurrent density results presented in Figure 4.
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Figure 8. Nyquist plots for measured in the dark and under UV irradiation at 365 nm. (a) TiO;
nanotubes prepared using different ammonium fluoride concentrations. (b) TiO, nanotubes prepared
at different anodization times.
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As reported in similar studies [36], the behavior of the TiO; nanotubes can be represented by a
structure consisting of two layers—a compact base layer and a porous overlayer—where the TiO,
nanotubes are fully formed (Figure 1). Therefore, two RQ components are needed in the equivalent
circuit in order to consider the capacitive-resistive processes taking place at the interface of the two
layers (inset of Figure 8b). The RQ circuit component with higher resistance (R) is associated with
the compact base layer, whereas the behavior of the porous layer, consisting of the fully formed TiO,
nanotubes, is associated with the RQ components with lower resistances (Rp).

The circuit components obtained from both the compact and the porous layers are shown in Table 1,
the values of the resistance R1 are between 14 and 16 Ohm for all samples, which take into account the
solution resistance as well as the external resistance. On the other hand, the TiO, nanotube samples
prepared under different anodization conditions have different surface morphologies and superficial
areas, which explain the different values of resistance and capacity, as well as charge distribution.

Table 1. Circuit components calculated by fitting the experimental impedance data.

Sample R1IQ] Porous Layer Compact Layer
R(p]) [Q] C(p)) [F] Tp1 (8) R(cD [Q2] C(cD [F] T (s)
TiO2 NT (0.4 wt% NH4F) 16.8 274 1.83E-04 5.01E-02 8573 1.43E-04 1.23E+00
TiO2 NT (1.4 wt% NHA4F) 14.27 53.42 3.29E-05 1.76E-03 3806 1.30E-07 4.95E-04
TiO2 NT (30V, 30 min) 14.03 45.67 3.24E-05 1.48E-03 4111 1.48E-04 6.08E-01
TiO2 NT (30V, 60 min) 14 54.74 3.19E-05 1.75E-03 5985 8.34E-05 4.99E-01
TiO2 NT (45V) 15.37 56.81 3.43E-05 1.95E-03 5994 8.37E-05 5.02E-01

As shown in Figure 8b and Table 1, the recorded charge transfer resistance for TiO, samples
prepared at higher anodization times is higher for both the porous layer and the compact layer,
compared to samples prepared at lower anodization times, which confirms the photoelectrochemical
results presented in Figure 6d showing lower photocurrent density values. In addition, the TiO,
samples prepared under 30 V exhibit lower resistance compared to samples prepared under 45V,
which allows a better charge separation and less electron/hole recombination on the nanotubes. This
result corroborates the photocurrent results in Figure 7f.

The electron lifetime (7 = R X C) at the depletion layer of the semiconductor is calculated from
the fitted values of resistance and capacitance, and the values are reported in Table 1. As expected, the
TiO2 samples exhibiting higher photocurrent densities show a shorter electron lifetime. In fact, the
samples prepared with s higher ammonium fluoride content (1.4 wt% NHA4F) present a shorter electron
lifetime compared to samples anodized at a lower ammonium fluoride content (0.4 wt% NH4F), which
infers that the time spent by an electron in the depletion layer is lower, and the charge transfer is faster,
reducing the probability of recombination with a hole. These results further confirm the photocurrent
density results presented in Figure 4. Likewise, the electron lifetime of TiO, samples prepared at higher
anodization times is higher compared to the samples prepared at lower anodization times, which is in
good agreement with the photoelectrochemical results.

3. Experimental

3.1. Materials

Titanium foil (0.127 mm thick, 99.99+% metals basis) was obtained from Alfa Aesar. Ethylene
glycol (= 99%, for synthesis) was purchased from CarlRoth GmbH+Co (Karlsruhe, Germany). KG.
Ammonium fluoride (for analysis EMSURE® ACS) was obtained from Merck KGaA (Darmstadt,
Germany). Palladium foil (99.9%, 1 mm thick) was purchased from ChemPur Feinchemikalien und
Forschungsbedarf GmbH (Karlsruhe, Germany). Deionized water was used throughout all experiments
and was obtained from a Millipore system with a resistivity of >18.2 MU cm.
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3.2. Preparation of TiO, Nanotubes

Before the anodization, the titanium foils were degreased by sonicating in acetone, ethanol, and
Millipore water, followed by rinsing in Millipore water and blow-drying with nitrogen. The anodization
process was carried out at room temperature in a two-electrode electrochemical cell, using the titanium
foil as the anode and palladium foil as the cathode. The experiments were performed using an
electrolyte solution prepared from ethylene glycol, containing ammonium fluoride (NH4F) and 3 vol%
deionized water.

Before the anodization of the polycrystalline titanium foil, the electrolyte solution was aged
by anodizing titanium foil for 2 h [37]. The concentration of the ammonium fluoride present in
the electrolyte solution, the anodization time and anodization potential varied, and the anodization
current was monitored using a Rigol Digital Multimeter (model 3051). After the anodization process
ended, the substrates were kept in in the electrolyte solution for 30 min in order to prevent surface
aggregation [37]. To remove the electrolytes from their surfaces, the titanium foils were washed
thoroughly with deionized water and subsequently dried under a gentle nitrogen flow.

In order to crystallize the as-prepared amorphous TiO, nanotubes, post-annealing treatment was
performed at 420 °C for 90 min with a heating and cooling rate of 10 K per minute.

3.3. Characterization Techniques

The morphology of the TiO, nanotubes was characterized using a field emission scanning electron
microscope (FESEM; Zeiss Ultra 55, Jena, Germany). The X-ray diffraction (XRD) patterns were
measured on an Ultima IV X-ray diffraction spectrometer (Rigaku, Tokyo, Japan) with Cu K« radiation
and operated at 40 kV and 40 mA with a scanning speed of 1° min~! at a step size of 0.01°. X-ray
photoelectron spectroscopy (XPS) was performed on Axis Ultra (Kratos Analytical Ltd., Manchester,
UK) with a monochromatic Al K« cathode and an X-ray source with 150 W power and 40 eV pass energy.

PEC measurements were performed in a three-electrode configuration in a self-made
quartz-windowed Teflon cell. The same Ag/AgCl reference and platinum counter electrodes were used.
An AM1.5 solar illumination (100 mW cm™2) with a WACOM super solar simulator (WXS-505-5H, class
AAA) was used as an illumination source. The electrolyte used for all measurements was 1 M KOH
with 10 vol% of ethylene glycol added, which acted as a hole scavenger. The potential is converted to
the reversible hydrogen electrode (RHE) potential based on the Nernst equation [38,39]:

Erne = Eag/aga +0.059pH + EoAg/AgCl @)

where Erpg is the converted potential versus the reversible hydrogen electrode, Eag/agcy is the
measured potential versus the Ag/AgCl reference electrode, and E; ¢/ AgCl is equal to 0.1976 V at room
temperature (~25 °C). The photoelectrochemical behavior of TiO, nanotube arrays was determined by
linear sweep voltammetry, at a scan rate of 20 mV s! from —0.8 to 1.0 V (vs. RHE).

Electrochemical impedance spectroscopy (EIS) measurements were carried out with a potentiostat
VSP-300 by Biologic. The samples have been measured with 10mV sinus amplitude within a frequency
range of 1-100 mHz with 10 points per decade. Every point was measured threefold and averaged.
A three-electrode setup was used with platinum counter and reference electrodes. All measurements
were carried out in dark conditions and under UV illumination at 365 nm. The used light source was a
30 W UV LED lamp from UVECO, and the average light intensity striking on the surface of the TiO,
electrodes was measured by a UV-radiometer from Jenoptik (Jena, Germany), and was 40 mW/cm?.

4. Conclusions

In this work, highly ordered and self-organized TiO, nanotube arrays were fabricated using a
rapid anodization process, and a systematic study on the impact of electrochemical growth conditions
on the TiO; nanotubes’ geometrical parameters, as well as their photoelectrochemical properties,
was carried out. The optimal anodization parameters are demonstrated by means of photocurrent
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density measurements and linear sweep voltammetry in order to achieve the most efficient charge
carrier separation. It is shown that the length, pore opening and wall thickness critically affect
the photoelectrochemical activity of the TiO, nanotubes. The photocurrent density decreased with
increasing tube length, which was elucidated by higher chances of the electron/hole pair’s recombination.
Moreover, the charge transfer resistance for longer TiO, nanotubes prepared at higher anodization times
was higher compared to shorter nanotubes prepared at lower anodization times, which confirms the
impact of the nanotube length on the electron lifetime in the depletion layer and on the charge transfer.

Moreover, the lowest photocurrent densities were observed for TiO, nanotubes with smaller
pore diameter, namely TiO, nanotubes prepared using electrolytes with low ammonium fluoride
content, as well as TiO, prepared under low anodization potential. The corresponding decrease in the
photoelectrochemical activity can be explained by the hindered diffusion of the electrolyte solution into
the tubes and a higher charge transfer resistance, which therefore decreased the photocurrent density.

The results of the electrochemical impedance spectroscopy (EIS) were correlated with the
microstructural characterization and the photocurrents measurements. The combined results allow a
better understanding of the electronic properties of TiO, nanotubes and the effect of the anodization
growth parameters on the tubes’ properties, such as the surface morphology, electron charge resistance
and electron lifetime.

In order to achieve high photoelectrochemical performance, the nanotubes’ geometrical parameters
need to be optimized in order to avoid limitations in the charge transport of the TiO, photoelectrodes,
which can be attained by optimizing the anodization parameters and engineering the morphology of
the nanotubes to reduce the chances of the electron/hole pair’s recombination.
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