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Abstract: To date, the formation mechanisms of TiO2, as well as its heterostructures, have not
been clarified. Moreover, detailed research on the transition from a tetragonal anatase phase to the
monoclinic phase of the TiO2(B) phase and their interface structure has been quite limited until now.
In the present study, we report on the sonochemical synthesis of TiO2-anatase with a crystallite size of
5.2 ± 1.5 nm under different NaOH concentrations via the hydrothermal method. The use of alkaline
solution and the effect of the temperature and reaction time on the formation and structural properties
of TiO2-anatase nanopowders were studied. The effects of NaOH concentration on the formation and
transformation of titanate structures are subject to thermal effects that stem from the redistribution of
energy in the system. These mechanisms could be attributed to three phenomena: (1) the self-assembly
of nanofibers and nanosheets, (2) the Ostwald ripening process, and (3) the self-development of
hollow TiO2 mesostructures.

Keywords: metal oxides; sonochemistry; electron microscopy

1. Introduction

Since the first report about water photolysis on titanium dioxide (TiO2) electrodes under ultraviolet
light irradiation by Fujishinma and Honda in 1972 [1], TiO2 nanostructures have been widely studied
for optical, electrical, and photochemical applications due to their chemical stability and good
performance [2–4]. After this important investigation, Marchand et al. reported, almost eight years
later in 1980, on the synthesis of a lamellae structure produced by the hydrothermal treatment of TiO2

with alkaline solution followed by heat treatment at 500 ◦C: the synthesized product exhibited a new
metastable phase of TiO2 that was named the TiO2(B) phase due to it showing a similar structure as
bronze alloy [5]. This metastable phase of TiO2, TiO2(B) (C2/m), has a less symmetrical monoclinic
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structure than the common polymorphs of TiO2, anatase (tetragonal, I4/amd), rutile (tetragonal,
P42/mnm), and brookite (orthorhombic, Pcab). Certainly, the TiO2(B) phase is a less compact structure
than the other crystalline structures. The unit volume of TiO2(B) is 35.27 Å3 as compared to that
of 31.12 Å3 for rutile, 32.20 Å3 for Brookite, and 34.02 Å3 for anatase phases [6–8]. Furthermore,
TiO2(B) shows a more open channel in the lattice and the characteristics of pseudocapacitive behavior,
resulting in easier Li-ion access to the crystal structure and a faster charge–discharge capability than
anatase or rutile phases, for example [9–14]. In 1991, Banfield et al. identified and characterized this
new metastable phase, TiO2(B), which was founded in natural anatase crystals [9]. Finally, in 1998,
Kasuga T. et al. reported a new route for the synthesis of TiO2 nanotubes through a hydrothermal
method: a 5–10 M NaOH aqueous solution and heat treatment at 110 ◦C for 20 h [10]. However,
later studies showed that these structures consisted of hydrated dititanate (H2Ti2O5), trititanate
(H2Ti3O7), and H2Ti4O9·xH2O [15–18]. These latest reports indicate that the titanate nanostructures
combine the properties of conventional titanate (e.g., ion exchange) and TiO2 (e.g., photocatalysis) [19].
Therefore, these multirole properties of titanate nanostructures allow them to have such advantages
that they can be used as ion-exchangers, adsorbents, and photocatalysts, among other applications.
Currently, it is possible to establish that hydrothermal temperature, duration, and the concentration
of NaOH are the fundamental stages or parameters that affect the morphology and structures of the
products obtained via hydrothermal synthesis. To date, most studies have focused on the effects of
hydrothermal temperature and reaction time on the structural properties. However, there are few
previous studies reporting the role of particle size on the thermal stability of TiO2 nanoparticles under
hydrothermal conditions [20–24]. The formation mechanism of TiO2 heterostructures has not yet been
clarified. Thus, detailed research on the formation of the TinO2n-1 phase during the transition from
TiO2(B) to anatase and the interface structure has been quite limited until now [25]. Because of the
aspects explained above, in the present study, we report a detailed investigation on the effects of
the concentration of NaOH on the structures, morphologies, and formation mechanisms of titanates
obtained via hydrothermal synthesis. The anatase phase, obtained by the sonochemical method,
was the starting material with average crystallite sizes of 5.2 ± 1.5 nm for the different concentrations
of NaOH (from 1 to 10 M). Similarly, the temperature and reaction time were kept constant during
the investigation (110 ◦C for 24 h). It was found that the morphologies of the titanate products were
determined by the concentration of NaOH. Furthermore, during phase transformation, three processes
were identified under hydrothermal conditions in alkaline solutions. These mechanisms are the
self-assembly of nanofibers and nanosheets, the Ostwald ripening process, and the self-development
of hollow TiO2 mesostructures. The set of these processes leads to the evolution from nano to
mesoscale morphology.

2. Materials and Methods

2.1. TiO2-Anatase Synthesis of As-Prepared Sample by Sonochemical Procedure

The pure TiO2-anatase nanoparticles were prepared as follows: 30 mL of [(CH3)2 CHO]4 Ti (TTIP,
Aldrich, St. Louis, MO, USA) as a titanium source was mixed with acetone (30 mL, reagent grade) and
methanol (30 mL, reactive grade); then, this mixture was stirred for 15 min at room temperature to
form a homogeneous suspension. After this time, the reaction mixture was exposed to ultrasound
irradiation at 20 kHz for 50 min. After ultrasound treatment, the chemical solvents were evaporated
using a magnetic mixer–heater plate at 60 ◦C up to the moment the remnant material was liquid-free
and had a dry appearance [23]. Here, we denote these TiO2 nanoparticles from sonochemical synthesis
as the as-prepared sample.

2.2. Hydrothermal Synthesis of TiO2 Heterostructures

In a typical synthesis, 2.0 g of as-prepared TiO2-anatase sample was mixed in an aqueous
sodium hydroxide (NaOH) solution at room temperature until forming a homogeneous suspension.
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The resulting mixture was simultaneously stirred using a magnetic stirrer. After a few minutes, a turbid
white precipitation was formed. Then, the mixture was transferred into a 500 mL Teflon-lined autoclave
reactor that was placed in an electric oven. The hydrothermal synthesis was conducted at 110 ◦C for
24 h. After the processing time, the mixture was allowed to naturally cool down to room temperature.
Finally, white precipitates were collected by centrifugation and then washed several times with distilled
water and ethanol. The same procedure was applied to different samples of TiO2-anatase using higher
concentrations of NaOH in order to elucidate the evolution of TiO2 heterostructures. Throughout this
work, a set of acronyms is used: XM, where X represents the concentration of NaOH, from 1 to 10 M.
Figure 1 shows a schematic illustration of the process of sonochemical and hydrothermal synthesis.
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2.3. Characterization

X-ray powder diffraction (XRD) patterns for the as-prepared sample of TiO2 and its hydrothermally
treated samples were obtained using a Bruker diffractometer D8 Focus with monochromated
high-intensity Cu Kα radiation (λ = 1.5406 Å) at 35 kV and 25 mA, and data were collected from
2θ = 5◦ to 2θ = 80◦ with a step of 0.20◦. High-resolution transmission electron microscopy (HRTEM)
images of TiO2 heterostructures were observed by an FEI-Titan (Hillsboro, OR, USA) operated at
300 kV (Cs = 1.2 nm). SEM images were obtained by a field emission scanning electron microscope
(FESEM, FEI-Nova 200 Nanolab, Hillsboro, OR, USA) operated at 10 kV.

3. Results and Discussion

3.1. As-Prepared Sample Characterization

The XRD analysis of the as-prepared sample, TiO2-anatase synthesized sonochemically, yielded
a plot intensity versus angle of diffraction as shown in Figure 2a. The XRD analysis shows an appreciable
X-ray broadening and asymmetrical peaks with low intensity, characteristic of polycrystalline material
with a nanometric crystallite size. The nanocrystallite size and lattice strain affect the Bragg peak in
different ways. Both these effects increase the width and intensity and also shift the 2θ peak position
in accordance with the results reported in the literature [26]. Additionally, the high background is
associated with the crystallite size and lattice strain. Indeed, the lattice strain arises from crystal
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imperfections, such as lattice dislocation. Other sources of strain can include the grain boundary
triple junction, contact or sinter stresses, and stacking faults [27]. The experimental XRD pattern
was compared with the JCPDS card No. 21-1272 (anatase TiO2), and dashed lines were located at
2θ = 25.28, 48.05, and 62.69◦, which are the strong diffraction peaks associated with the anatase phase.
Moreover, a systematic shift of the diffraction peaks to smaller interplanar distance (d) values (or higher
2θ degrees) for the diffraction reflections can be observed. In order to elucidate and support the XRD
analysis, as shown in Figure 2a, high-resolution electron microscopy was used to correlate the XRD
analysis with the morphological and structural properties. Therefore, the morphology and crystalline
structure information were analyzed. Thus, Figure 2b shows a typical SEM image of the sample
synthesized by ultrasonic means. This figure shows that the ultrasonic irradiation of the liquid–powder
suspension produces high-velocity interparticle collisions—neck formation zones denoted by red
color arrows. Certainly, the formation of neck and grain boundaries is an interesting feature because
the structure of these regions controls the transformation mechanisms, which minimizes the total
surface energy by diffusional mass transport. Furthermore, the SEM micrograph also suggests that the
influence of sonochemical means in the synthetized anatase is capable of generating changes in the
surface morphology and reactivity [28,29]. Therefore, the as-prepared sample can strongly increase the
surface area and mass transfer between two phases, both of which enhance and improve the diffusion
coefficient on the interface mixing more than conventional agitation, including the rapid formation of
TiO2 nanoparticles with narrow size distributions and high purities. However, the resultant collisions
are capable of creating structural defects which, in turn, could explain the XRD spectrum of the
as-prepared sample. For this reason, the XRD pattern of the as-prepared sample, shown in Figure 2a,
is attributed to the crystallite size and structural defects produced by ultrasonic irradiation effects
shown in Figure 2b. Consequently, we applied HRTEM analysis to support a deeper structural analysis.
Furthermore, natural structural defects, such as grain boundaries between the particles generated by
ultrasonic means, must be of considerable interest because this kind of crystalline defect could control
diffusion rates and transformation mechanisms during the hydrothermal treatment.

To establish the correlation between the XRD pattern and FESEM analysis, electron irradiation and
imaging of the as-prepared sample were carried out by HRTEM. These observations at atomic resolution
are shown in Figure 3a–d. HRTEM analysis confirms anatase phase formation by sonochemistry.
Also, the electron micrograph in Figure 3a shows the formation of crystalline material in nature with
the domain in different orientations and, as a consequence, grain boundary formation. The average
crystallite size was determined as 5.2 ± 1.5 nm, and the anatase phase was identified in the [101]
projection. At the same time, it is necessary to remark that the measured interplanar spacing of the lattice
plane was 3.58 Å instead of 3.52 Å. This result could be attributed to the presence of structural defects.
In order to avoid any structural interference, such as the Moiré effect, the HRTEM micrograph was
extended to the edge of the sample, shown in Figure 3b; in this micrograph, the existence of structural
defects is evident, indicated by white boxes. These defects, such as twinning or homophase boundaries,
are depicted in Figure 3c, and dislocation generation is presented in Figure 3d. This set of defects
generates microstrains in the crystal structure. Thus, the formation of the nucleus and the growth of
the nanocrystal is increased due to the direct influence of ultrasonic radiation. However, the reduction
of particle sizes intrinsically generates structural defects that stem from the necessity of redistributing
internal energy in the material and definitely the cavitation effect during the synthesis method.
Therefore, high-resolution electron microscopy supports the evidence of the appreciable broadening
and asymmetrical peak reflections in the XRD and FESEM analyses of the as-prepared sample.
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Figure 3. High-resolution transmission electron microscopy (HRTEM) of as-prepared sample.
(a) Polycrystalline anatase phase with [101] projection; (b) the edge of the sample shows the formation
of structural defects, indicated by white boxes, (c) such as twinning or homophases; (d) existence of
dislocations in the sample.
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3.2. Hydrothermal Process

3.2.1. XRD Analysis

The experimental XRD patterns of the products treated by hydrothermal process with NaOH
from 1 to 10 M are displayed in Figure 4. The XRD analysis of the sample corresponding to 1 M
NaOH shows a weak reflection at 2θ = 8.65◦. The incoming experiments showed a constant shift
and asymmetrical reflections, as can be seen in the sample treated with 10 M NaOH, 2θ = 10.52◦.
This sample was identified as H2Ti2O5·H2O, (JCPDS 47-0124), corresponding to an orthorhombic
crystalline structure and primitive Bravais lattice. These changes in the structural behavior could
be considered as the influence of the hydrothermal treatment under alkaline conditions. Indeed,
the layered formation of H2Ti2O5·H2O instead of Na2Ti9O19 (JCPDS 33-1293, monoclinic structure)
indicates major stability in the H2Ti2O5-H2O structure due to hydrogen bonding between layers [30].
Moreover, the surface corrosion generated by the hydrothermal conditions promotes structural defects,
grain boundary saturation, and nanometric size. This result suggests that the introduction of impurities
(atoms) in the anatase structure along with microstrains could explain the high background observed
in the XRD spectra in Figure 4. Moreover, an interesting phenomenon can be observed in Figure 4,
where the diffraction patterns and peak intensities are associated with plane (200), corresponding
to the anatase phase and 1–9 M NaOH concentration, almost remaining constant at 2θ~48.12◦ and
with 10 M NaOH at 2θ~48.32◦. This fact is also significant because it points to the fact that once
this crystalline plane is formed (200), it would not be involved in the structural changes, regardless
of NaOH concentration, time, or temperature, remaining independent. In addition, it is possible
to establish that this crystallographic plane reached its metastable thermodynamic equilibrium at
a crystallite size of 7.5 ± 1.3 nm and remained steady under the experimental conditions reported.
On the other hand, the crystallographic planes (101) of anatase and (002) of TiO2(B) have undergone
several structural changes associated with continuous dissolution and recrystallization, until these
planes reached their structural stability at experimental conditions of 10 M NaOH in accordance with
the intensity and symmetric reflections. Finally, during the phase transformation or coexistence of both
phases, the main crystallographic planes involved are (101) anatase and (002) TiO2(B), (JCPDS-74-1940).
Hence, the phase transformation is characterized by a dissolution–recrystallization–redissolution
process until the crystallite size reaches 12.7 ± 1.8 nm; then, the grain size has achieved metastable
thermodynamic equilibrium in the system. These microstructural effects have not been reported in the
literature until now.

3.2.2. Field Emission Scanning Electron Microscopy Analysis (FESEM)

Surface Morphology

The FESEM image of the sample treated via a simple hydrothermal chemical process at 1 M NaOH
is depicted in Figure 5a. Close packing can be clearly seen in this image at the large scale, and a hollow
structure with a size around of 100± 30 nm is observed, as shown in Figure 5b. Furthermore, the sample
also shows a mesoporous structure, also shown in Figure 5c. Moreover, Figure 5c shows the chemical
corrosion that occurs using 2 M NaOH as well as a cross-section of the sample. As can be seen, this
micrograph depicts oriented nanoarrays grown vertically with an average length of 1 µm, shown
in Figure 5d.
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The FESEM images, shown in Figure 5, also demonstrate the effects of the NaOH concentration
on the formation and transformation from anatase to titanate nanostructures in relation to Figure 4.
Therefore, at this point, it is possible to establish that the stages that lead to phase transformation
from TiO2-anatase to H2Ti2O5–H2O–TiO2(B) are subject to thermal effects in the as-prepared sample,
5.2 ± 1.5 nm, that involve nucleation, growth, and coarsening that stem from the redistribution
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of energy in the system. Subsequently, the thermal effects change the rate and outcome of the
transformation, and could result in the appearance of an unusual state of phase; in particular,
in nanosystems. This modification begins with a nucleation process and is accompanied by cluster
growth. Here, the formation of anatase starts with a size of 4.2 ± 1.5 nm, and experiences eventual
Ostwald ripening. This is a phenomenon observed in solid solutions that describes the change of
an inhomogeneous structure over time; i.e., small crystals or sol particles dissolve, and redeposit onto
larger crystals [23]. In this case, the hydrothermal process is considered, such as in a closed bath
system, and the supersaturation drops as clusters nucleate and grow, causing an increase in the stable
critical nucleus size. During the Ostwald ripening process, the subcritical clusters are considered
to dissolve spontaneously, and so their mass is released to contribute to the further growth of the
remaining clusters. This process is consistent with the analysis of FESEM images in Figure 6.

As can be seen in Figure 6, the use of 3–10 M NaOH results in morphological changes in the TiO2

nanostructured anatase. This effect can be attributed to the evolution from a supersaturated phase to
a single condensed ripened particle in equilibrium with the noncondensed phase. Therefore, a metastable
supersaturated phase will not only generate nuclei; according to the classical theory of nucleation, it will
also cause deposition on the nuclei and the consequent growth of clusters. In addition, according to the
images in Figure 6a–p, the nucleation and the cluster growth processes will be present during the entire
hydrothermal treatment procedure [24]. Furthermore, Figure 6a–p, corresponding to 7–10 M, indicates that
as growth and nucleation rates decline, the Gibbs–Thompson effect becomes significant, meaning that
smaller clusters dissolve and transfer their mass to large clusters, increasing their size.
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3.2.3. High-Resolution Transmission Electron Microscopy Analysis

Crystallographic Analysis

The TiO2-anatase samples treated hydrothermally with NaOH aqueous solution at 110 ◦C for 24 h
at 1, 2, 3, 5, 9, and 10 M concentrations are shown in Figure 7. The HRTEM image in Figure 7a displays
a cluster made up of large numbers of nanosheets, resembling mackerel scales, with a diameter of
around 300 nm. The nanosheets are considered to have peeled off from the anatase during formation,
and they grow during the hydrothermal treatment. The HRTEM image of nanosheets presents
structural defects and non-uniform geometry. These two features are indicative of low crystallinity,
consistent with the obtained XRD results. These nanosheets present an interplanar distance of about
0.22 nm, shown in Figure 7b, calculated after averaging measurements from several zones of this
HRTEM image; it is necessary to state that this fringe distance does not correspond to the crystalline
planes indexed in the XRD analysis. Moreover, it is plausible that clusters in the sample are a set of
hydrated nanosheets which lose water under vacuum and when they are exposed to the 300 kV electron
beam. Figure 7c contains granules composed of a layered structure with an interlayer distance of ca.
0.85 nm, shown in Figure 7d, which is close to the reported interlayer distance of the nanotubes [24].
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Figure 7. HRTEM images of the samples treated hydrothermally at 110 ◦C for 24 h. (a,b) 1 M; (c,d) 2 M;
(e,f) 3 M; (g) 5 M; (h) 9 M; and (i) 10 M.

In this case, the layers could be peeled off with further acid washing, forming nanotubes. The image
in Figure 7e,f shows a nanosheet with an interplanar distance of 0.35 nm, corresponding to the distance
between the [101] planes of the anatase structure. The Figure 7g,h,i suggest the coexistence of nanotubes
and nanosheets corresponding to 5, 9, and 10 M NaOH concentrations, respectively. The morphology
and microstructure indicate the presence of nanosheets and nanotubes. The origin of the nanotube-like
structures can be attributed to the rolling up of the sheet-like structures by surface forces [25]. It has
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been reported that the rolling up is a very fast event [31–33]. The formation of titanate nanotubes can be
attributed to the hydration of anatase TiO2 through soft chemical interaction with NaOH. The rolling
up of the titanate sheets is not a feasible process, and this condition is supported by the results obtained
from FESEM analyses, where a path-dependent morphology was observed. Indeed, the results from
HRTEM analyses are in good agreement with those obtained by XRD and FESEM analysis. Therefore,
varying of NaOH concentration led to three distinct formation mechanisms. The reaction of TiO2

with NaOH yields the dissolved anatase phase and the temperature of 110 ◦C for 24 h promotes
the nucleation and growth of nanosheets. The formation of these nanostructures is accelerated by
increasing NaOH concentrations. We suggest that an alkali treatment environment breaks the bonds
through hydroxyl bridging, leading to growth in the anatase [100] direction. This process along with
lateral growth through oxo bridge formation in the [001] direction generates the crystalline sheets
that then roll up to form nanotubes. These mechanisms could be attributed to three phenomena:
the self-assembly of nanofibers and nanosheets, the Ostwald ripening process, and the self-development
of hollow TiO2 mesostructures. The summary process described above is illustrated in Figure 8.Materials 2020, 13, x FOR PEER REVIEW 11 of 13 
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4. Conclusions

In summary, we report the sonochemical synthesis of a TiO2-anatase phase with a crystallite size
of 5.2 ± 1.5 nm under different NaOH concentrations via hydrothermal reaction at 110 ◦C for 24 h.
The concentration of NaOH affected the formation and transformation of titanate nanostructures mainly
composed of H2Ti2O5-H2O. The formation of these nanostructures was accelerated by temperature
effects and increasing NaOH concentration. The stages of formation and transformation of titanate
nanostructures, nucleation, and growth are subject to hydrothermal conditions that stem from the
redistribution of energy in the system. The obtained titanate nanostructures could be attributed to
three phenomena: the self-assembly of nanofibers and nanosheets, the Ostwald ripening process,
and the self-development of hollow TiO2 mesostructures.

Author Contributions: Conceptualization, L.G.R. and I.H.P.; Methodology, D.V.M.M., B.V.D., and R.L.P.; HR-TEM
visualization, V.G.F.; Investigation, J.N.R.O.; XRD analysis, L.D.B.A.; Writing—review and editing, L.G.R., R.S.P.,
and I.H.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the project IN-102216 and the Research Work TECNM-CA-TESI-
Materiales Nanoestruturados.



Materials 2020, 13, 685 11 of 12

Acknowledgments: The authors thank CONACyT for its distinction and encouragement as a national researcher
program SNI and Rogelio Morán Elvir for his technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Fujishima, A.; Honda, K. Electrochemical Photolysis of Water at a Semiconductor Electrode. Nature 1972,
238, 37–38. [CrossRef]

2. Weir, A.; Westerhoff, P.; Fabricius, L.; Hristovski, K.; Von Goetz, N. Titanium dioxide nanoparticles in food
and personal care products. Environ. Sci. Technol. 2012, 46, 2242–2250. [CrossRef] [PubMed]

3. Robichaud, C.O.; Uyar, A.E.; Darby, M.R.; Zucker, L.G.; Wiesner, M.R. Estimates of upper bounds and trends
in nano-TiO2 production as a basis for exposure assessment. Environ. Sci. Technol. 2009, 43, 4227–4423.
[CrossRef]

4. Pfaff, G.; Reynders, P. Angle-Dependent Optical Effects Deriving from Submicron Structures of Films and
Pigments. Chem. Rev. 1999, 99, 1963–1982. [CrossRef] [PubMed]

5. Marchand, R.; Brohan, L.; Tournoux, M. TiO2(B) a New Form of Titanium Dioxide and the Potassium
Octatitanate K2Ti8O17. Mater. Res. Bull. 1980, 15, 1129–1133. [CrossRef]

6. Pfaff, G.; Reynders, P. Comparative Life Cycle Assessment of a Novel Al-Ion and a Li-Ion Battery for
Stationary Applications. Materials 2019, 12, 3270. [CrossRef]

7. Morison, W.L. Photosensitivity. N. Engl. J. Med. 2004, 350, 1111–1117. [CrossRef]
8. Chen, X.; Selloni, A. Introduction: Titanium dioxide (TiO2) nanomaterials. Chem. Rev. 2014, 114, 9281–9282.

[CrossRef]
9. Banfield, J.F.; Veblen, D.R.; Smith, D. The identification of naturally occurring TiO2 (B) by structure

determination using high-resolution electron microscopy, image simulation, and distance-least-squares
refinement. J. Am. Mineral. 1991, 76, 343–353.

10. Kasuga, T.; Hiramatsu, M.; Hoson, A.; Sekino, T.; Niihara, K. Formation of Titanium Oxide Nanotube.
Langmuir 1998, 14, 3160–3163. [CrossRef]

11. Cargnello, M.; Gordon, T.R.; Murray, C.B. Solution-Phase Synthesis of Titanium Dioxide Nanoparticles and
Nanocrystals. Chem. Rev. 2014, 114, 9319–9345. [CrossRef]

12. Zhang, G.; Hou, J.; Lin Du Tung, C.; Wang, Y. Counteranion-Stabilized Titanium(IV) Isopolyoxocationic
Clusters Isolated from Water. Inorg. Chem. 2016, 4, 4704–4709. [CrossRef] [PubMed]

13. Roy, N.; Park, Y.; Sohn, Y.; Leung, K.T.; Pradhan, D. Green synthesis of anatase TiO(2) nanocrystals with
diverse shapes and their exposed facets-dependent photoredox activity. Appl. Mater. Interfaces 2014, 6,
16498–16507. [CrossRef]

14. Dahl, M.; Liu, Y.; Yin, Y. Composite Titanium Dioxide Nanomaterials. Chem. Rev. 2014, 114, 9853–9889.
[CrossRef] [PubMed]

15. Du, G.H.; Chen, Q.; Che, R.C.; Yuan, Z.Y.; Peng, L.M. Preparation and structure analysis of titanium oxide
nanotubes. Appl. Phys. Lett. 2001, 71149, 3702. [CrossRef]

16. Chen, Q.; Du, G.H.; Peng, L.M. The structure of trititanate nanotubes. Acta Crystallogr. Sect. B 2002, 58,
587–593. [CrossRef] [PubMed]

17. Chen, Q.; Zhou, W.Z.; Du, G.H.; Peng, L.M. Trititanate Nanotubes Made via a Single Alkali Treatment.
Adv. Mater. 2002, 14, 1208–12011. [CrossRef]

18. Nakahira, A.; Kato, W.; Tamai, M.; Isshiki, T.; Nishio, K. Synthesis of nanotube from a layered H2Ti4O9 H2O
in a hydrothermal treatment using various titania sources. J. Mater. Sci. 2004, 39, 4239–4245. [CrossRef]

19. Bavykin, D.V.; Friedrich, J.M.; Walsh, F.C. Protonated Titanates and TiO2 Nanostructured Materials: Synthesis,
Properties, and Applications †. Adv. Mater. 2006, 18, 2807–2824. [CrossRef]

20. Dittrich, T. Porous TiO2: Electron Transport and Application to Dye Sensitized Injection Solar Cells.
Phys. Stat. Solidi 2000, 182, 447–455. [CrossRef]

21. Wei, L.; Elzatahry, A.; Aldhayan, D.; Zhao, D. Core-Shell structured titanium dioxide nanomaterials for solar
energy utilization. Chem. Soc. Rev. 2018, 47, 8203–8237. [CrossRef]

22. Zhou, W.; Gai, L.; Hu, P.; Cui, J.; Liu, X.; Wang, D.; Li, G.; Jiang, H.; Liu, D.; Liu, H.; et al. Phase transformation
of TiO2 nanobelts and TiO2(B)/anatase interface heterostructure nanobelts with enhanced photocatalytic
activity. CrystEngComm 2011, 13, 6643–6649. [CrossRef]

http://dx.doi.org/10.1038/238037a0
http://dx.doi.org/10.1021/es204168d
http://www.ncbi.nlm.nih.gov/pubmed/22260395
http://dx.doi.org/10.1021/es8032549
http://dx.doi.org/10.1021/cr970075u
http://www.ncbi.nlm.nih.gov/pubmed/11849016
http://dx.doi.org/10.1016/0025-5408(80)90076-8
http://dx.doi.org/10.3390/ma12193270
http://dx.doi.org/10.1056/NEJMcp022558
http://dx.doi.org/10.1021/cr500422r
http://dx.doi.org/10.1021/la9713816
http://dx.doi.org/10.1021/cr500170p
http://dx.doi.org/10.1021/acs.inorgchem.5b01901
http://www.ncbi.nlm.nih.gov/pubmed/27119203
http://dx.doi.org/10.1021/am504084p
http://dx.doi.org/10.1021/cr400634p
http://www.ncbi.nlm.nih.gov/pubmed/25011918
http://dx.doi.org/10.1063/1.1423403
http://dx.doi.org/10.1107/S0108768102009084
http://www.ncbi.nlm.nih.gov/pubmed/12149547
http://dx.doi.org/10.1002/1521-4095(20020903)14:17&lt;1208::AID-ADMA1208&gt;3.0.CO;2-0
http://dx.doi.org/10.1023/B:JMSC.0000033405.73881.7c
http://dx.doi.org/10.1002/adma.200502696
http://dx.doi.org/10.1002/1521-396X(200011)182:1&lt;447::AID-PSSA447&gt;3.0.CO;2-G
http://dx.doi.org/10.1039/c800443a
http://dx.doi.org/10.1039/c1ce05638g


Materials 2020, 13, 685 12 of 12

23. González-Reyes, L.; Hernández-Pérez, I.; Díaz-Barriga Arceo, L. Temperature effects during Ostwald
ripening on structural and bandgap properties of TiO2 nanoparticles prepared by sonochemical synthesis.
Mater. Sci. Eng. B 2010, 175, 9–13. [CrossRef]

24. Zavala, M.Á.; Morales, S.A.; Ávila-Santos, M. Synthesis of stable TiO2 nanotubes: Effect of hydrothermal
treatment, acid washing and annealing temperature. Heliyon 2017, 3, e00456. [CrossRef]

25. Vittadini, A.; Casarin, M.; Selloni, A. Structure and Stability of TiO2-B Surfaces: A Density Functional Study.
J. Phys. Chem. C 2009, 113, 18973–18977. [CrossRef]

26. Qiu, Y.; Ouyang, F. Fabrication of TiO2 hierarchical architecture assembled by nanowires with anatase/TiO2(B)
phase-junctions for efficient photocatalytic hydrogen production. Appl. Surf. Sci. 2017, 403, 691–698.
[CrossRef]

27. Kandiel, T.A.; Ahmed, A.Y.; Bahnemann, D. TiO2(B)/anatase heterostructure nanofibers decorated with
anatase nanoparticles as efficient photocatalysts for methanol oxidation. J. Mol. Catal. A Chem. 2016, 425,
55–60. [CrossRef]

28. Yang, D.; Liu, H.; Zheng, Z.; Yuan, Y.; Zhao, J.C. An Efficient Photocatalyst Structure: TiO2(B) Nanofibers
with a Shell of Anatase Nanocrystals. J. Am. Chem. Soc. 2009, 131, 17885–17893. [CrossRef] [PubMed]

29. Ma, Y.; Wang, X.; Jia, Y.; Chen, X.; Han, H.; Li, C. Titanium Dioxide-Based Nanomaterials for Photocatalytic
Fuel Generations. Chem. Rev. 2014, 114, 9987–10043. [CrossRef]

30. Wang, J.; Zhou, Y.; Shao, Z. Porous TiO2(B)/anatase microspheres with hierarchical nano and microstructures
for high-performance lithium-ion batterie. Electrochim. Acta 2013, 97, 386–392. [CrossRef]

31. Hossain, M.K.; Koirala, A.R.; Akhtar, U.S.; Song, M.K.; Yoon, K.B. First Synthesis of Highly Crystalline,
Hexagonally Ordered, Uniformly Mesoporous TiO2–B and Its Optical and Photocatalytic Properties.
Chem. Mater. 2015, 27, 6550–6557. [CrossRef]

32. Zhang, H.; Banfield, F.J. Structural Characteristics and Mechanical and Thermodynamic Properties of
Nanocrystalline TiO2. Chem. Rev. 2014, 114, 9613–9644. [CrossRef] [PubMed]

33. Tao, F.; Liping, L.; Quan, S.; Xiangli, C.; Xingliang, X.; Guangshe, L. Heat capacity and thermodynamic
functions of TiO2(B) nanowires. J. Chem. Thermodyn. 2018, 119, 127–134.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.mseb.2010.06.004
http://dx.doi.org/10.1016/j.heliyon.2017.e00456
http://dx.doi.org/10.1021/jp9073009
http://dx.doi.org/10.1016/j.apsusc.2017.01.255
http://dx.doi.org/10.1016/j.molcata.2016.09.017
http://dx.doi.org/10.1021/ja906774k
http://www.ncbi.nlm.nih.gov/pubmed/19911792
http://dx.doi.org/10.1021/cr500008u
http://dx.doi.org/10.1016/j.electacta.2013.03.015
http://dx.doi.org/10.1021/acs.chemmater.5b01800
http://dx.doi.org/10.1021/cr500072j
http://www.ncbi.nlm.nih.gov/pubmed/25026219
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	TiO2-Anatase Synthesis of As-Prepared Sample by Sonochemical Procedure 
	Hydrothermal Synthesis of TiO2 Heterostructures 
	Characterization 

	Results and Discussion 
	As-Prepared Sample Characterization 
	Hydrothermal Process 
	XRD Analysis 
	Field Emission Scanning Electron Microscopy Analysis (FESEM) 
	High-Resolution Transmission Electron Microscopy Analysis 


	Conclusions 
	References

