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Abstract: In this research work, we present the synthesis and characterization of four different TiO2
structures, such as nanotubes, nanocavities, nanosheets assembled on nanocavities and nanobowls
assembled on nanocavities, prepared by electrochemical anodization using organic electrolytes. Af-
ter synthesis, the structures were thermally annealed to pass from the amorphous phase to the ana-
tase phase, which is one of the most important crystalline structures of TiOz due to its high photo-
catalytic activity and stability. The unique morphology and topography were studied using scan-
ning electron microscopy (SEM) and atomic force microscopy (AFM). The elemental composition was
determined by energy-dispersive X-ray spectroscopy (EDS). The anatase phase was verified by Raman
microscopy and X-ray diffraction (XRD), the band gap energy was calculated by the Kubelka—Munk
function, and the main defect states that generate the emission, as well as their lifetime, were deter-
mined by photoluminescence spectroscopy and time response photoluminescence (TRPL), respec-
tively. The TiO2 nanomaterials were tested as catalysts in the photodegradation of a solution of meth-
ylene blue using a UV lamp at room temperature. The results showed complex morphologies and
different surface roughness areas of these nanomaterials. Furthermore, a relationship between defect
states, band gap energy, and photocatalytic activity was established. We found that the catalytic ac-
tivity was improved as an effect of geometric parameters and oxygen vacancies.

Keywords: oxygen vacancies; anatase; photocatalytic activity; TiO2 nanosheets; TiO2 nanobowls;
TiO2 nanotubes; TiO2 nanocavities

1. Introduction

TiO:2 nanostructures have attracted attention in the scientific community for their
high catalytic activity, UV absorption, stability, and biocompatibility, in addition to their
catalytic, gas sensing, optical, electrical, chemical, and medical applications [1]. These
nanostructures have been fabricated in different morphologies such as nanoparticles,
nanotubes, nanosheets, nanobowls, and nanowires to improve all their properties.
Among the crystallographic phases of titanium dioxide, such as anatase, rutile, and brook-
ite, anatase has the highest photocatalytic activity due to the large surface area per unit
mass and volume [2].

Particularly, nanosheets -nanostructures with shapes like sheets- have potential uses
for Li-ion batteries, FETs, and catalytic applications [3-5]. According to N. Loubet et al.,
nanosheets have excellent electrostatics, high current driving capabilities, high-frequency
operation, and short channel control for FETs applications [4]. Also, Meng Zhang et al.
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demonstrated that because of the nanometer size of TiO2 nanosheets, this material has a
better contact with molecules for highly efficient catalysts [5].

In this same sense, nanobowls—nanostructures with shapes like cups—have been
studied for catalytic applications, solar cells, and light trapping [6-8]. For instance,
Wenhui Wang et al. reported that TiO2 nanobowls used in colored perovskite solar cells
showed an improved efficiency owing to their special shape with preferential orientation,
which improved crystallinity and decreased grain size [7]. Whereas Hongsheng Fan et al.
demonstrated that these nanostructures considerably enhance the catalytic activity for di-
rect methanol fuel cells due to the electronic effects of nanobowls [8].

In the last few years, TiO2 nanotubes have also been studied widely for diverse ap-
plications, such as catalysts, solar cells, femur prostheses, plasmonic effects; and chemical,
biological, and gas sensors [1,9]. Several papers about nanotubes applications have been
published recently due to their tubular shape and excellent electrical, chemical, mechani-
cal and optical properties [1,9-12]. Besides, it is worth mentioning that electrochemical
anodization is the most used technique for their fabrication [9-13]. For instance, Fengxia
Liang et al. fabricated a field-effect transistor based on TiO2 nanotubes for humidity sens-
ing and, at the same time, reported that a single nanotube had a high sensibility because
it had a larger surface area than a TiO: nanotubes film [10]. Also, the open channel TiO:
nanotubes were reported by Elham Montakhab et al. [11]. These had better photocatalytic
activity than nanotubes with nanograss and other nanostructures.

Concerning the improvement of the catalytic activity, many scientists have studied
the shape and size of nanostructures, likewise their defect states [12]. In this regard, S.T.
Nishanthi et al. reported that the high crystallinity of the anatase phase of TiOz increases the
photocatalytic activity by decreasing defect states of TiO2 [14]. On the contrary, Biswajit
Choudhury et al. showed that the enhancement in catalytic activity occurred once the oxy-
gen vacancies in the TiO2 film increased, due to the narrowing of the band gap [15].

In this work, TiO2 nanotubes (TiOz-nt), TiO2 nanocavities (TiO2-nc), TiO2 nanosheets
assembled on TiOz nanocavities (TiOz2-ns/TiO2-nc) and TiO2 nanobowls assembled on TiO:
nanocavities (TiO2-nb/TiO2-nc) were studied for catalytic applications. The nanostructures
were prepared by two-step electrochemical anodization for TiO2-ns/TiOx-nc, TiO2-
nb/TiO2-nc and TiO2-nc; and three-step for TiOz-nt. The relationships of the defect states,
crystallinity, shape, size, and band gap of these complex nanostructures with catalytic ac-
tivity are discussed. In addition, we found that the number of oxygen vacancies is related
to the geometric parameters of TiO: nanostructures, therefore, the morphology plays a
very important role in the catalytic activity.

2. Materials and Methods

TiO2 nanostructures were synthesized by electrochemical anodization using platinum
mesh as a counter electrode and titanium foil as the anode. Titanium foils with an area of
1.5 cm? and a thickness of 100 um (American Elements, 99.95% purity) were first cleaned
with trichloroethylene, acetone, and deionized H:0 before the electrochemical process.

The nanostructures were grown using a procedure described in our previous work
[16]. The electrolyte solution was prepared with 0.255 wt% NH4F and 1 wt% of deionized
water in ethylene glycol. A voltage of 30 V and Inter-Electrode Spacing of 1 cm were used
for the anodization process. TiO2-nt were grown through a three-step anodization process
of 1, 4 and 20 h. After the first and second anodization steps, a detachment process of the
nanotubes was realized in order to obtain a template of dimples (Ti nanobowls) on Ti foil.
For TiO2>nc, a two-step anodization process was done, the first one lasting 1 h and the
second one 10 min. Whereas the self-assembled nanostructures were synthesized by a
two-step anodization process, the first one lasting 1 h and the second one: 15 min for TiO»-
ns/TiO2-nc and 40 min for TiO2-nb/TiO2-nc. Afterwards, a thermal treatment at 450 °C was
carried out for 1.5 h to pass from the amorphous phase to the anatase phase for each
nanostructure.
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In order to understand the morphological, optical, chemical, structural and catalytic
properties of these nanomaterials, several characterization techniques were used: the mor-
phology was studied by SEM (FEI, model SCIOS) and the topography by AFM (Nanosurf
Easy Scan 2.3). The elemental composition of TiO: nanostructures was determined by EDS
at 10 keV (EDAX, model APOLLO). The reflectance spectrum was determined by a Sem-
iconsoft MProbe UV Vis SR thin film measurement system. To validate the transformation
from the amorphous phase to the anatase phase of our TiO2 nanostructures, the vibration
modes related to anatase crystal structure were calculated by Raman Microscopy (Witec,
model alpha 300 R, Ulm, Germany) with a green laser excitation of 532 nm. The phase
identification of TiO2 nanomaterials was determined by XRD (D8 Discover Bruker diffrac-
tometer).

Also, to determine the main defect states that increase the emission and its relation-
ship with the morphology, photoluminescence spectra were determined by fluorescence
spectroscopy (Fluoromax-3, Jobin Yvon, Paris, France); and TRPL data were recorded in
a nanosecond time-resolved photoluminescence spectrometer (NanoLog FR3, Horiba
Jobin Yvon). The samples were excited with a 330 nm diode laser and the emissions were
monitored at 418 nm, 448 nm, and 532 nm.

The photocatalytic activity was evaluated by the discoloration technique of the dye
solution using a 254 nm UV lamp (model UVG54 from Mineralight brand, Houston, TX,
USA). The dyed solution was prepared with 10 mg of methylene blue in 1 L of deionized
water. The distance between the UV lamp and dyed solution was about 15 cm. A sample of
each nanomaterial was immersed in 0.1 L of dyed solution with an effective area of 1 cm? at
room temperature. The concentration of the dye was monitored using the absorbance spec-
trum of each solution at certain time intervals by spectrophotometry (Perkin Elmer, model
Lambda 3B, Waltham, MA, USA). To determine the active species, scavenging experiments
were carried out using methanol, 2-propanol, and superoxide dismutase (SOD) to scav-
enge h*,OH~,and O3, correspondingly.

The percentage of degradation was calculated using Equation (1) [11].

— At’

. Ay
Degradation(%) = ———
Ao

X 100 1)

where 4, is the absorbance of methylene blue before irradiation, and A, is the absorb-
ance after irradiation.

3. Results
3.1. Morphological and Topography Characterization

Figure 1 shows the cross-section morphology of the four TiO: nanostructures pre-
pared by electrochemical anodization. TiOz2-nt can be observed in Figure 1a; their good
organization was achieved thanks to the three steps of anodization which resulted in a
homogeneous wall thickness with an inner diameter of approximately 65 nm and a length
of 1.67 um. At the bottom of these nanotubes, Ti nanobowls (Ti-nb), known as “the dim-
ples” can be seen, which help to enhance the organization of nanotubes as a template [17].
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Figure 1. FE-SEM image of the cross-section of: (a) TiOz-nt; (b) TiO2-nc; (c) TiO2-ns assembled on
TiO2-nc; and (d) TiO2-nb assembled on TiOz-nc synthesized by electrochemical anodization.

Meanwhile, Figure 1b shows the morphology of TiOz-nc, their length and inner di-
ameter were 250 nm + 50 nm and 29 nm * 3 nm, respectively. The roughness caused by
the organic electrolyte can be seen in the upper part of the nanocavities [18]. While in their
template of Ti-nb, in the lower part, a hexagonal geometric mesh can be observed in con-
trast to the template of TiO2>-nt (Figure 1a) whose arrangement is made of circular mesh.

Figure 1c displays the cross-section of TiOz-ns/TiO2-nc. In this case, the length of the
nanocavities was 362 nm and their inner diameter 22 nm, whereas the thickness and outer
diameter of nanosheets were 35 nm and 85 nm, respectively. The nanosheets were grown
selectively between the upper ends of two or three nanocavities. This unique morphology
was achieved by controlling the time of the second step anodization, resulting in a homo-
geneous length of nanocavities and a thickness of nanosheets [16]. Different structural
forms were noticed in Figure 1d for TiO2-nb/TiOz-nc; in the upper part TiO2-nb; in the
middle part TiOz2-nc; and in the lower part Ti-nb. The shape of TiO2-nb was obtained due
to the control over the anodization time, they were selectively grown among the tops of
the nanocavities acquiring a hexagonal organization [16]. The length and inner diameter
of nanocavities were 96 nm, and 30 nm, respectively, while the thickness and outer diam-
eter of nanobowls were 40 nm and 75 nm, respectively. A summary of these geometric
parameters is shown in Table 1.

Figure 2 shows the surface morphology of the four nanostructures. The surface mor-
phology of TiOz-nt is displayed in Figure 2a, as mentioned above, nanotubes had a highly
organized morphology because of the three-step anodization process. This organization
clearly consists of six nanotubes surrounding a central nanotube because the template of
the Ti-nb operates as a mask of “dimples” [17,19]. Here, the inner and outer diameters
were about 65 nm and 98 nm, respectively. A different morphology for TiO2-nc is shown
in Figure 2b. As can be seen, the morphology resembles a porous membrane whose sur-
face is an oxide film that presents significant roughness caused by organic electrolyte so-
lutions, this film is known as “the entire surface layer” [20]. The inner diameter of the
nanocavities was about 29 nm.
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Figure 2. FE-SEM image of the surface of: (a) TiO2-nt; (b) TiOz2-nc; (c) TiO2-ns assembled on TiO2-ng;
and (d) TiO2-nb assembled on TiOz-nc synthesized by electrochemical anodization.

A more complex morphology for TiO2-ns/TiO2-nc is noticed in Figure 2c. As can be
seen, the nanosheets were selectively grown among the tops of the nanocavities acquiring
a highly ordered morphology, such organization is a periodicity function of the template of
the Ti foil. The outer diameter of nanosheets was about 85 nm, which is notably larger than
the inner diameter of the nanocavities (22 nm), shown as black circles. Figure 2d shows the
surface morphology of TiO>-nb/TiO2-nc. The nanobowls were assembled on top of a set of
several nanocavities forming an arrangement similar to a six-petals flower. The diameter of
the nanocavities, in gray color, was about 30 nm, and the outer diameter of nanobowls was
75 nm being more homogeneous than the outer diameter of the nanosheets of 85 nm. In
our previous work, we reported that the shape of nanosheets and nanobowls depends on
the time of the second anodization step, with a longer time, nanobowls can be obtained
while nanosheets are obtained with a shorter anodization time [16].

Table 1. Summary of some geometric parameters of the four TiO2 nanostructures.

Nanostructure Outer Diameter (nm) Inner Diameter (nm) Length (nm) Sa (nm)

TiOz2-nt 98 65 1670 20.8
TiO2-nc 84 29 250 3.79
TiO2-ns/TiOz2-nc 85 62/22 35 */362 10.6
TiO2-nb/TiO2-nc 75 55/30 40 */96 3.74

* Thickness.

Figure 3 shows the top view and 3D AFM images of the four TiO2 nanostructures.
The topography of TiOz2-nt is shown in Figure 3a, here, the different colors, such as black
and cream, suggest a difference in the length of the tubes. According to AFM analysis, the
outer diameter of these nanotubes was 105 + 8 nm, while the average surface roughness,
Sa, was about 20.8 nm [21].
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Figure 3. AFM image of the cross-section of: (a) TiOz-nt; (b) TiOz2-nc; (c) TiO2-ns assembled on TiOz-
ng; and (d) TiO2-nb assembled on TiOz-nc synthesized by electrochemical anodization.
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Figure 3b shows the topography of TiO2-nc. As can be observed, the length of the
nanocavities is more homogeneous than that of TiO2-nt. The AFM analysis showed an
outer diameter of 84 nm + 5 nm and a S. of 3.79 nm, considerably less than that of TiO2-nt.
This lower roughness can be associated with a homogeneous oxidation process on the Ti
foil surface. A uniform distribution of TiOz-ns/TiOz-nc is displayed in Figure 3c where it
is possible to visualize the organization of the nanostructure as a flower with six petals,
and verify its concave shape (on the right side of Figure 3c) as established in the previous
SEM analysis. The surface roughness of TiO2-ns (10.6 nm) was greater than that of the
TiO2-nc (3.79 nm) and the nanosheets diameter was 85 nm, both in agreement with the
values obtained by SEM. The lowest average surface roughness was obtained on TiO2-
nb/TiO2-nc (3.74 nm) because the nanobowls had better control on diameter size resulting
in a significant periodicity as a short-range hexagonal controlled packed array, as shown
in Figure 3d. The roughness values of the four structures are included in Table 1.

3.2. Optical Characterization

Figure 4a shows photoluminescence spectra of the four nanostructures. The highest
emission in the blue band was observed in TiO2-ns/TiO2-nc, while the lowest was in TiO»-
nt. In general, the emissions of nanostructures with anatase phase are higher than self-
assembled nanostructures with amorphous phase, as reported in our previous work [16].
The main defect states of TiO2-based nanomaterials with this characteristic spectrum are
self-trapped excitons (STE), single-ionized oxygen vacancies (Vo*), doubly-ionized oxy-
gen vacancies (Vo**), and excited states of Ti** at 416 nm; 443 nm; 531 nm; and 802 nm,
respectively [16,22-26].

Figure 4b—e shows deconvolutions calculated for each emission spectra correspond-
ingly to TiO2-ns/TiOz2-nc; TiO2-nb/TiOz2-nc; TiOz2-nc; and TiOz-nt, respectively. Basically,
the four TiO:2 films had the same defect states but in different areas [24,26,27]. The self-
assembled nanostructures had the highest amount of defect states: TiOz-ns/TiO2-nc was
the richest in STE and Vo* (the latter being comparable to TiO2-nb/TiO2-nc), while TiO»-
nb/TiO2-nc had the highest number of Vo** and Ti*, in contrast TiO2-nt was the poorest
nanomaterial in the amount of STE, Vo*, and Ti*. Figure 4f shows the relationship be-
tween defect states area and thickness of TiO2 films. Note that the area of Vo* is inversely
proportional to the thickness of the film. Therefore, thinner films had a greater number of
single-ionized oxygen vacancies. However, we did not find a relationship between STE,
Vo** and Ti* with the thickness of the film.

The single-ionized oxygen vacancies area of TiO2-ns/TiOz-nc was 2.64, 1.6643, and
1.0386 times larger than TiO2-nt, TiOz2-nc, and TiOz-nb/TiOz-nc, respectively. Therefore,
we suggest that nanobowls and nanosheets have more defect states due to their geometric
shape, added to this, the self-assembled nanostructures form a hybrid nanostructure with
exceptional optical properties [28]. From the EDS results, it can be seen self-assembled
nanostructures had lower oxygen content, which may be related to defect states, specifi-
cally oxygen vacancies due to deficiency of oxygen in the TiO: film (see Table S1).

The fact that the thickness of the nanosheets is thinner than that of the nanobowls
could be a crucial factor in enhancing the emission of self-assembled nanostructures. An-
other essential characteristic is the length of the tubular structures (nanocavities), the
length of TiO2-nb/TiO2-nc was shorter than the length of the other three films; neverthe-
less, its emission was higher compared to TiO2>-nc and TiOz-nt (Figure 4f). The exceptional
properties of hybrid nanostructures could explain the enhancement in the emission of
TiO2-nb/TiO2-nc and TiOz-ns/TiO2-nc, and the higher surface area in those nanostructures
[16,28-30].
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Figure 4. (a) Photoluminescence spectra of the four TiO2 nanostructures. Deconvolution of the pho-
toluminescence spectra for: (b) TiO2-ns/TiOz-ng; (c) TiO2-nb/TiO2-nc; (d) TiOz2-nc; and (e) TiOz-nt. (f)
Comparison of defect states, length of nanotube, thickness of the film and of the nanostructure be-

tween the four nanomaterials.

Figure 5a shows the band gap energy of all studied TiO2 nanostructures. The optical
band gap was calculated by the Kubelka-Munk function (F(R)), as shown in Equation (2)
[31]. According to Valeeva et al., F(R) is proportional to absorption coefficient and was
determined from the reflectance using Equation (3) considering indirect transitions [31].
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F(R)(hv) = A(hv — E, )" (2)
_ 2
Fay = ®

where R is the reflectance, A is a constant, /1 is Planck constant, and v is the photon frequency.

In Figure 6a it can be observed that the band gap of TiO2-nt is close to 3.2 eV, this
energy concurs with other reports that study materials with anatase phase [15,27,32]. An
important reduction of the band gap for other nanostructures was noticed, the TiO:2 film
with the narrowest band gap (3.093 eV) is TiO2-ns/TiO2-nc. In contrast, the band gap of
TiOz2-nc (3.179 eV) is lower than TiOz-nt but larger than TiOz2-nb/TiO2-nc (3.156 eV). The
band gap narrowing can be related to amount of oxygen vacancies in the TiO: films, as
shown in Figure 5b, since oxygen vacancies create localized states within the band gap,
which operate as electron donor states [15,22,27]. It is clear that the band gap energy re-
duces as the number of single-ionized oxygen vacancies increases.
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Figure 5. (a) The band gap energy of TiO2-nt, TiOz2-nc, TiO2-nb/TiO2-nc and TiO2-ns/TiOz2-nc obtained
by Kubelka-Munk function. (b) Band gap energy and oxygen vacancies area for each film.
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Figure 6. (a) Raman spectra of TiO2 nanostructures; and (b) Eg1) mode displacement, thickness and
oxygen vacancies for each nanostructure.

3.3. Structural Characterization

Figure 6a displays the Raman spectra of the four nanostructures, here we can see that
the main vibration modes correspond to the tetragonal anatase phase because modes Eg1),
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Big, A1g + Big, and Eg) were located at 154 cm™, 391 cm, 509 cm™, and 638 cm™, respec-
tively [16,27]. TiO2-nt had the mode Ega) with higher intensity compared to the other TiO:2
films. The E¢ mode is originated from the O-Ti-O bending vibration, while its larger vi-
bration intensity is mainly achieved by the high periodicity of tubular nanostructures
[27,33]. An important cause can be the thickness of film because, as can be observed in
Figure 6a, the intensity of Eg1) mode increases with the thickness of the film [33,34]. These
results are in agreement with XRD patterns of Figure S1. From the XRD pattern, it can be
observed that (101) plane of the anatase phase had a higher intensity for the nanotubes
compared to the other films. Another possible cause is the crystalline size because it has
already been reported that the intensity of the E¢1) mode peak increases when the crystal-
line size decreases [1,34]. Moreover, in Figure 6a we noticed that this mode was displaced
because the peak must be localized at 146 cm™ [1,33,34].

Figure 6b shows the relationship of the displacement of the Eg1) mode with the thick-
ness of the film and single—ionized oxygen vacancies. As can be seen, the displacement of
this mode increases as the thickness of TiO: film increases. This fact would demonstrate
that the displacement of this vibration mode is a thickness effect. Moreover, we can ob-
serve that oxygen vacancies affect the intensity of the Ega) mode but in a smaller propor-
tion than the thickness of the film. As already suggested, the different crystalline sizes and
the confinement of acoustic phonons originate this displacement [27,34].

3.4. Catalysis Process Characterization

Figure 7a shows the percentage rate of degradation of methylene blue over a period of
eight hours. After eight hours of reaction, TiO>-nt achieved the greatest degradation (75.01 %),
slightly higher than that of TiO2-ns/TiOz2-nc (72.68 %), we will call final degradation to the per-
centage of conversion achieved after 8 h of reaction. From 1 to 4.5 h, the percentage of catalytic
degradation had a linear behavior, that is, a constant reaction rate. Then, the degradation rate
decreased smoothly until the final concentration was reached. The lowest final degradation
was achieved by TiOz2-nc, with only 43.01 % while TiO>-nb/TiO2-nc obtained 60.8 %. In fact, a
similar catalytic activity from 1 h to 4 h was observed for TiO2-nt and TiO2-ns/TiO2-nc, never-
theless, after 5 h their rate of degradation changes.

PL studies showed that TiO2-ns/TiO2-nc had a higher amount of single-ionized oxygen
vacancies than the other three catalytic materials. Oxygen vacancies have been related in sen-
sors as active sites that increase reactivity on the surface of oxides [26,35]. In catalysis, single-
ionized oxygen vacancies have similar behavior. In this case, oxygen vacancies react with O2
and electrons producing superoxide radical anion (03 ) which help to degradation of pollu-
tants [22,24,27,36,37]. A relationship between the number of single-ionized oxygen vacancies
and degradation percentage for TiO: films with thickness less than 500 nm is shown in Figure
7b. The degradation percentage increases as the number of single-ionized oxygen vacancies
increases. As shown in Table 1, the thickness of TiOz-nt was 4.2 times higher than the thickness
of TiO2-ns/TiOz-nc, however, the number of single-ionized oxygen vacancies in TiO2-nt was
2.64 times less than in TiO2-ns/TiOz2-nc. Therefore, TiO2-ns/TiOz-nc dramatically increased the
degradation considering that it is a smaller amount of catalyst [38]. So, the single-ionized ox-
ygen vacancies help to enhance the catalytic activity because they increase the active sites for
adsorption [23,39,40]. Our results show that the band gap was narrowed in TiOz2 samples with
thickness less than 0.5 um and with a higher number of single-ionized oxygen vacancies.
Therefore, a relationship between the band gap, single-ionized oxygen vacancies with cata-
lytic activity is shown in Figure 7b. The band gap energy is reduced with increasing oxygen
vacancies in TiO: films because the oxygen vacancies create donor states under the conduction
band. The band gap narrowing helps to generate a greater amount of photocharge carriers
which causes an increase in the rate of the catalysis process [15,24,26,36,40]. In contrast, TiO»-
nt was made with a longer synthesis process than hybrid nanostructures, which can increase
the manufacturing costs of catalysts. Additionally, we found that S. of TiO>-ns/TiO2-nc was
higher compared to TiO2>-nb/TiO2-nc, however, the highest Sa was for TiO>-nt. We suggest that
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Sa can affect the photocatalytic activity because the films with a thickness less to 500 nm show
a significant roughness effect on the degradation, as shown in Figure 7b [41].
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Figure 7. (a) percentage of degradation of methylene blue as a function of time for the four
nanostructures; (b) comparison of defect sates, band gap energy, Sa and final degradation percent-
age between the four films; and (c) comparison of geometric parameters, final degradation percent-
age and oxygen vacancies between the four nanomaterials.
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On the other hand, Figure 7c shows a comparison between the geometric parameters,
final degradation, and oxygen vacancies of TiO2 nanomaterials. Note that the geometric
parameters play an important role in the catalytic, crystal structure, and optical properties,
this is because geometric parameters such as the thickness of the film, inner and outer
diameters are associated with the surface area of nanomaterial [42,43]. As shown in this
figure, the degradation depends strongly on the amount of oxygen vacancies and thick-
ness of the films; however, the thickness is not a direct proportional parameter. In change,
the inner diameter of the nanosheets or nanobowls has a direct relationship with degra-
dation. This means that when the inner diameter of the nanosheets is larger, the degrada-
tion increases. This effect may be associated with the surface area of the nanomaterial be-
cause a larger surface area increases the adsorption of the molecules by bringing them
closer to active sites on walls of the nanosheets [42]. In other words, a greater volume of
dyed solution can be introduced into nanosheets. Therefore, the inner diameter is the main
parameter to increase the oxidation and reduction processes to accelerate the catalysis
process on the surface of TiO: films. Hence, the inner and outer diameter determine the
porosity, in this way, a larger inner diameter and a thinner wall thickness increase the
porosity, thus increasing the percentage of degradation of chemical and biological com-
pounds [24,42,43]. In addition, other reports show that the length of the nanotubes influ-
ences catalytic activity because higher length increases the surface area and that increases
the degradation [29,37,42]. In our case, TiO2-nc had a lower percentage of degradation
than TiO2-nt because the nanocavities had a wider wall thickness, and a shorter inner di-
ameter as well as their length which was 6.68 times shorter than nanotubes. Therefore, the
degradation of methylene blue depends on the number of oxygen vacancies and the inner
diameter and of the nanostructure.

To understand the catalytic process occurring on TiO2 nanostructures, in Figure 8 we
show the mechanism of dye degradation. The process starts when the electron-hole pairs
are generated by an excitation energy (hv) higher or equal than the band gap energy of
the catalyst. After, the electrons travel from valence band to conduction band, so, the pho-
togenerated charge carriers are separated which helps to develop the catalysis process.
Thus, oxygen vacancies absorb 0, on the surface of catalytic material, and these react
with electrons to form the superoxide radical anions [23,39,44]. Posteriorly, the methylene
blue (pollutant) reacts with superoxides starting the reduction process. This chemical re-
action breaks down the dye into H2O and CO: and others chemicals [29,44].

At the same instance, the holes generated on the valence band react with H2O and
OH'. This oxidation process leads to the formation of hydroxyl radicals (OH™). Conse-
quently, the hydroxyl radicals react with organic and/or inorganic compounds, viruses,
and bacteria leading to their decomposition. These chemical reactions are summarized in
Equations (4)—(11) [29,39,44].

TiO, + hv »> h* + e~ 4)

Vo*+e™ + 0, - Oy (5)

H,0 +h* - OH~ + H* (6)

2H,0 — 205 — 2e™ = 2H,0, + 0, (7)

H,0, + e~ - OH~ + OH (8)

03 + pollutant — degradation + CO, + H,0 9)
OH~ + pollutant — degradation + CO, + H,0 (10)
h* + pollutant —» degradation (11)

The scavenging experiments showed that the degradation of methylene blue is in
greater proportion due to O3 since without its contribution the final degradation was
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only 31.2% (see Figure S2). Also, h* and OH~ have an important contribution to cataly-
sis, nevertheless, less than that of 05 (see Figure S2). According to these results, the deg-
radation of organic material is achieved by the increase of active sites as oxygen vacancies
that raise the rate of the reduction process; so, the combination of superoxide radicals,
holes and hydroxyl radicals enhances the catalysis process of assembled TiOz nanostruc-
tures [36,44]. This means that more reactive species (03, OH~, h*) are generated on the
surface of nanosheets and tube walls. According to TRPL results, oxygen vacancies are
key active sites because they increase the lifetime of photogenerated carriers (see Figure
S3 and Table 52). The catalytic efficiency of these self-assembled nanostructures depends
directly on the synergistic effect created by single-ionized oxygen vacancies in the catalyst
and the geometric parameter of the nanostructure [24,40,44]. Thus, this effect significantly
enhances the catalysis phenomenon in TiO: films with thinner thickness.

2\ eee 0;
................ oxygen vycancies
Pollutant
hv -
(o}
HER \I COZ+ Hzo
H,0
Pollutant OH+ H*
CO,+ H,0

Figure 8. schematic diagram of photocatalytic process in TiO2 nanomaterials. Here titanium, oxygen
and single-ionized oxygen vacancies are represented by gray circles, blue circles and red circles,
respectively.

4. Conclusions

In this research work, two tubular and two hybrid nanostructures were studied for
catalytic applications. TiO2 nanosheets assembled on TiO2 nanocavities, TiO2 nanobowls
assembled on TiO2 nanocavities, and TiO2 nanocavities were prepared by a two-step ano-
dization process, while TiO2 nanotubes were prepared in a three-step process. SEM results
showed that the length of the nanotubes was 6.68 times larger than nanocavities and their
inner diameter was 2.24 times greater, however, the wall thickness of nanocavities was
wider than nanotubes. Besides, TiO2 nanosheets had greater inner diameter and thinner
thickness than TiO: nanobowls. Concerning their nanocavities of self-assembled
nanostructures, the nanocavities in TiO2-ns/TiO2-nc had a larger length than the nanocav-
ities in TiO2-nb/TiO2-nc. Another important factor is average surface roughness: for tubu-
lar nanostructures, the highest roughness was obtained by nanotubes, while, for self-as-
sembled nanostructures, TiO2-ns/TiOz2-nc had a higher roughness. The results of the PL
study showed that TiO2>-ns/TiOz-nc had a higher emission than the other three TiO: films.
The defect states related to geometric parameters of these TiO: films were single-ionized
oxygen vacancies. Hence, an important relationship between these nanostructures and
single-ionized oxygen vacancies was observed. The number of single-ionized oxygen va-
cancies increases as the length of tubular nanostructure decreases, and the thickness of the
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self-assembled nanostructures decreases. As a consequence of the higher number of sin-
gle-ionized oxygen vacancies, the band gap of self-assembled nanostructures and
nanocavities is narrowed because the localized states are overlapped into the conduction
band. By the homogeneous organization of nanotubes and larger thickness of the film, the
intensity of phase anatase of TiO2 nanotubes was higher than in other samples. Neverthe-
less, this film had more displacement of the Eg1 mode. This work demonstrated that the
hybrid structure of TiO2-ns/TiOz-nc had the highest number of single-ionized oxygen va-
cancies that help to increase the chemisorption of the oxygen molecular and photogener-
ated charge carriers which in turn increase the superoxide radical anions. The phenome-
non of catalysis is efficient mainly because oxygen vacancies operate as active sites in the
catalysts. Therefore, active sites increase the rate of redox reaction leading to the break-
down of methylene blue molecules. Due to the higher amount of single-ionized oxygen
vacancies of TiOz2-ns/TiOz2nc, the degradation of methylene blue was similar to that of
nanotubes, however, nanotubes had a thickness about 4.7 times larger than TiO2-ns/TiO»-
nc. In this way, single-ionized oxygen vacancies are a vital characteristic of the catalyst
because they promote the generation of the reactive species. Additionally, the shape of
the nanosheets is a key geometric parameter that helps to speed up the catalysis process
because highly active sites carry out higher reduction processes if the nanostructure has a
higher surface area. These novel materials could be used to inactivate bacteria and viruses,
water splitting, and water decontamination.
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www.mdpi.com/article/10.3390/app12073690/s1, Table S1: Summary of elemental composition of
TiO2 nanostructures, Table S2: Lifetime of photogenerated carriers of TiO2 materials, Figure S1: Sum-
mary of elemental composition of TiO2 nanostructures, Figure S2: Photodegradation of methylene
blue using TiO2-ns/TiO2-nc, and scavenging experiments, Figure S3: TRPL spectra of TiO2 nano-
material with higher number of oxygen vacancies. References [45-58] are cited in the supplementary
materials.
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