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a b s t r a c t

This study has demonstrated that the synthesis of TiO2 and V/TiO2 thin layers may be significantly

improved and extended if microwave energy is employed during the drying and/or calcination step.

Thin nanoparticulate titania layers were prepared via the sol–gel method using titanium n-butoxide as a

precursor. As prepared films were then analyzed by means of various characterization techniques

(Raman spectroscopy, UV/Vis, AFM, XPS) in order to determine their functional properties. The

photocatalytic activities of prepared layers were quantified by the decoloring rate of Rhodamine B. All

thermal treatments in microwave field were done in the same manner, by using an IR pyrometer in the

microwave oven and monitoring the temperature of the heating. Nevertheless the microwave and

thermally prepared materials were different. This in turn may lead to differences in their functional and

also photocatalytic properties.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

There has been a great deal of interest of nanoparticulate
titanium dioxide thin films synthesized by means of the sol–gel
method. Nanostructured TiO2 thin films have many important
applications, including, among others, dye-sensitized solar cells
[1] or photocatalytic decomposition of various organic molecules
[2–5]. Sol–gel processing of titanium dioxide has been investi-
gated since the 19th century and nowadays modern techniques
have been developed to control the precursor stability and phase
formation. Also, the sol–gel method within templates of surfac-
tants assemblies organized as reverse micelles was studied in
order to obtain numerous new materials with regular and
controlled morphology. Compared to other methods the surfac-
tant mediated sol–gel provides a good control of the hydrolysis
rate [6]. Sol–gel method has several advantages such as low
processing temperature, homogeneity, possibility of coating on
larger area substrates and cost effective. Since the sol–gel method
is a solution process, it has all the advantages of wet chemical
process that are important in preparation of doped TiO2 layers,
such as control of stoichiometry, doping of desired amount of
transition metal ions and fine dispersion of the dopant and
titanium source [7]. Doping with transition metal ions prolongs
the light absorption of TiO2 to the visible region and it is also able
to enhance interfacial charge-transfer reactions, thus increasing
the photocatalytic properties of TiO2 [8]. For example, vanadium
ll rights reserved.
has been found as an effective dopant by many research groups
[9,10]. Wu et al. [11] found that a visible-light response TiO2

catalyst via vanadium doping promoted the particle growth and
enhanced ‘‘red-shift’’ in the UV/Vis absorption spectra. They
concluded vanadium to be highly dispersed inside the titania
structure by XAS analysis and also evaluated the higher photo-
catalytic activity of V/TiO2. The sol–gel derived precipitates
requiring further heat treatment at a high temperature to induce
crystallization. The calcination process may gives rise to particle
agglomeration and grain growth and hence induce undesirable
phase transformation [12].

Microwave energy has been employed in many recent
chemical reaction studies and has been found to change the
kinetics and selectivity, often in favorable ways [13–15]. Micro-
wave energy is found to be more efficient in the selective heating
in many processes. These processes are understood to be more
environmentally friendly, requiring less energy than conventional
processes [16]. One of the most exciting areas where microwave
energy has been demonstrated to influence reaction is rightly the
synthesis of nanoporous materials (powders or layers). Despite
the fact that microwave technique offers a clean, cost effective,
energy effective and convenient method of heating, the main
advantages of this process are reduced time required for
synthesis, dimension uniformity of product and variability of
product composition [17]. Conventional heating may cause
sintering of material as a conduction process. That is, heat is
deposited on the outside of the object and diffuses inward by
conduction [18]. On the other hand, microwave heating is
generated uniformly throughout the material, resulting in uni-
form sintering of the material, the required temperature and time
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is often reduced, grain growth is suppressed [19]. Microwave
heating may also reduce the extent of nanoparticles growing,
leading to a TiO2 thin film with higher surface area and,
consequently, higher photocatalytic efficiency [20].

In this work, different types of TiO2 and V/TiO2 colloids
(conventional heat treatment, microwave heat treatment and
microwave drying) were immobilized on microscopic slides,
resulting in TiO2 thin layers. The functional and photocatalytic
behavior of the corresponding TiO2 layers is presented. The aim
was to establish whether differences between the two heating and
drying techniques may be useful in the production of nanoparti-
culate TiO2 thin layers with other structural, morphological and
optical properties.
2. Experimental

2.1. Materials

Titanium n-butoxide (97%), acetylacetone (99.5%), ethyl alco-
hol (99%) and hydrochloric acid were used as obtained (all from
Sigma Aldrich, Prague, CR) for the titanium dioxide preparation.
Vanadyl acetylacetonate (Sigma Aldrich, 98%) was used for
preparation of vanadium doped titanium dioxide. Rhodamine B
(Lachema, Brno, CR) was used as received for photocatalytic
experiments. All solutions were prepared using distilled water
(1mS cm�1).

2.2. Preparation of TiO2 and V/TiO2 thin layers

The TiO2 photocatalyst was prepared via sol–gel method using
titanium n-butoxide (10 mL) as a molecular precursor of TiO2 as
we described in our previous work [21]. The hydrolysis of alkoxide
was carried out in the environment of acetylacetone (10 mL) and
ethyl alcohol (10 mL) as solvents. The resulting reaction originated
a solution, into which the water (4 mL) and hydrochloric acid
(0.5 mL) were added dropwise under mechanical stirring. For
vanadium doped TiO2 photocatalyst, the procedure was the same,
only appropriate amount of vanadyl acetylacetonate (0.3 g) was
initially dissolved in acetylacetone.

Prior to the layer deposition, the supports (microscopic slides,
75�25�1 mm, Superior Marienfeld) were thoroughly cleaned
(water–soap mixture, solution of hydrochloric acid, distilled water
and ethanol). The TiO2 layer was prepared by dip-coating of the
supports into the gel with withdrawal rate of 6 cm min�1.
The layers were then dried in air at ambient temperature for
one hour or dried in a laboratory microwave oven (MicroSYNTH
Labstation, Milestone, Italy, 2450 MHz) for 6 min. Finally, the dried
layers were thermally treated by conventional heating in electrical
furnace at 500 1C for 2 h (2 1C min�1) or treated by microwave
heating in laboratory microwave oven for 10 min. Microwave
treatments were performed using silicon carbide as a susceptor to
provide indirect heating of layers. Carbide wafers were used
because of its high efficiency in microwave absorption (er=6.52).
The as deposited thin layers were placed into an alumina crucible
(length of 8 and 5 cm in diameter) in which carbide wafers and
insulation material were located. The temperature of heating
inside the crucible was measured using an IR pyrometer (Raytek,
USA).

2.3. Characterization of TiO2 and V/TiO2 thin layers

Raman spectra were recorded in order to examine the crystal-
lographic phase of titanium dioxide. Analyses were carried out on
dispersive Raman spectrograph (Nicolet Almega XR, Thermo
Scientific, USA) with laser wavelength of 473 nm, laser power
100%, objective 50� and pinhole 100mm.

Relative surface roughness and topographical features of the
TiO2 and V/TiO2 layers were measured by atomic force microscopy
using an AFM Explorer (ThermoMicroscopes, Sunnyvale, USA).

The UV/Vis spectrophotometer (Shimadzu, UV-2450, Japan)
was employed for detecting absorption edges of the prepared
layers in the spectral range from 200 to 800 nm.

X-ray photoelectron spectroscopy measurements were per-
formed by an ESCA Probe P photoelectron spectrometer (Omicron
Nanotechnology Ltd., Taunusstein, Germany) using monochro-
matic AlKa X-ray source with energy of 1486.7 eV and pressure
10�10 mbar. Contamination species were not observed apart from
the adsorbed atmospheric carbon (C 1 s binding energy value of
284.7 eV).

2.4. Photocatalytic experiments

Photocatalytic activity of pristine and doped TiO2 under UV
irradiation was characterized by the test of Rhodamine B (RhB,
C28H31ClN2O3) decolorization rate. The sample of TiO2 layer was
vertically placed in a glass reactor (cuvette, 30�50�10 mm)
containing 10 mL of RhB solution with initial concentration of
10�4 mol L�1. After 15 min in the dark, the solution was irradiated.
The UV light was provided by a 400 W high-pressure mercury
lamp (HQL 400 W; Osram, Munich, Germany) for 90 min. The
absorbance of RhB at the wavelength of 553 nm was used as an
indicator for the photoreactivity tests (Helios g; Thermo Electron
Corporation; software Vision 32). Since the Rhodamine B is
present in trace concentration ðK � c51Þ the Langmuir–Hinshel-
wood model simplifies to a pseudo-first-order kinetic equation
[22]:

ln
c0

c
¼ k � K � t¼ kapp � t

where c0 is the initial RhB concentration, c the RhB concentration
in time t, t the illumination time, k the reaction rate constant, K

the adsorption coefficient of RhB and kapp the apparent rate
constant.
3. Results and discussion

Raman spectroscopy studies revealed that TiO2 layers, con-
ventional treated and also microwave treated, have anatase
crystallographic structure and show almost all of the expected
vibrational modes, correlating with literature on Raman spectrum
of anatase TiO2 (A1g+2B1g+3Eg) [23]. Raman spectra for undoped
titanium dioxide layers, S1 (air dried and conventionally treated),
S2 (microwave dried and conventionally treated) and S3 (air dried
and microwave treated), are shown in Fig. 1. Well-resolved anatase
peaks were observed in the spectra of all samples, indicating that
anatase nanoparticles are the predominant species. For example,
the Raman peaks assigned to sample S1 were indicated at
141 cm�1 (Eg), 197 cm�1 (Eg), 398 cm�1 (B1g), 515 cm�1 (B1g) and
640 cm�1 (Eg), except A1g mode, which was suppressed by
stronger peak at 515 cm�1 (B1g). We can also recognize a very
few Raman peaks assigned to brookite phase (6A1g+6B1g+
4B2g+B3g) of TiO2 [24]: 243 cm�1 (A1g), 312 cm�1 (B1g) for
sample S1; 241 cm�1 (A1g) for sample S2 and 243 cm�1 (A1g) for
sample S3. No effects of dopant were observed on the position
of Raman peaks in the spectra of vanadium doped titanium
dioxide thin layers, S4 (air dried and conventionally treated), S5
(microwave dried and conventionally treated) and S6 (air dried
and microwave treated), depicted in Fig. 2. The Raman peaks
for sample S4 were observed at 143 cm�1 (Eg), 196 cm�1 (Eg),
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Fig. 1. Raman spectra of TiO2 thin layers: S1-air dried and conventionally treated layer, S2-microwave dried and conventionally treated layer, and S3-air dried and

microwave treated layer.

Fig. 2. Raman spectra of V/TiO2 thin layers: S4-air dried and conventionally treated layer, S5-microwave dried and conventionally treated layer, and S6-air dried and

microwave treated layer.
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395 cm�1 (B1g), 519 cm�1 (B1g) and 638 cm�1 (Eg). It means that
anatase structure is retained after doping and dopant may occupy
the substitutional sites in the host lattice [25]. However, we can
find more brookite peaks in the Raman spectrum of S4 sample
than in S1 sample at A1g (156, 190, 241, 405, 630 cm�1), B1g

(314 cm�1), B2g (360, 395, 498, 585 cm�1) and B3g (449 cm�1).
This indicates that the presence of vanadium changes a ratio
of TiO2 crystallographic phases. Nevertheless, the presence of
brookite phase in the microwave treated sample S6 is suppressed
due to the mild microwave treatment technology without
deterious effects on the properties of prepared layers.

Relative surface roughness of the TiO2 and V/TiO2 thin
layers microwave exposed and annealed at 500 1C were measured
by atomic force microscopy, which are shown in Fig. 3. Layers
exposed to microwaves (S3) and conventionally annealed (S1)
showed roughness, calculated from surface area 1�1mm, 0.56
and 0.48 nm, respectively. These images indicate that there was
no significant difference in the structure of TiO2 layers to which
different heat treatments were applied. On the other hand,
the difference between air dried (S1) and microwave dried (S2)
thin layers was observed. In comparison, an image of the
microwave dried layer surface depicts many visible, large and
loose aggregates, affording this layer an increased porous
structure and also surface roughness (2.51 nm). However, the
relative surface roughness and the morphology of the layers
produced from the different processes were identified to be
different in the case of the preparation of vanadium doped TiO2

thin layers. This is illustrated in image S5 (2.24 nm), where the
surface roughness of the microwave dried layer is comparable to
that of the microwave exposed S6 (2.08 nm) and the surfaces
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Fig. 4. Absorption properties of TiO2 and V/TiO2 thin layers.
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appear smooth and the nanoporous natured. Significant difference
between images S4 (4.45 nm) and S6 is the relative packing of
nanoparticles. The V/TiO2 layers produced from microwaves show
the nanoparticles as a densely packed structure, while V/TiO2

aggregates on the conventional treated layers are visible, that
is, microwave processed layers are more compact than the
conventional treated layers. This structure will result in a large
specific surface area. In other words, the more compact structure
of microwave treated layers have the largest overall effective
surface area for the same geometric film area, or in terms of
oxidation capacity, have the largest number of oxidation reaction
sites among all the films. So that, using microwaves in preparation
of vanadium doped titania thin layers may suppress the grain
growth of crystal and improve the distribution of particles and
also their organization.

The absorption edges were determined using absorption data
of thin layers in the range of 200–800 nm. UV/Vis absorption
spectra clearly show (Fig. 4) that the incorporation of vanadium
ions into TiO2 leads to a red shift in the optical response, as well as
reduction in the band gap energy. The red shift in absorption
spectra is attributed to the transfer of electrons from transition
metal ions to the conduction band of TiO2 [26]. The absorption
edges of undoped titanium dioxide thin layers were determined
around 365 nm (�3.4 eV). The prepared samples are not ideal
materials. There are a lot of defects in crystal structure (mainly O
vacancies) that influence absorption edge of the samples of TiO2.
A quantum size effect of TiO2 nanoparticles says that as the
particle size decrease the band gap energies increase, i.e. optical
absorption threshold for nanocrystallites of this size shifts to
higher energies [27]. No significant differences in absorption
properties have been observed between layers prepared by
various techniques.

To investigate the chemical state of vanadium incorporated
into TiO2, V 2p3/2 binding energies were studied by measuring the
XPS spectra. High resolution XPS spectra of V 2p3/2 of vanadium
Fig. 3. AFM
doped titanium dioxide layers prepared by different heating
technique are shown in Fig. 5a and b. The core level of V 2p3/2 in
microwave treated V/TiO2 thin layer (S6) show binding energy
peak at 516 eV (Fig. 5a) and can be assigned to V4 + [28]. Vanadium
ions were incorporated into the crystal lattice of TiO2 and formed
Ti–O–V bond but no V–Ti bond was present. The peak of V 2p3/2 in
conventionally treated V/TiO2 thin layer (S4) appeared as two
shoulders (Fig. 5b). The shoulder at a binding energy of 515.6 eV
suggests V4 + species, whereas the shoulder at 516.7 eV can
be assigned to V5 +. Since vanadium existed only as V4 + in the
precursor (as VO2 + vanadyl), some V4 + ions must be oxidized into
V5 + during the preparation process, rather during annealing. The
V 2p3/2 small peak obviously interfered with the bigger V 2p3/2

peak of binding energy 512.6 eV indicated that vanadium is also of
images.
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Fig. 5. XPS analysis: (a) V 2p spectrum of S6 sample, (b) V 2p spectrum of S4 sample, and (c) Ti 2p spectrum of S4 sample.

Table 1
The photocatalytic activity of TiO2 and V/TiO2 layers prepared by different heating treatment techniques.

Sample kapp (min�1) rms (nm)a Drying time (min) Annealing time (min) Annealing temperature (1C)

S1 0.0081 0.48 60b 120d 50073f

S2 0.0077 2.51 6c 120d 50073f

S3 0.0088 0.56 60b 10e 50073f

S4 0.0084 4.45 60b 120d 50071g

S5 0.0119 2.24 6c 120d 50071g

S6 0.0136 2.08 60b 10e 50071g

a Relative surface roughness measured by AFM.
b Air dried.
c Microwave dried.
d Conventionally annealed.
e Microwave annealed.
f Measured by thermocouple in electric furnace.
g Measured by IR pyrometer.
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metallic nature V0. The pentavalent state of vanadium was
produced by the preparation procedure of the V/TiO2 layer. The
appearance of elementary vanadium may be explained by photon-
induced reduction of vanadium ions after exposure to the X-rays
during XPS analysis. This phenomenon has been reported in the
case of electrochemically prepared Cr/TiO2 films [29]. Two peaks
for the Ti 2p in XPS spectrum of pure TiO2 layer were observed
at 464.8 and 459.1 eV and assigned to Ti 2p1/2 and Ti 2p3/2,
respectively. The peak separation was 5.7 eV indicating the
presence of Ti4 + (TiO2) in these layers [30]. The binding energy
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peaks of Ti 2p in V/TiO2 layer were found at 465.1 eV (2p1/2) and
459.4 eV (2p3/2). The peak separation (5.7 eV) was retained after
vanadium doping, but these energy peaks have positive shift
of 0.3 eV with comparison to the pure TiO2. This may indicate
positively charged surface of vanadium doped TiO2 which is due
to the presence of metal ions [31].

The photocatalytic activities of pristine and doped TiO2

obtained from different heating treatment procedures are listed
in Table 1. It was founded that the photocatalytic activity of S2
sample was the worst among all pristine samples of TiO2. It
indicates that microwave drying technique is not such suitable
for preparation of un-doped titanium dioxide thin layers. On the
other hand, microwave treated thin layers of TiO2 showed a very
good photocatalytic activity comparing with conventionally
treated layers. These results are in good agreement with
relative surface roughness values obtained by atomic force
microscopy. In the case of vanadium doped TiO2 layers, the
most active sample was the microwave treated. However, also
microwave dried sample showed a high photocatalytic activity.
Microwaves may influence the distribution of dopant particles in
both cases, during drying and also during final treatment.
Better activity of microwave treated V/TiO2 samples is probably
due to their good crystallinity and electron trapping effect of
vanadium ions. It may be also caused by the lower absorption
threshold.
4. Conclusions

Thin layers of TiO2 and V/TiO2 were prepared using microwave
drying and microwave calcination technique. Their functional and
also photocatalytic properties were compared with convention-
ally prepared layers. It was dissolved that microwaves may
influence the crystallinity of samples, their roughness and also
distribution of dopant species. Photocatalytic activity of prepared
layers was enhanced in the case of vanadium doped TiO2 and it
was also increased in microwave processed samples. Microwave
heating is a complex process and its use introduces challenges to
the heat treatment of TiO2 layers and also other materials.
Microwave processing has the potential to reduce the time, cost
and required energy input for the production of thin layers.
Therefore, this new innovative annealing of thin layers will open a
new door for advanced technologies.
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