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Abstract

The use of metal-oxide-semiconductor nanostructures as photocatalytic materials has
been an area of intense research over the last decade, and in this field, titanium dioxide
(TiO2) receives much attention. TiO2 is an attractive material since it is stable, insolu‐
ble, non-toxic, resistant to corrosion and relatively inexpensive. In this chapter, we will
demonstrate the influence of different solvents on the synthesis of TiO2  nanostruc‐
tures considering a solvothermal method assisted by microwave radiation and their
photocatalytic behaviour. The TiO2 nanostructured arrays were synthesized on seeded
polyethylene naphthalate (PEN) substrates with different solvents: water, 2 – propa‐
nol, ethanol and methanol. TiO2 thin films deposited by spin-coating were used as seed
layer  for  the  nanostructures  growth.  Structural  characterization  of  the  microwave
synthesized materials has been carried out by scanning electron microscopy (SEM) and
X-Ray diffraction (XRD). The optical properties have also been investigated. The TiO2

nanostructures  arrays  were  tested  as  photocatalytic  agents  in  the  degradation  of
pollutant dyes like methylene blue (MB) in the presence of UV radiation. Expressive
differences between the different solvents were detected, in which methanol demon‐
strated higher MB degradation for the conditions tested.

Keywords: titanium dioxide, nanostructures, microwave radiation, solvents, photoca‐
talysis

1. Introduction

Titanium dioxide (TiO2) is a n-type semiconductor material that has attracted considerable
attention in several applications, such as sensor devices [1], dye-solar cells [2], photocatalysis
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[3], among others. Lately, the growing interest in this material is mainly associated to its long-
term photostability, non-toxicity, low cost availability [4] and for being a semiconductor material,
with a band gap of approximately 3 eV. Moreover, this material is sensitive to UV radiation,
with notable transmittance in the visible region (superior to 80%), high refractive index (between
2.5 and 2.7) and chemical stability [5].

1.1. TiO2 as a photocatalyst material

Titanium dioxide is non-toxic, chemically stable, earth-abundant and inexpensive, being
considered attractive as a photocatalytic material [6]. TiO2 photocatalytic activity is directly
related to size, specific surface area, impurities on crystalline phase, and the exposed surface
facets [7], thus several TiO2 nano/micro structures were reported in order to improve its final
performance [7].

One-dimensional nanostructures, such as nanowires and nanorods, offer a higher surface to
volume ratio, when compared to other type of morphologies, which turn them interesting to
photocatalytic application. Nevertheless, when these nanostructures are used in the powder
form, the separation of the catalyst from solution becomes a problem, which makes the use of
films highly appealing. Moreover, when included the option of using flexible substrates, such
as polyethylene naphthalate (PEN) on these nanostructured films, opens to a broad range of
possibilities and low cost strategies.

Figure 1. Crystallographic structures of different TiO2 crystals: anatase, rutile and brookite.
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TiO2 used as a photocatalytic material for decomposition of organic pollutants and its photo‐
catalytic activity has been reported in several different studies [3, 8, 9]. Rutile and anatase
structures are the most important phases for TiO2. TiO2 can exist in amorphous form or in three
crystalline phases: rutile (a tetragonal structure, P42/mmm), anatase (also a tetragonal structure,
I41/amd) and brookite (an orthorhombic structure, Pbca), at ambient temperature [10], as shown
on Figure 1. Among these three different phases, rutile is the one with the most stable phase.
The optical band gap of titanium dioxide is slightly above 3 eV (rutile: 3.0 eV, anatase: 3.4 eV
and brookite: 3.3 eV) [10].

TiO2 in the form of anatase is the most used as a photocatalyst under UV radiation [11]. Rutile
has a smaller electron effective mass, higher density and higher refractive index [5]. Anatase
contains more defects in the lattice, producing more oxygen vacancies and capturing the
electrons [12]. Moreover, the later possesses a shallow donor level, high electron mobility and
trap controlled electronic conduction [13]. Considering such properties, the anatase form is
preferred to be used in most optoelectronic and photocatalyst applications. Anatase and rutile
are generally regarded to be used in photocatalytic applications, while brookite is not.

An n-type semiconductor has a filled valence band (VB) and an empty conduction band (CB).
The absorption of a photon (with an energy at least equal to the bandgap) by TiO2 nanoparticles
will result in the promotion of an electron, e-, from the valence band to the conduction band,
leaving behind a “hole”, h+, (an electron vacancy) in the VB [14]. For anatase and rutile, as
mentioned above, the bandgaps values are 3.2 and 3.0 eV (corresponding to wavelengths of
385 and 410 nm), respectively. Ultraviolet light is necessary for the material photoexcitation.
The electron-hole pairs can recombine or participate in chemical reactions with the surface
adsorbed species.

Figure 2. Schematic of the titanium dioxide band levels in the presence of UV radiation.
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The electron-hole, h+, in the valence band provides a site where the adsorbed hydroxyl ions
(OH-) and disassociated water (H2O) can lose an electron forming a hydroxyl radical (OH⋅).
Hydroxyl radicals are electrically neutral but highly reactive. The CB electrons (e-) can react
with molecular oxygen (O2) and form the superoxide radical-anion, O2

−, which will also be
involved in reaction of dye degradation [15]. In addition, the hole h+ and the electron e- can
react directly with adsorbed pollutants (see Figure 2).The excitation of valence band electrons
to the conduction band allowing for the formation of hydroxyl radicals is what makes TiO2 a
catalyst.

The catalysts materials at the nanoscale have the advantage of presenting large surface area
and, therefore, larger number of active sites per volume to promote the photocatalytic reaction.
Smaller particle sizes imply shorter distances for photogenerated charge carriers to migrate
before reaching surface reaction sites [16].

As photocatalytic redox reactions take place on the crystal surface, the surface reactivity of
TiO2 strongly influences the material photocatalytic activity [17]. The effect of particle shape
on the photochemistry also plays an important role. It has been demonstrated that some crystal
orientation are much more reactive than others, so the overall reactivity could be related to the
particle shape [16].

The TiO2 nanocrystal growth is based on the minimization of surface energy, which will lead
to the disappearance of the most reactive facets [18]. In general surfaces with higher surface
energy disappear rapidly during the crystal growth process in order to minimize the total
surface energy.

The equilibrium shape of anatase crystal consists of a truncated tetragonal bipyramidal
structure constructed by eight {101} facets and two top squared {001} facets [19] (see Figure 1).
For rutile, the equilibrium shape consists of a tetragonal prism bounced by a {110} facet and
terminated by two tetragonal pyramids bounded by {011} facets [20]. In the case of brookite,
the equilibrium crystal possesses seven different facets [20]. The equilibrium shape of the latter
materials will vary according to the growth conditions employed and the different facets will
present different properties.

The photocatalytic oxidation and reduction sites of rutile were reported as being present on
the {011} and {110} facets, respectively. In the case of anatase, it was mainly present in {001}
and {011} facets, respectively [20, 21] (see Figure 3). Brookite has not attracted much attention
for photocatalytic applications due to its lack of photocatalytic activity. In contrast to this latter,
anatase has the {101} surface facet, for which only 50% of the Ti atoms are five-coordinated
(Ti5c), both the {001} and {100} surfaces facets consist of 100% Ti5c atoms [17]. These atoms act
as active sites in the photocatalytic experiments, so by this reason, the facets {001} and {100}
should be more active than {101} facets.

The origin of the higher reactivity of these facets can be associated to the increased density of
undercoordinated Ti atoms at the surface and to the surface atom arrangement [22].
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Figure 3. Schematic images of spatial separation of redox sites on titanium dioxide structures with a specific exposed
crystal facets: (a) larger surface area of oxidation sites (holes) and small surface area of reduction sites (electrons), and
(b) smaller surface area of oxidation sites and larger surface area of reduction sites.

1.2. Solvothermal method assisted by microwave radiation

The structural, optical and electrical properties of titanium dioxide nanostructures strongly
depend on the growth method. Several chemical, electrochemical and physical techniques
have been employed to grow different TiO2 nanostructures [3, 23–26] with different properties,
like thermal evaporation [27], potentiostatic anodization [28], electrospinning [29], precipita‐
tion [30], solvothermal and hydrothermal synthesis, whether by conventional heating [31] or
microwave radiation [3]. The use of this latter synthesis technique has been growing lately for
different types of nanostructured semiconductors [3, 32–36].

The greatest advantage of using microwave radiation synthesis is related to the opportunity
to complete reactions in a short period of time, when compared with conventional heating.
Microwave radiation transfers the energy directly to the reactive species of the solutions
favoring some transformations that are unobtainable with conventional heating [37]. By
coupling directly with the molecules dipoles, the microwaves promote a rapid increase of
temperature, originating a localized superheating of the molecules, which thus influences the
solution [37].

So, the heating with microwave process occurs by two distinct mechanisms: through dipole
rotation and/or ionic conduction, by the reversals of dipoles and displacement of charged ions
present in the solution (solute and solvent) [38].

The heating caused by dipole rotation movement is due to an energy transfer between
molecules when their dipoles try to align with the electric field changing of the electromagnetic
radiation (see Figure 4). The coupling efficiency of dipoles with the electric field is related with
the solution molecules polarity [37].
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The heating due to ionic conduction movement results from the free ions or ionic species
movement present in the solution. The friction between this species results in the increase of
solution temperature [37].

So, microwave heating is mainly characterized by energy transfer between molecules, while
conventional heating is characterized by energy transfer through convection, thermal con‐
duction or radiation between the vessels external materials to the solution. Microwave
radiation will interact with the solution molecules, converting the electromagnetic energy into
thermal energy [40].

Figure 4. (a) Dipoles in the solution with no applied field; (b) dipoles alignment with the applied field; (c) Schematic
representation of an applied electromagnetic field.

By this reason, it can be concluded that the use of different solvents will be relevant in organic
synthesis. The polarity of a solvent is one of the most important parameters to be considered
in microwave synthesis. The ability of a molecule to couple with microwave energy increases
with the increase of solution polarity and thus the heating is more efficient.

The interaction between a polar molecule and microwave radiation can be estimated by the
Loss Tangent (tan δ, see Equation 1), that determines the ability that a solvent possesses in
absorbing microwave radiation and convert the electric energy into heat. This parameter give
us the efficiency of microwave heating of a certain solvent [39, 41]:

tan ed
e
¢¢

=
¢
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where ε″ is the loss factor that determines the efficiency of converting absorbed microwave
energy into heat; ε′ is the dielectric constant that measure the ability of a molecule to store
electrical potential energy with an applied electric field.

Thus, the higher the Loss Tangent (tan δ) is, the better will be the solvent in absorbing the
microwave radiation and converting it into heat [37, 39].

Table 1 shows the loss tangents, dielectric constant, boiling point and viscosity of different
types of solvents, including water, ethanol, 2 - propanol and methanol [37, 42, 43].

The solvents with higher values of dielectric loss are considered higher absorbers, which leads
to the fast heating of the solution with the presence of microwave radiation. The solvents that
are considered medium absorbers, also heat the solution efficiently but require more time to
reach the synthesis temperature. The low absorbers solvents can heat to temperatures high
above the solution boiling point, but longer times or higher microwave power is necessary.

Solvent Tan δ Dielectric Constant Boiling point (°C) Viscosity (cP) at 25 °C

High
(tan δ > 0.5)

Ethylene glycol 1.17 38.0 197.3 35.7

Ethanol 0.94 24.6 78.4 0.983

2 – propanol 0.80 20.2 82.6 2.040

Methanol 0.66 33.0 64.7 0.507

1 – butanol 0.57 17.8 117.6 2.573

Medium
(0.1 < tan δ < 0.5)

2 – butanol 0.45 15.8 98.0 3.100

Dichlorobenzene 0.28 9.9 180.5 1.320

Acetic acid 0.17 6.1 118.0 1.060

Dichloroethane 0.13 10.7 84.0 0.780

Water 0.12 80.0 100.0 0.890

Low
(tan δ < 0.1)

Chloroform 0.091 4.8 61.2 0.510

Ethyl Acetate 0.059 6.0 77.0 0.420

Acetone 0.054 21.0 56.0 0.300

Toluene 0.040 2.4 111.0 0.560

2 - ethoxyethanol 0.039 3.3 135.0 2.100

Table 1. Loss tangents, dielectric constant, boiling point and viscosity of solvents.

The viscosity of a solvent is also an important factor, as it will affect its ability to absorb
microwave energy since it will affect the molecular rotation. In a high viscous medium,
molecular mobility is reduced, thus making it difficult for the molecules to align with the
electromagnetic radiation. By this reason, the heat produced by dipole rotation decreases [38].

As mentioned above, the use of different solvents could strongly affect the crystalline phase
and microstructure of TiO2 structures and its facets, due to the different boiling points, chain
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lengths and structure, possible complexes and polarity of the solvents used [44–47]. For this
case, the selection of the solvent should consider the high extracting power and strong
interaction with electromagnetic field. Polar molecules and ionic solutions strongly absorb
microwave energy due to the permanent dipole moment. Non-polar solvents will not heat up.

2. Methods used

2.1. Seed layer and synthesis of TiO2 nanostructured arrays

The TiO2 thin film to serve as a seed was deposited on a flexible PEN (Polyethylene naphtha‐
late) substrate using the spin-coating method. A coating solution have been prepared from
titanium isopropoxide (Ti[OCH(CH3)2]4; 97%, CAS: 546-68-9), ethanolamine, MEA (C2H7NO;
99%, CAS: 141-43-5) and 2-methoxyethanol (C3H8O2, 99.8%, CAS: 109-86-4), all from Sigma-
Aldrich, that were used without further purification. In a typical experiment, the spin-coating
solution was prepared by dissolving the Ti[OCH(CH3)2]4 in 2-methoxyethanol and adding the
ethanolamine. The concentration of the solution was chosen to be 0.35 M, in a proportion of
1:1 of titanium isopropoxide and ethanolamine. The resulting solution was then stirred for 2
hours at 60°C. The mixed solution was filtered to yield a clear and homogeneous solution and
then used for preparing films by spin-coating method. Before deposition, the substrates (with
20 × 20 mm side) were successively cleaned with ethanol, and deionized water in an ultrasonic
bath. The prepared solution was then spin coated on the substrate at 3000 rpm for 35 seconds
at room temperature. After deposition, the films were dried at 180°C for 10 minutes in a hot
plate in order to remove the solvent. After repeating the coating – drying cycles 4 times, the
substrates were annealed for 1 hour at a temperature of 180°C.

After uniformly coating the PEN substrates with TiO2 thin films, TiO2 nanostructured arrays
were synthesized by solvothermal method assisted by microwave radiation. The solution has
been prepared from titanium isopropoxide (Ti[OCH(CH3)2]4; 97%, CAS: 546-68-9), hydro‐
chloric acid (HCl; 37% CAS: 7647-01-0) and as solvent it was used double distilled water,
isopropyl alcohol (or 2 – propanol, (CH3)2CHOH, 99.5%, CAS: 67-63-0), ethanol (CH3CH2OH,
99.5%, CAS: 64-17-5) and methanol (CH3OH, 99.8%, CAS: 67-56-1). In a typical reaction, 15 ml
of HCl was added to 45 ml of each solvent. To each of these mixtures were added 2 ml of
titanium isopropoxide. The solutions were stirred for 10 minutes.

The synthesis of TiO2 nanostructures were performed by solvothermal method assisted by
microwave radiation using a CEM Focused Microwave Synthesis System Discover SP. The
TiO2 seeded PEN substrates (20 × 20 mm) were placed at an angle against the vessel, with the
seed layer facing down (see Figure 5) and filled with 20 ml of the prepared solution [3]. Time,
power and maximum pressure (limited pressure) have been set at 120 min, 100 W and 250 Psi,
respectively. The vessels were kept sealed by the constraining surrounding pressure. The
temperature was kept at 110°C due to the use of flexible substrates.
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Figure 5. Scheme of the TiO2 seed layer production using the spin-coating method, followed by TiO2 nanostructured
synthesis by solvothermal method assisted by microwave radiation.

2.2. Characterization techniques

The surface morphology and cross-section observations of TiO2 nanocrystals has been
characterized by scanning electron microscopy (SEM) with a Carl Zeiss AURIGA equipment
coupled with an X-ray Energy Dispersive Spectrometer (EDS). X-ray diffraction measurements
were carried out using a PANalytical’s X’Pert PRO MRD, with a monochromatic CuKα
radiation source (wavelength 1.540598 Å) and from 30° to 75° (2θ), in a parallel beam config‐
uration for grazing-incident experiments. The grazing XRD data were recorded with the
detector rotated to a 0D configuration and at grazing-incident angles of 0.75, 1.0 and 1.25° with
a step size of 0.1°. For comparison, rutile, anatase, brookite power diffractograms have been
simulated with PowderCell [48] using crystallographic data from [49].

Optical transmittance and band gap measurements of the TiO2 nanorods films were performed
at room temperature (RT) using a Perkin Elmer lambda 950 UV/VIS/NIR spectrophotometer.
The transmittance spectra were recorded between 250 to 850 nm.

2.3. Characterization of TiO2 nanostructured arrays as photocatalytic agent

TiO2 nanostructures arrays have been used in photocatalytic degradation of organic pollutants
due to their non-toxic and higher photocatalytic efficiency with good sensing behaviour. The
ultra violet (UV) photocatalytic activities of TiO2 nanostructures were evaluated at RT from
the degradation of methylene blue, MB, (C16H18CIN3S·3H2O, CAS: 61-73-4) from Scharlau. The
experiments were carried out following the International standard ISO 10678. The MB
concentration used was 4 mg/l, in which a PEN substrate with the TiO2 nanostructured array
produced with each solvent was immersed in 50 ml of this solution for each experiment. Prior
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to UV exposure, the sample was placed in the dark for 30 min to establish absorption-
desorption equilibrium.

For UV exposure, a deuterium lamp model L11798 was used, from Hamamatsu, with an
emission wavelength of 160 nm. In each measurement, 4 ml of MB solution were collected
regular intervals (from 15 min up to a total time of 120 min). At each time, it was tested by a
UV-Vis spectrophotometry, using the same Perkin Elmer lambda 950 UV/VIS/NIR spectro‐
photometer. The absorbance (A) was obtained between 250 to 800 nm.

3. Results and discussion

Figure 6 shows a real image of the materials produced after microwave radiation. As it can be
seen, the substrates are fully covered demonstrating that the seed layer is efficient for the
TiO2 nanostructured arrays growth (the edges are seed/arrays free, due to the use of kapton
tape for support). Moreover, this also demonstrates that microwave synthesis using flexible
substrates is a valid option for low cost applications. Regarding the solvents tested, several
solvents were used; however only the ones presented on this study resulted in a homogeneous
growth of TiO2 nanostructures covering completely the PEN substrate.

Figure 6. Photograph of TiO2 nanostructured arrays on PEN substrates. All solvents produced similar samples, such as
the one presented in this image.

3.1. Behaviour of solvents under microwave radiation

To infer the solvent behaviour under microwave radiation, the temperature and pressure
profile of each solvent during TiO2 synthesis was recorded and is presented on Figure 7.
Pressure and temperature are two important parameters that will influence the nanoparticle
morphology [50]. So, in a typical microwave assisted synthesis, in which the temperature is
controlled, the path will involve ramping up to the desired temperature and holding the
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desired temperature for a specific period of time, while the power fluctuates in order to
maintain the parameters of the reaction (temperature and pressure). Once the holding time is
complete, the reaction is quenched by a stream of nitrogen in order to cold down the vessel
and the solution.

Figure 7. Profile of (a) temperature and (b) pressure obtained during TiO2 nanostructured synthesis with different sol‐
vents, water, ethanol, 2 – propanol and methanol, when subject to microwave radiation of 100 W for 120 minutes and a
pressure limit of 250 Psi.

As expected and in accordance to the values presented in Table 1 (Tan δ), in the case of water
(a medium absorber), it took a longer period of time to reach the synthesis temperature when
compared to the other solvents (all considered higher absorbers), see Figure 7.a).

The other parameter that is imperative to control in microwave assisted synthesis is the
pressure inside the vessel. A pressurized environment can bring some advantages. As the
temperature of a solvent increase above its boiling point, more pressure builds inside the
reaction vessel [37]. From Figure 7, it is possible to observe that methanol (the solvent with a
lower boiling point) originated a higher pressure value inside the reaction vessel.

3.2. SEM analysis

It is well known that for preparing uniform nanoparticles, it is necessary to induce a single
nucleation event and thus preventing additional nucleation during the subsequent growth
process [51]. Nevertheless, the presence of inorganic and organic anionic species in the starting
solution will affect parameters such as nucleation, crystal growth and morphology of nano‐
particles [52]. Moreover, synthesis employing different solvents, such as the ones used in this
work, is highly expected to affect the crystalline phase, microstructure and optoelectronic
properties of the produced nanoparticles, mainly due to the difference in the boiling point,
chain lengths and structure, coordination numbers and polarity [5].

As it has been shown previously, the heating and pressure inside the reaction vessels will
greatly depend on the solvents and precursors used. By this reason, it is clear that the tem‐
perature of reaction and the heating method will strongly influence the nucleation and crystal
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growth, which will produce effect on size, shape, morphology and crystal structure (crystal
facets) of the final synthesized nanoparticle.

Figure 8 shows the morphology of TiO2 nanostructures formed with the different solvents
under 100 W for 120 minutes with limited temperature and pressure of 110°C and 250 Psi,
respectively. The microwave synthesis with water as solvent resulted in agglomerates with
higher packing density of TiO2 nanorods, forming compact structures (see Figure 8.a) and
displaying average width of ~20 nm and length ranging from 1 to 1.5 µm. These results are in
agreement to [3], where thin and long nanorods were observed using the same proportion of
water/acid. Ethanol, on the other hand, resulted in TiO2 nanorods with approximately 20 nm
in width, however smaller in length (see Figure 8.b). The length varied from 800 to 1000 nm.
When using 2 – propanol, the array structures varied and turned to be a mixture of nanorods
and nanoparticles without a defined shape. These mixed nanostructures appeared as agglom‐
erates of flower-like TiO2 nanostructures (see Figure 8.c). The agglomerate sizes varied from
800 to 1100 nm. Methanol resulted in TiO2 nanowires (~20 nm in width) grouped in agglom‐
erates (see Figure 8.d). The compact structure observed with water was not observed, where
the nanorods appeared to be well separated. Two sources of structures could be detected on
the cross-section image, forming a dense layer of TiO2 nanorods at the bottom with nanorod
agglomerates on top. The total length of these structures together varied from 800 to 1000 nm.
From the cross-section images, it could be identified that the arrays were grown with similar
thickness, despite the disparities on the structures observed.

In solvothermal synthesis reactions, the temperature has been reported as one of the most
important parameters to control the morphology of nanoparticles [52, 53]. In this present study,
the synthesis temperature was limited to 110°C, due to the use of a low temperature polymeric
substrate, so it will be the pressure inside the vessel that is going to play an important role in
the TiO2 nanostructure synthesis.

The use of water, with a higher boiling point but lower tan δ, and thus with a small microwave
coupling efficiency [37], induces a lower heating rate and lower pressure inside the reaction
vessel. The produced nanorods are longer in length (slower reaction rate induces large particle
size). On the other hand, the nanorods produced with ethanol are smaller in length, and this
can be associated to the fact that ethanol displays a higher value of tan δ, and a lower boiling
point (when compared with water) and in consequence with higher microwave coupling
efficiency and thus higher heating rate resulting in slightly higher pressure inside the vessel
(faster reaction rate induces smaller particle size) [54].

In the case of 2 – propanol, as this solvent presents a medium value of tan δ (see Table 1) it is
one of the most efficient in terms of coupling with microwave radiation. In this case, it is
expected to be promoted a rapid growth of TiO2 nanostructures. On the other hand, this is the
solvent that presents higher value of viscosity which will reduce the dipole movement on the
solution. The diffusion of ions in the solvent decrease with increasing viscosity [55].These
characteristics are expected to be responsible for the undefined structures observed for this
solvent.
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Due to the very low boiling point of methanol, the pressure inside the reaction vessel increases
rapidly, reaching the imposed limit. The synthesis of TiO2 nanoparticles in such high pressure
condition induces the growth of very thin TiO2 nanowires, as reported by Wen et al., [56] that
states the formation of ultra-long nanowires which may arise from the slow nucleation rate
and very fast growth rate.

Figure 8. SEM images of TiO2 nanostructures synthesized by solvothermal method, assisted by microwave radiation,
using a microwave power of 100 W for 120 minutes and a temperature of 100°C for the solvents tested: (a) water, (b)
ethanol, (c) 2 – propanol and (d) methanol. The insets show the cross-section of the produced TiO2 nanostructures.

3.3. XRD analysis

Due to the intense XRD peak of PEN substrate at 2θ = 26°, GIXRD experiments were carried
out for the TiO2 nanostructures obtained with all the solvents tested. The results are presented
on Figure 9, where it is possible to observe the experimental diffractograms for the different
materials, together with the simulated diffractograms for anatase, rutile and brookite.

For all the materials synthesized, the XRD peaks could be assigned to either rutile or anatase.
The nanorod arrays produced with water presented a predominant rutile phase, and the
presence of anatase is not clear. This result is expected as the proportion of water/acid used
during synthesis under microwave radiation has been reported to form essentially rutile [3].
For the materials synthesized with ethanol, as for the water arrays, just the rutile phase could
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be assigned. The 2 – propanol solvent, on the other hand, can be expected to contain minor
amounts of anatase, together with rutile. Methanol, just like the 2 – propanol arrays, is expected
to have mainly the anatase phase and rutile. The appearance of the peak of PEN at ~48o is
expected to be related to the thinner array thickness of the materials. Water formed thicker
arrays, and the PEN peak is not evident.

Figure 9. Grazing incident XRD diffractograms of TiO2 nanostructured arrays produced with different solvents: water,
ethanol, 2 – propanol and methanol. The grazing incident angles tested were 0.75, 1.0 and 1.25 o. The simulated rutile,
anatase and brookite diffractograms are presented for comparison.
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The coordination number of different types of alcohol can affect the final non-covalent bonding
between molecules (oligomers) and the final structure of building blocks of a material. So, by
using different types of solvents, it is possible to obtain a fivefold coordinated titanium and
twofold coordinated oxygen in (1 0 1) plane of anatase phase of TiO2 nanostructures instead
of a fivefold coordinated titanium and two and threefold coordinated oxygen in (1 0 0) plane
of rutile phase [5].

As reported by Yoon et al., [57], the TiO2 crystal structure of the as-synthesized nanostructures,
may change from anatase to rutile or brookite, with the number of carbon atoms to the solvent
used for synthesis. The reaction between the precursor and the alcohol solvents become less
vigorous with the increase in the number of carbon atoms.

3.4. Optical characterization

The bandgap of the TiO2 nanostructured arrays were estimated from transmittance data
through Tauc plots. Transmittance studies were carried out for the TiO2 nanostructures
produced with the different solvents tested. The optical bandgap (Eg) on the semiconductor is
related to the optical transmittance coefficient (α) and the incident photon energy [58]. The
relation can be given as:

( ) ( )ngh A h Ea n n= -

where α is the linear absorption coefficient of the material, hν is the photon energy impinging
on the material, A is a proportionality constant of the matrix density states and n is a constant
exponent, that for the case of TiO2 (a direct band gap semiconductor), presents the value, n =
½.

The following relation is obtained:

2[ ( )] ( )gh A h Ea n n= -

The bandgap can be estimated by plotting [α(hν)]2 against hν, and extracting the intersection
of the extrapolation of the linear portion with zero in the photon energy axis, when no bandtails
are considered [58]. The results are shown on Figure 10. Similar values were obtained for
synthesis with water, ethanol and 2 – propanol, with a bandgap value of 3.2 eV. For methanol
it was observed at a slight lower bandgap value of 3.16 eV. As most of the materials presented
the rutile phase, and as the bandgap of a TiO2 nanostructure is strongly dependent on the grain
size and crystallographic phase, the presence of anatase (with a higher bandgap value) on
TiO2 nanostructured arrays could have influenced the bandgap values. Nevertheless, these
values are within the values range reported in the literature for different crystallographic
structures of TiO2.
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Figure 10. [α(hν)]2 variation versus photon energy hν. The inset shows the optical transmittance of TiO2 nanostruc‐
tured arrays on PEN substrate.

3.5. TiO2 nanostructures arrays photocatalytic activity

Although it has been reported by several authors that the photocatalytic efficiency of anatase
is higher than rutile or brookite, it has been recognized in the last few years that the simulta‐
neous presence of all or some polymorphic phases may also be beneficial in photocatalytic
applications [59].

The photocatalytic activity of TiO2 nanostructures is related to the surface-phase structure and
depends on different properties such as bandgap, crystallite size, specific surface are and active
facets [60]. The TiO2 active facets are {001} for anatase [22], {110} > {001} > {100} for rutile [11]
and {210} for brookite [9].

The photocatalytic behaviour of different TiO2 nanostructures arrays produced with the
different solvents was evaluated by observing their efficiency on degrading the MB under UV
radiation. Figure 11 shows the photocatalytic results for the MB degradation with different
TiO2 nanostructures produced with each solvent tested. It is possible to observe that a gradual
MB degradation occur under UV radiation, for all TiO2 nanostructures produced, reaching
values of 77% for water, 84% for ethanol, 79% for 2-propanol and 90% for methanol, after 120
min of exposure.

The higher MB degradation obtained for samples produced with methanol can be attributed
to different factors, such as having a higher specific surface area (thin nanorods, relatively
separated, when compared to the other morphologies) or by containing a greater amount of
anatase as TiO2 crystallographic phases, being directly related to the different exposed facets
[3].
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Figure 11. Normalized absorbance spectra of MB degradation under UV radiation as a function of exposure time in the
presence of each TiO2 nanostructured arrays synthesized with (a) water, (b) ethanol, (c) 2 - propanol and (d) methanol
at room temperature and under an UV radiation of 160 nm, for 120 minutes.

Figure 12. (a) MB concentration versus exposure time for the different photocatalysts produced with each solvent test‐
ed; (b) MB degradation ratio (C/C0) vs. UV exposure time for the TiO2 synthesized with methanol, after several UV
exposure experiments. On the inset is possible to observe the colour difference in MB before and after the degradation
experiment.

Figure 12.a presents the degradation ratio (C/C0) as a function of UV exposure time, where C
is the absorbance of the MB solution at each exposure time and C0 is the absorbance of the
initial solution [61]. By analyzing the obtained results, the methanol presents an initial higher
efficiency on MB degradation; nevertheless for all the arrays produced, the MB degradation
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appears to be continuous over time, with methanol always showing higher degradation for all
UV exposure times. The efficiency of the TiO2 nanostructured arrays synthesized with
methanol under microwave radiation was confirmed and is presented in Figure 12.b. It is clear
that the material presents remarkable stability and reusability after several UV exposures.

4. Conclusion

On the present chapter, we have shown the influence of using different solvents on the
synthesis of TiO2 nanostructured arrays under microwave radiation. The solvents played a
crucial role on the final TiO2 structure, which influenced directly their photocatalytic behav‐
iour. Different TiO2 nanostructures morphologies were obtained with an evident effect on the
nanostructure sizes. The produced TiO2 nanostructures arrays were essentially from rutile
phase; nevertheless in some conditions they presented a mixture of crystallographic phases
(rutile and anatase) which may enhance the photocatalytic activity of the nanostructured
arrays. The optical bandgap of the materials were measured to be 3.16 and 3.2 eV, consistent
with the theoretical values of the TiO2 phases.

Regarding the photocatalytic degradation of methylene blue in the presence of TiO2 nano‐
structured arrays, the ones synthesized with methanol presented a higher photocatalytic
activity (90% over 120 min) probably due to its higher surface area, and taking the advantage
of having higher amounts of the anatase phase. Some experiments were carried out to infer
the stability and reproducibility for MB photodegradation with arrays synthesized with
methanol, which demonstrated enhanced and comparable results after several exposure
experiences.
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