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a b s t r a c t

This study reports the preparation of thin nanoparticulate films of titanium dioxide and its modified ver-
sion doped with a transition metal. The behavior of prepared films was described by means of their pho-
tocatalytic and photo-induced electrochemical properties. The TiO2 and M/TiO2 (M = Ag, Zr, Fe) thin films
were produced via a standard sol–gel method using titanium n-butoxide, acetylacetone, and transition
metal acetylacetonates as precursors. Prepared films were analyzed by a series of techniques involving
XRD, Raman spectroscopy, SEM, AFM, and XPS. Their photocatalytic activity was monitored with the
aid of decomposition of the model compound Rhodamine B in water. All films were then tested for their
photo-induced electrochemical properties based on evaluation of polarization curves (photocurrents).
The highest reaction rate constant (0.0101 min�1), which was even higher than that for pure TiO2, was
obtained for the Ag/TiO2 sample. The highest quantum yield of the charge collection was determined
for the undoped TiO2 film.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Titanium dioxide (TiO2) has been of great interest because of its
wide range of industrial applications. TiO2 has also received a great
deal of attention due to its chemical stability, nontoxicity, low cost,
etc. It has been reported in processes for photodegradation of var-
ious compounds [1–8], as a part of gas sensors [9], solar cells [10],
antifogging coatings [11], and numerous thin-film optical devices
[12]. Thin films of titanium dioxide have been prepared, among
others, by chemical methods such as the hydrothermal technique
[13,14], chemical vapor deposition (CVD) [15,16], or the sol–gel
route. The sol–gel method is one of the more successful techniques
for preparing nanosized metallic oxides, often revealing enhanced
photocatalytic activity [17,18]. The sol–gel-derived precipitates are
amorphous in nature, requiring further heat treatment at high
temperatures to induce the inevitable crystallization [19–22].
Photoactivity of crystal TiO2 arises from the photo-generated elec-
trons and holes. These charge carriers either recombine inside the
particle or move to its surface where they can react with adsorbed
molecules. Positive holes typically oxidize organic compounds,
while electrons mainly reduce molecular oxygen to superoxide
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radical anions [23–25]. However, most of the photo-induced posi-
tive holes and electrons recombine. If the recombination occurs
quickly (lifetime of charge carriers is about 30 ns) there is not en-
ough time for other chemical reactions [26,27]. Many attempts
have been made to dope the titanium dioxide with transition met-
als such as iron [28], cobalt [29], nickel [30], manganese [31], chro-
mium [32], vanadium [33], copper [34], molybdenum [35],
wolfram [36], zinc [37], zirconium [38,39], and silver [40,41]. Such
metal creates a ‘‘new” electron states inside the TiO2 forbidden
band, which can capture the excited electrons from the TiO2 va-
lance band and thus preserve the holes [42]. It can also allow the
light absorption to be widened into the visible region to various ex-
tents, depending on the type of the dopant and its concentration.
Therefore the photocatalysis on TiO2 can be promoted using visible
light. The photodegradation of various substrates is then a complex
function of the dopant, the concentration, and the microstructural
characteristics of the catalyst. Usually there is a critical doping con-
centration at which any further increase results in the charge car-
rier recombination, thus lowering the photoactivity of the
prepared samples [43]. It has been found, however, that doping
of the TiO2 crystals with transition metal ions reduces in some
cases the photooxidation rates compared to pristine TiO2 [44].
Another possibility of reducing the electron/hole pairs recombina-
tion is the application of an external voltage bias on a photoanode
(here TiO2 deposited onto a conductive support). Photo-generated
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carriers are sufficiently separated due to the electrons’ withdrawal
toward the conducting back-contact (at which the potential is
applied). Therefore the overall amount of the holes initiating the
oxidation reactions at the TiO2 surface is increased and thus the
photocatalytic process is significantly enhanced [45–48].

The major objectives of the study are fundamental aspects of
the sol–gel process for the formation of TiO2 and TiO2-doped
nanoparticulate thin films and their functional features in photo-
chemical and photoelectrochemical events. For this purpose a ser-
ies of pristine TiO2 and TiO2-doped by Ag, Zr, and Fe were prepared
and described. The main aim of this work was to discuss the differ-
ences between photoelectrochemical and photocatalytic behavior
of the fabricated pure and doped TiO2 thin layers.
2. Materials and methods

2.1. Chemicals

Titanium n-butoxide (97%), acetylacetone (99.5%), and ethyl
alcohol (99%) were used as received (all from Sigma–Aldrich, Pra-
gue, CR) for the photocatalyst preparation. Zirconium (IV) acetyl-
acetonate (98%), silver acetylacetonate (98%), and iron (III)
acetylacetonate (Sigma–Aldrich) were used as obtained for the
preparation of doped titania photocatalysts. Rhodamine B was
used as received (Lachema, Brno, CR) for the photocatalytic exper-
iments. All solutions were prepared using distilled water (conduc-
tivity 1 lS cm�1).

2.2. Preparation of TiO2 and M/TiO2 thin films

This section describes the sol–gel procedure employed in the
preparation of the thin films [49]. The preparation might be di-
vided into several consecutive steps—namely hydrolysis and con-
densation, gelling, aging, and thermal treatment (drying and
calcination). Titanium n-butoxide, Ti(OBu)4, was used as the pre-
cursor. Titanium n-butoxide (10 ml) was dissolved in 10 ml of ace-
tylacetone. Then 10 ml of ethanol containing 0.5 ml of hydrochloric
acid was dropped slowly into the solution. Finally 4 ml of distilled
water was added under vigorous stirring. For the doped TiO2 the
synthetic procedure followed the same routine but the appropriate
amount (0.3 g) of metal acetylacetonate was dissolved in acetyl-
acetone. Coatings on slides (microscopic slides and ITO—indium–
tin oxide-coated substrates) were produced in a dip-coating ma-
chine with a withdrawal rate of 6 cm min�1. The films were then
dried at room temperature for 1 h and calcined at 500 �C for 2 h
(heating rate 2 �C/min).

2.3. Characterization of the prepared TiO2 and M/TiO2 thin films

Absorption edges were determined using absorption data of
thin films recorded by a UV/Vis spectrophotometer (Shimadzu,
UV-2450, Japan) in the range 200–800 nm. X-ray diffraction pat-
terns were recorded on an XRD 7 diffractometer (Rich. Seifert &
Co., Freiberg, Germany) to examine the crystallographic phase
and it was also used for the estimation of the samples’ crystallite
size (Cu Ka radiation, x = 1.5�, PB geometry, 2H = 20–80�). Crys-
tallographic structures of the samples were then examined by
Raman spectroscopy (Renishaw Raman Microscope RM 1000) in
a backscattering configuration. As the source of activation a
514 nm Ar+ line at a power <1 mW, focused down to a spot of 2–
3 lm in diameter, was used. X-ray photoelectron spectroscopy
(XPS) was employed to examine both the valence state and the
surface stoichiometries. To analyze the binding energies of the
prepared samples, XPS spectra were recorded by an ESCA Probe P
photoelectron spectrometer (Omicron Nanotechnology Ltd.,
Taunusstein, Germany) using the monochromatic Al Ka X-ray
source with an energy of 1486.7 eV and pressure 10�10 mbar. The
measured spectra were analyzed with CasaXPS (Casa Software
Ltd., Teignmouth, UK). The layers’ morphologies and grain sizes
were imaged using scanning electron microscopy (Hitachi S-
4700, at 10 kV). Atomic force microscopy images were obtained
using AFM Explorer (ThermoMicroscopes, Sunnyvale, CA, USA)
and these were then analyzed to estimate the parameter of the rel-
ative surface roughness, etc.

2.4. Photo-induced electrochemical experiments

The general setup of the electrochemical test has been de-
scribed previously [48]. Briefly, the electrochemical experiments
were carried out in the system containing a three-chamber Pyrex
electrochemical cell with a modified three-electrode arrangement.
In this setup the titania-containing layer served as the working
electrode and the Ag/AgCl (environment of 3 M KCl) as the refer-
ence one (potential of 207 mV vs. SHE). The platinum sheet was
employed as the counterelectrode. The main part of the arrange-
ment was positioned on an optical bench (Melles Griot, Albuquer-
que, NM, USA) with the electrochemical cell, a lamp (DC Arc
polychromatic high-pressure mercury lamp Lot LSH201/2 Hg,
Xe), filters, and a shade. All these parts were geometrically cen-
tered. A set of optical filters was employed as modifiers of the light
beam in order to isolate the radiation wavelength (365 ± 10 nm).
The size of the working electrode was limited to 1 cm2 and a
0.1 M solution of Na2SO4 was used as the electrolyte. The Voltalab
PGZ-100 potentiostat (Radiometer Analytical SAS, Lyon, France)
with operating software package Volta Master 4 (version 7) was
used for the measurement of photocurrents. Incident-photon-cur-
rent conversion efficiency (IPCE) was calculated using the equation

IPCE ¼ i=F � P; ð1Þ

where i is the photocurrent density, F is the Faraday constant
(F = 96,485 C/mol), and P is the incident light intensity.

The electrochemical behavior of the layers was investigated by
means of two methods: linear voltammetry and amperometry. Lin-
ear voltammetry provides information on the ability of the layers
to generate the photocurrent upon illumination. In these tests
the layers were irradiated with monochromatic light (UV –
365 nm) with periods of 5 s dark and 5 s light. The polarization
curves were measured as the dependence of the current density
on the imposed potential. A potential ramp from 400 to 1000 mV
was applied to the working electrode with a scan rate of 10 mV/
s. Amperometry is based on the photocurrent evaluation at a fixed
potential (600 mV). The polarization curves were measured as the
dependence of the current density on time. The 30-s dark interval
was followed by 1-min interval of illumination. Each experiment
ran for 4 min. The rate of electron/hole pair recombination can
be estimated from the value of the measured open circuit poten-
tial. These experiments were again based on the combination of
dark/light periods (total interval was 150 s) started in the dark
for 30 s, the shutter was opened, and then the working electrode
was irradiated for 60 s, after which 30 s in dark followed. The data
were collected as the dependence of voltage on time.

2.5. Photocatalytic experiments

For testing the photoreactivities of the pristine and doped TiO2 a
glass reactor (cuvette, 30 � 50 � 10 mm) transmitting light with
wavelengths longer than 290 nm was used. The UV irradiation
was provided by a 400 W high-pressure mercury lamp (HQL
400 W; Osram, Munich, Germany) for 140 min. The distance be-
tween the lamp and the reactor was 10 cm, and the measured
intensity of the UV radiation reaching the reactor was found to



Fig. 2. Raman shifts of the prepared thin films.
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be �20 mW cm�2. The activities were quantified by the decolor-
ation rate of Rhodamine B (RhB, C28H31ClN2O3, V = 10 ml,
c0 = 10�4 mol l�1) with absorbance at 553 nm measured by a UV/
Vis spectrometer (Helios c; Thermo Electron Corporation; software
Vision 32). The photocatalytic oxidation of Rhodamine B and also
other dyes fitted the Langmuir–Hinshelwood kinetics model [50].
Since the initial RhB concentration was a millimolar solution, the
equation can be simplified to an apparent first-order form [51] as

ln
c0

c
¼ k � K � t ¼ kapp � t; ð2Þ

where c0 is the initial RhB concentration, c is the RhB concentration
in time t, t is the illumination time, k is the reaction rate constant, K
is the adsorption coefficient of RhB, and kapp is the apparent rate
constant.

3. Results and discussion

3.1. X-ray diffraction

Fig. 1 shows the XRD patterns of pristine and doped TiO2 thin
layers. As can be seen only the anatase phase was identified. The
average particle size was estimated by applying the Scherrer for-
mula on the anatase diffraction peaks. It was revealed that intro-
duction of the metal ions into TiO2 reduced the anatase grain
size in all cases. The estimated grain size (dp) of naked TiO2 was
13.7 nm, whereas in the case of Fe/TiO2 it was found to be
9.7 nm. It is believed that the position of the dopants depends on
the ionic size of the ‘‘foreign” metal. Once the ionic radius is smal-
ler than Ti4+, which is 0.69 Å, the ion likely enters the lattice by the
substitution manner. Analogously, those ions larger than Ti4+

would be incorporated in the lattice as interstitials. According to
this theory the Fe3+ ions should act as substitution dopants in
the lattice of TiO2 [52]. This might be a reasonable explanation
for the grain size reduction. However, a slight decrease of the ana-
tase particle was observed also for the Ag/TiO2 and Zr/TiO2 with an
ion radius of 1.26 and 0.84 Å, respectively.

3.2. Raman spectroscopy

Raman spectroscopy was performed in order to obtain some
additional information on the layers’ crystallinity (Fig. 2). This
phenomenon has already been noted previously [53]. The Raman
spectra of pristine titania show only the typical features of nano-
crystalline anatase. The anatase form displays the tetragonal struc-
ture and it belongs to the space group D4h

19 (I4/amd). With respect to
Fig. 1. X-ray diffraction patterns of bare TiO2 and doped titania samples.
the particular group, 10 optical modes can be identified—repre-
senting the structure: 1A1g + 1A2u + 2B1g + 1B2u + 3Eg + 2Eu. The
modes A2u and Eu are active in the IR spectra and modes A1g, B1g,
and Eg in the Raman spectra. Only the first-order anatase Raman
peaks at 638, 519, 513, 395, 196, and 143 cm�1 (highest intensity)
are present in Raman spectra of pristine TiO2 [54]. This result cor-
relates well with the X-ray data. However, the Raman spectroscopy
showed that all the doped layers contained also a certain propor-
tion of the brookite phase. This transformation was likely due to
the dopants, which, as already noted, led to the suppression of
the anatase particles. With the decrease of the grain size the total
boundary energy of TiO2 layers increases. Simultaneously, the driv-
ing force for the brookite grain growth then increases and the ana-
tase-to-brookite phase transformation is promoted [55]. The
Raman lines of the brookite structure can be clearly distinguished
in the spectra: A1g (156, 190, 241, 405, 630 cm�1), B1g (314 cm�1),
B2g (360, 395, 498, 585 cm�1), and B3g (449 cm�1). The brookite
form of TiO2 reveals the orthorhombic structure corresponding to
the D15

2h space group [56].

3.3. XPS

The overall XPS spectrum taken from the silver-doped titania
layer is shown in Fig. 3a. Moreover, Fig. 3 contains also detailed,
highly resolved XPS spectra of Ag, Zr, Fe, Ti, and O atoms, respec-
tively (Fig. 3b–f) recorded by analyzing the particular samples.
The binding energies of Ag 3d5/2 (367.3 eV), Zr 3d5/2 (181.9 eV),
and Fe 2p3/2 (711 eV) and peaks can be assigned to Ag0, Zr4+, and
Fe3+, respectively (Fig. 3b–d). The binding energy of Ag 3d5/2 indi-
cates that silver appears here in its metallic nature. Since the radius
of Ag+ (1.26 Å) is much larger than that of Ti4+ (0.69 Å), Ag+ ions
introduced by the sol–gel process would not enter the lattice of
titania, but they remain collected at the surface of TiO2. For the
Ag+ ions spreading on the surface of TiO2, under the action of heat,
they would be reduced into Ag0 due to the high redox potential for
the Ag+ ion. Also the Ag–O bonding is much weaker than Ti–O
bonding (or Ag–Ag bonding) and Ag has a higher surface free en-
ergy than TiO2 [57,58]. Peaks for Ti 2p3/2 and Ti 2p1/2 for pure
TiO2 films were observed at 459.1 and 464.8 eV, respectively. The
peak separation was 5.7 eV, indicating the presence of Ti4+ (TiO2)
in these films (Fig. 3e). The peak separation (5.7 eV) between Ti
2p1/2 and Ti 2p3/2 was retained after doping in all samples. The O
1s binding energy levels can be found as two peaks around 530
and 532 eV; the 530 eV peak is due to O2� ions. The peak around
532 eV can be attributed to the surface hydroxyl groups or chem-
isorbed water molecules on titanium dioxide (Fig. 3f).



Fig. 3. XPS spectra of (a) silver-doped titania layer, highly resolved XPS spectra of Ag (b), Zr (c), Fe (d), Ti (e), and O (f).
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3.4. Optical properties of the layers

In terms of the photo-induced catalytic and electrochemical
processes the position of the absorption edge of the semiconductor
working as the catalyst or the electrode is one of the more impor-
tant parameters. Visible–ultraviolet absorption spectra of the pris-
tine and doped TiO2 layers are shown in Fig. 4. Very often a shift in
the band gap transitions toward longer wavelengths is observed
for the doped layers. It is clearly demonstrated (Fig. 4) that the
absorption edges are almost overlapped regardless of the presence
of the ‘‘foreign” atoms. Highly similar optical features of the layers
are beneficial, because the studied system is thus less of one vari-
able. The absorption onset was estimated to be �370 nm for all
tested layers.

3.5. Morphology of layers

AFM images of the tested surfaces are displayed in Fig. 5.
Besides a direct insight into the morphology of the films, the
AFM method also provides an evaluation of the relative surface



Table 1
Basic physical parameters of the prepared layers.

Type of
layer

dp
a

(nm)
rms
(nm)

The dopant
content (at.%)

kapp � 103

(min�1)
IPCEb

TiO2 13.71 2.9 – 5.71 1.95 � 10�3

TiO2/Ag 11.79 4.45 1.17 10.1 1.84 � 10�3

TiO2/Zr 11.73 6.34 1.52 7.3 1.13 � 10�3

TiO2/Fe 9.7 3.13 0.35 6.2 4.97 � 10�4

a dp – grain size.
b IPCE value at 175 s from amperometry measurements.

Fig. 4. UV–Vis absorption spectra of the samples.

202 S. Kment et al. / Journal of Colloid and Interface Science 348 (2010) 198–205
roughness expressed as the rms value (summarized in Table
1).

Because of exactly the same preparation procedure the AFM
pictures reflect directly the influence of the present dopant on
the surface ordering. The smoothest surface was identified in the
Fig. 5. AFM images of bare TiO2 film (a), dope
case of pristine TiO2 with an average roughness of 2.9 nm. A slight
increase of the roughness was observed for layers doped with Ag
and Fe (4.45 and 3.13, respectively). As seen in Fig. 5, the lowest
surface homogeneity embodied titania layers doped with Zr (rms
6.34 nm). However, all the layers can be referred to as smooth, free
of defects, and with a high level of surface species ordering (here
except TiO2/Zr).

SEM gives other interesting results (Fig. 6). While the SEM pic-
ture of the pristine titania layer reflects the results obtained by
AFM (smooth surface, no defects, highly oriented species), some
new information can be extracted from the SEM photographs of
the remaining samples. Particularly it is the presence of the nucle-
ating centers. Such centers initiate the crystal growth, especially in
d titania layers—Ag (b), Zr (c), and Fe (d).



Fig. 6. SEM images of bare TiO2 film (a), doped titania layers—Ag (b), Zr (c), and Fe (d).
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their close neighborhood [59]. Obviously this phenomenon can be
seen most clearly from the SEM picture of Fe-doped TiO2 (Fig. 6d,
circles).

The AFM data for the Zr/TiO2 layers already revealed a capillary-
like shape of the crystals aggregates. Such structure is more dis-
tinctly visualized by SEM (Fig. 6c). Regardless of the existence of
the nucleating centers the SEM analysis did not reveal any extra
defects.
Fig. 7. Linear voltammetry responses.
3.6. Electrochemistry of layers

Polarization curves are shown in Fig. 7. The measurements were
carried out at constant pH of 4.5 and at room temperature. Origi-
nally, this measurement is provided as the dependence of current
density on the applied potential, in other words, the i–V character-
istic. However, the obtained current density values were, according
to Eq. (1), recalculated to IPCE parameter. The polarization curves
reflect the ability of the layers to generate the carriers (electrons
and holes) on illumination with light of the appropriate wave-
length. As a response, the electrons migrate through the layer to-
ward the conducting back layer (ITO) whereas the holes promote
oxidation reaction at the surface. Therefore, simply the so-called
photocurrent flows.

The highest quantum yields, which also mean the highest
photocurrents, were obtained for pristine TiO2 and Zr/TiO2. The
highest reached IPCE values are very similar in these cases, but
the curves’ trends are different. Relative slow growth of the photo-
current curve in the case of Zr/TiO2 is apparently caused by elec-
tron traps created in the band gap due to the presence of the
dopant. Besides the interior states of the band gap acting as the
traps, the photocurrent value is significantly influenced by the light
penetration depth (determines the amount of the generated
carriers) and the layer porosity (determines the electrons ability
to migrate). On the other hand, these parameters can be probably
excluded, since the compared layers have the same thickness and
are also structurally similar. As a result, the theory of electron trap-
ping seems to be applicable. Further a significant decrease in IPCE
is observed. While in the case of Ag/TiO2 the IPCE is almost two
times lower compared to pristine TiO2, it is practically negligible
for Fe/TiO2. In order to make the IPCE data (Fe/TiO2) readable in
the graph (Fig. 7), a second y-axis with a scale 15 times lower than
the original one was added (right y-axis). Since only the presence
of ‘‘foreign” atoms (here Fe) in titania causes the main difference
among the tested layers, the electron trapping is apparently the
only plausible explanation [60–62]. As the electron traps, variously
ionized oxygen vacancies growing in a higher amount due to
charge compensation are meant. Oxygen vacancies are created
most readily in the case of Fe/TiO2, in which Fe3+ ions are probably
substitutionally bound. As a consequence the trapped electrons
cannot reach the conducting back-contact—resulting in the low va-
lue of the photocurrents [63]. The occurring dark current is per-
haps due to the continuous defilling of the traps, rather than due
to the depolarization of the electrode.

The layers were further tested for their ability to produce a con-
stant amount of carriers, which is sought to be independent of time
(invariant photocurrents). For this purpose the time dependence of



Fig. 9. Raw photocatalytic data of RhB decomposition on the layers.
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photocurrent at a fixed potential of 0.6 V was recorded (amperom-
etry measurements).

At first sight, it is obvious (as expected) that the results reflect
the preceding discussion (Fig. 8). Nevertheless, it is worth noting
the very sharp IPCE maximum (current peak) appearing immedi-
ately after the light is on. The peak is explained as an instantaneous
electrons/holes separation [64]. Considering the previous discus-
sion, the presence of the traps in the band gaps should reduce also
the current peak height because only few electrons reach the back-
contact. This assumption correlates well with the results. The high-
er the current peak, the higher the IPCE value (compare Figs. 7 and
8). To display the curve corresponding to the time response of Fe/
TiO2 another y-axis (right y-axis) was again used. No current peak
can be observed in this case, which underlines the mentioned
hypothesis. However, the overall photocurrent stability with time
can be regarded as poor for all the layers as a significant decrease
of the IPCE value is evident from the graph.

3.7. Photocatalytic activity

The photocatalytic activity of pure and doped titanium dioxide
thin films was examined by the decomposition of Rhodamine B.
The apparent rate constants of RhB (kapp) obtained from the slopes
(Fig. 9) are reported in Table 1. The TiO2 films, pure and also doped,
effectively decomposed the RhB and the rate constants were found
between 5.7 � 10�3 and 10.1 � 10�3 min�1. For TiO2 films doped
with Ag, Zr, and Fe the rate constants were enhanced significantly.
The best apparent degradation rate constant (10.1 � 10�3 min�1),
which was almost two times higher than that of the pure TiO2 film,
was obtained on the Ag/TiO2 photocatalyst. The photodecomposi-
tion rate could be enhanced because more charge carriers are avail-
able [27,42,60]. According to the principle of photocatalysis, in the
Zr- and Ag-doped TiO2 films, the metal can provide a shallow trap
for the photo-generated electron, thus inhibiting recombination
and extending the lifetime of the charge carriers (electrons and
holes). However, some dopants can negatively affect the photore-
activity of TiO2 by changing the number of active sites, the surface
group type, or the acid–base properties. The occurrence of such
negative effects mostly depends on the preparation procedure
and the dopant concentration. The different behavior of various
samples is also related to the solubility of the transition metal in
the support, which depends on the ion radius and charge. In this
study Fe was found to be the worst dopant. This can be caused
by low diffusion length and Fe can also serve as a trap for the
electrons produced under irradiation. Nevertheless, the photocata-
lytic activity of Fe/TiO2 was still found to be greater than that of
pristine TiO2.
Fig. 8. Amperometry measurements.
Attention must be turned to the comparison between the pho-
toelectrochemical and photocatalytical properties of the layers.
There is an obvious and fundamental change in the photo response,
although it should be consistent. It was established, in the Intro-
duction, that the electron–hole pair recombination might be
avoided by applying a voltage on the electrode coated by TiO2. It
is seen in Fig. 7 that the highest photoelectrochemical response
is found in the undoped types of layers, while these layers were
determined to be the worst in terms of the photocatalytic activity.
In other words, the pristine TiO2 obviously suffers from a high rate
of the electron–hole pair recombinations, which is reflected in its
poor photocatalytic activity. However, according to the theory, as
soon as the voltage is applied the electrons are swept toward the
rear conducting contact of the support, and thus the carries recom-
bination is limited. This confirms the preceding assumption and as
a result, the photoelectrochemical response is enhanced. On the
other hand, the dopants in TiO2 usually serve as electron traps aid-
ing the electron–hole pair separation. This phenomenon could ex-
plain their better photocatalytic activity. It was shown that
although the Fe/TiO2 layers were electrochemically almost inactive
(trapped electrons could not promote the photocurrent), they still
revealed photocatalytic activity. However, the enhancement of the
photocatalytic activity may possibly be attributed further to a cer-
tain synergic effect of the polycrystalline (anatase + brookite) nat-
ure of the layers [65] as well as to the higher specific area of the
catalysts due to smaller grains [28] and higher surface roughness.
4. Conclusion

Pure and transition metal-doped TiO2 thin films have been pre-
pared via the sol–gel process. Only the anatase phase was found in
the X-ray diffraction patterns recorded for undoped TiO2; however,
in the case of transition metal-doped TiO2 the brookite phase was
also found. These results were confirmed by Raman spectroscopy.
It can be concluded from the measurement of SEM and AFM that
the pure TiO2 thin film revealed a smooth surface and a slight in-
crease of the surface roughness was observed for doped TiO2 films.
The degradation efficiency of the prepared films was examined by
the decomposition rate of Rhodamine B. It has been found that the
presence of metal dopants effectively increases the photocatalytic
activity of TiO2 thin films in the following order: Ag/TiO2 > Zr/
TiO2 > Fe/TiO2 > TiO2. The obtained polarization curves of the
prepared films reflect the ability to generate the charge carriers.
The highest quantum yields were determined for TiO2 and Zr/
TiO2 thin films. Titania and transition-metal-doped titania thin
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films produced by the sol–gel method revealed very interesting
photocatalytic and opto-electrochemical properties and they
might be considered as useful coatings for various applications
(photocatalysis, sensors).
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