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In this work, nanostructured TiO, and Cr-doped TiO, thin films were deposited on glass substrate
through sonochemical-chemical vapor deposition method. The resulting thin films were characterized
by X-ray diffraction, Scanning Electron Microscopy (SEM), UV-visible absorption spectroscopy, and
photoluminescence spectroscopy techniques. The TiO, thin film has nanocubic morphology and the
Cr-doped TiO, thin film contains nanostructures with irregular shapes in its structures in which these
nanostructures themselves are composed of nanorods. Doping the TiO, by Cr resulted in a decrease in
the band gap energy of TiO, and also in the reduction of photogenerated electron-hole recombination
rate. The visible light photocatalytic activity of the prepared thin films was also investigated for
degradation of paraoxon pesticide. According to the obtained results, the Cr-doped TiO, thin film has
higher photocatalytic activity than undoped TiO, thin film. Moreover, reusability test results revealed

that the Cr-doped TiO, thin film has higher stability than undoped TiO, thin film.

1. INTRODUCTION

Advanced oxidation processes (AOPs) using
semiconductor photocatalysts is an effective method for
photocatalytic degradation of the organic pollutants
because of its potential advantages such as low-cost,
sustainable treatment technology, and its
environmentally friendly nature [1]. Among the various
semiconductors such as ZnO, ZnS, ZnWO4, Fe203,
Nb205, Bi2WO06, W03, BiTiO3, and SrTiO3, titanium
dioxide (TiO,) is the most important photocatalyst in
this field because of its non-toxicity, good
photochemical and chemical stability, facile
preparations, strong oxidizing power, highest light
conversion efficiency, and cheap availability [2-4].

Because of the large band gap energy of TiO, (3.2 eV
for the anatase phase and 3.0 eV for the rutile phase
[5]), its photocatalytic activity is limited to ultraviolet
irradiation (A < 400 nm), which corresponds to small
proportion (3-5%) of solar radiation [6]. For effective
solar light utilization in the photocatalytic degradation
of organic pollutants on TiO,, modification of its band-
gap energy is necessary for extending the absorption
wavelength from the ultraviolet (UV) to the visible light
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region [7]. Moreover, the separation efficiency of the
photoinduced electron-hole on TiO, surface must be
improved for enhancing its photocatalytic activity [8].
In recent years, different techniques have been
developed to decrease the band gap energy of TiO,,
most of which are increasing the porosity of TiO, [9],
surface modification [10], doping with metal or non-
metal ions [11], self-doping [12], co-doping with metal
and non-metal ions atoms [13], compositing with carbon
nanomaterials such as graphene [14], and sensitizing
with narrow band gap semiconductor quantum dots
(QDs) or organic dyes [15].

It is well-known that doping the TiO, with an
appropriate amount of different transition metal ions can
create some electron trapping sites in the TiO,, resulting
in a decrease in photogenerated electron-hole
recombination rates. Furthermore, presence of metal
ions in the structure of TiO, decreases the band gap
energy of TiO,. Thus, doping the TiO, with metal ions
is recognized as an efficient method to improve the
visible light-photocatalytic activity of TiO, [16].
Among the transition metal ions as dopants, Cr(IIl) is an
interesting one, as it has an ionic radius (0.76 nm) close
to that of the Ti(IV) (0.75 nm), so it can easily penetrate
into the TiO, crystal structure and occupy the position
of Ti(IV) in the TiO, lattice [17, 18]. Moreover, in by
doping TiO, with -transition metal ions, a new energy
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level is formed inside of the band gap energy of TiO,
resulting in the decrease of its band gap energy and
leading to significant enhancement in the visible light
photocatalytic activity of TiO, [19, 20].

There are many various methods for preparation of Cr-
doped TiO, thin films like sol-gel [21], arc plasma
deposition [22], microwave-assisted sol-gel method
[23], RF-sputtering [24], spray pyrolysis [18, 25],
molecular beam epitaxy [26], microwave-assisted
hydrothermal [27], and microemulsion-mediated
solvothermal synthesis [28] methods. However, among
these techniques, CVD method has some advantages
such as good adhesion of film to substrate, superior
surface coverage, high deposition rate, and high
uniformity of the prepared thin film [29]. Prasad et al.
prepared TiO, thin film with nanoparticle morphology
by sol-gel method and reported the photocatalytic
activity of 0.0069 min—1 for the UV light photocatalytic
degradation of paraoxon on it [30]. In sonochemistry,
the ultrasound waves were applied directly into the
reaction solution for controlling and proceeding of
chemical reactions [31]. Furthermore, ultrasound waves
could be used as nebulizing agent [32]. Inspired by the
above mentioned papers, in this work the TiO, and Cr-
doped TiO, thin films were deposited on glass substrate
by a novel combination of sonochemical and chemical
vapor deposition (CVD) methods for the first time. In
the current sonochemical/CVD method, ultrasound
waves are used as nebulizer in order to spray the
sonochemically prepared TiO, or Cr-doped TiO, sol
solution as small mist particles in which these particles
are thermally decomposed in the subsequent CVD
chamber to produce the desired thin films.

2. MATERIALS AND METHOD

2.1. Materials The following
chemicals were used in this work without further
purification: titanium (IV) butoxide (purity >99.9%,
Art. No: 8.21084.0500 from Merck), chromium(III)
nitrate nonahydrate Cr(NO3);.9H,0 (purity > 98%, Art.
No: 1.02481.0250 from Merck), absolute ethanol
(99.5% v/v, Art. No: 1.00986.2500 from Merck), and
Hydrochloric acid fuming 37% (Art. No: 1.00317.1000
from Merck).

2.2. Preparation of TiO; thin films In
this work for preparation of the TiO, thin films, at first
TiO, colloidal suspension (sol) was prepared by
dissolving 5 ml titanium (IV) butoxide in 20 ml absolute
ethanol, and then a solution mixture containing 20 ml
absolute ethanol, 0.2 ml concentrated hydrochloric acid
and 0.5 ml deionized water was added in dropwise
manner to the titanium (IV) butoxide solution under
vigorous stirring. The pH of the final TiO, sol solution
was adjusted to about 2.1 by addition of concentrated
hydrochloric acid. After 18 hours stirring at this

condition, the prepared TiO, sol solution was
transferred into the flask 1 (Fig. 1), and converted to
small mist particles by ultrasound waves (produced by
Sonicator 3000; Bandeline, MS 72, Germany) as
sonochemical and nebulizing agents. In following, the
mist particles were carried by argon gas (with flow rate
of 60 ml/min) into the flask 2. Flask 2 acts as a
sedimentation flask and the large mist particles are
settled down inside it, and only very small mist particles
moved to Flask 3. For preparing thin films with high
monodispersity, the large and small mist particles must
be separated for this reason Flask 2 is designed at this
position of the deposition setup. Inside the Flask 3 (as a
CVD chamber), the migrated mist particles from the
previous flask are thermally decomposed at 320°C and
TiO, thin film is formed on a glass substrate. The
procedure for the preparation of Cr doped TiO, thin
films is same as for TiO, thin films preparation except
that 54 mg chromium(Ill) nitrate nonahydrateas a
source of chromium was added into the titanium (IV)
butoxide solution and the pH of the final TiO, sol
solution was adjusted to about 2.1 by addition of
concentrated hydrochloric acid. The TiO, and Cr doped
TiO, thin films deposited on glass substrate were
labeled as TiO,-G and Cr-TiO,-G (Table 1),
respectively.

Ar

@
B

Ultras onic
generator

2 Gas

“|outlet

Substrate 4

Figure 1. Schematic illustration of the thin film deposition
setup.

TABLE 1 Different deposition conditions and sample labels.

Sample Cf‘ Deposition Dep‘osmon Substrate
label doping temperature time
TiO,-G No 320°C 30 minutes Glass
gr_Tloz_ Yes 320°C 30 minutes Glass
2.3. Characterization X-ray

diffraction (XRD) patterns of the prepared thin films
were recorded by Philips PW-3710 (Netherlands) X-ray
diffractometer with Cu-Ka irradiation (A=1.54018 A).
Field Emission Scanning Electron Microscopy
(FESEM) images and EDS (Energy-dispersive X-ray
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spectroscopy) elemental analysis of the prepared
samples were acquired by MIRA3 TESCAN field
emission scanning electron microscope (Czech
Republic). Photoluminescence (PL) emission spectra of
the prepared samples were recorded using Cary Eclipse
fluorescence spectrophotometer (Varian, Inc., USA) at
room temperature, with an excitation wavelength of 320
nm. The UV-visible absorption spectra of the prepared
thin films were obtained using Cary 100 Bio
spectrophotometer (Varian, Inc., USA).

2.4. Evaluation of the visible light photocatalytic
activity of the thin films To
evaluate the visible light photocatalytic activity of the
prepared thin film samples in the photocatalytic
degradation of paraoxon pesticide, 4 ml of pesticide
solution with an initial concentration of 60 mg/L was
added to a cuvette containing thin film sample with
surface area of 2 cn’.

Then the cuvette was sealed with glass to prevent the
solution evaporation. Before irradiation, the reaction
solution was stirred in the dark condition for 24 hours
with magnetic stirrer to achieve an adsorption—
desorption equilibrium between pesticide and thin film
surface. Afterward, a 570 W Xenon lamp (OSRAM Co)
as a visible light irradiation source was placed above the
reaction solution, and the solution was irradiated at
room temperature.

L41 UV cut-off filter (Kenko Co.) with cut-off
wavelength of 400 nm was used for elimination of any
UV light from the radiation source. To determine the
remaining concentration of paraoxon in the solution, the
samples were withdrawn from the solution at given time
intervals, and the paraoxon concentration was analyzed
using a Cary 100 Bio spectrophotometer (Varian).

3. RESULT AND DISCUSSION

3.1.XRD Fig. 2 shows XRD patterns
of the TiO,-G and Cr-TiO,-G thin film samples. In
XRD pattern of the Cr-TiO,-G thin film, the diffraction
peaks related to the anatase phase of TiO, (JCPDS no.
01-083-2243) are appeared at 20=25.2, 37.8, 47.9, 54.2,
55.2, 62.7, 68.9, 70.7, and 75.4° corresponding to
diffractions from the (101), (004), (200), (105), (211),
(204), (116), (220), and (115) planes, respectively.
Moreover, there is an extra peak at 26=31.7° which can
be related to the formation of CrO compound in this
sample.

Therefore, the Cr-TiO,-G sample has anatase crystal
structure and CrO compound is formed in its structure.
The observed peaks in the XRD pattern of the TiO,-G
thin film are also assigned to the anatase phase of TiO,,
however, because of the amorphous nature of glass
substrate some of the peaks related to the TiO, are
vanished. The sharpness of the diffraction peaks
indicates good crystallinity of the thin films.
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Figure 2. XRD patterns of (a) TiO,-G and (b) Cr-TiO,-G thin
film samples.

3.2. Surface morphology Fig. 3 shows
the surface morphologies images of the TiO,-G thin
film sample. As this figure reveal, the TiO, thin film
deposited on glass substrate has nanocubic morphology,
and Sizes of these nanoparticles are in the range of 40-
80 nm. The high monodispersity of the prepared
samples clearly can be seen in Fig. 3(b). As can be seen
in Fig. 3(c), the thickness of the TiO,-G thin film is
about 867 nm.

The surface morphologies images of the Cr-TiO,-G thin
film sample are shown in Fig. 4. As can be observed in
these images, the Cr doped TiO, thin film deposited on
glass substrate contains nanostructures with irregular
shapes in its structures in which nanostructures with a
rod-like structure which has a width of 1-100 nm and an
aspect ratio (length/width ratio) between 1 and ~20-25
[33]. As can be seen in Fig. 4(c), the thickness of the
Cr-TiO,-G thin film is about 746 nm.

3.3.EDS EDS spectra of the TiO,-
G and Cr-TiO,-G thin films are shown in Fig. 5 (a) and
(b), respectively. In the EDS spectrum of the TiO,-G
sample, Ti and O elements, are seen along with the
substrate elements. However, in comparison with the
EDS spectrum of the TiO,-G sample, there are
additional peaks in the EDS spectrum of the Cr-TiO,-G
sample, which could be related to the Cr element and
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indicates successful doping of Cr in the structure of
TiO,. Since soda-lime-silica glass was used as substrate,
presence of Ca, Cl, and Na elements in the structure of
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Figure 3. a and b) FE-SEM images of TiO,-G thin film sample at different magnification of 150kx and 75kx, respectively. ¢) FE-
SEM image from cross-section view of TiO,-G sample.
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Figure 4. a and b) FE-SEM images of Cr-TiO,-G thin film sample at different magnification of 150kx and 75kx, respectively. ¢) FE-
SEM image from cross-section view of Cr-TiO,-G sample.

3.4. Optical Properties In order (as an indirect-band-gap semiconductor), the values of

to evaluate the effect of the chromium doping on the
optical properties of the prepared thin films, UV—
visible absorption spectra of these samples were
investigated by UV— visible absorption spectroscopy for
which the obtained spectra are shown in Fig. 6. As the
results of this experiment reveal, the undoped TiO, thin
film (Ti0,-G sample) has no absorption in visible light
region, however, by doping chromium in the structure
of TiO, (Cr-TiO,-G sample), a weak absorption in
visible region can be observed. Furthermore, in
comparison with the absorption spectra of the pure TiO,
thin film, there is a significant red shift in the absorption
edge of Cr-TiO,-G sample. For TiO,-based
semiconductors,

the band-gap energy (Eg) of samples can be estimated
from the x-intercept of a fitted tangent line to the linear
part of the Tauc plots by using Tauc’s equation [34, 35]:

ahv = A(hv — E)? M

where a, h, v, A, and E, refer to the absorption
coefficient, Planck’s constant, the incident light
frequency, constant value, and band-gap energy,
respectively. Fig. 6(b) shows the plots of (ahv)"? versus
hv (Tauc plots) for the prepared thin films. The band
gap energies of the TiO,-G, and Cr-TiO,-G thin films
were estimated to be 3.22, and 2.92 eV, respectively.
Therefore, the presence of chromium in the structure of
Ti0,, decreases the band gap energy of TiO, for visible
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light absorption. The decrease of band gap energy of Cr-
doped TiO, thin films can be attributed to the formation
of a new energy level inside of the band gap energy of
TiO, [36].
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Figure 5. EDS spectra of (a) TiO,-G and (b) Cr-TiO,-G thin
films.

s
L
9
g
= — — = Cr-TiO2-G
2
R
<<
TiO2-G
200 300 400 500 600 700

Wavelength (nm)

(b)

— — =Cr-TiO2-G

(ahv)i?

1.7 2?2 2j7 312 317 4;2 4.7
hv (eV)
Figure 6. (a) UV-Vis absorption spectra of the prepared thin
films samples and (b) band gap energy calculation from Tauc
plot.

3.5. Photoluminescence (PL)

Photoluminescence (PL) spectroscopy could be used as
an efficient tool in order to get insight into the
recombination rate of photo-induced electron-hole pairs
[37]. In PL spectroscopy, the PL intensity of a
photocatalyst sample is directly proportional to the
electron—hole recombination rate on its surface, that is,
the higher PL intensity indicates a higher recombination
rate, and vice versa [38]. To study the effect of
chromium doping on the recombination rate of photo-
generated electron-hole pairs, PL spectrum of the Cr-
TiO,-G thin film was compared with that of TiO,-G
sample (Fig. 7). As the results of this experiment in
Fig.7, demonstrate, in comparison with TiO,-G thin
film, the Cr-TiO,-G thin film has lower PL intensity
and, consequently, lower electron-hole recombination
rate. Therefore, the presence of chromium ions in the
structure of TiO, decreases electron-hole recombination
rate on its surface. Based on the reported works, metal
ions in the structure of semiconductor photocatalysts
can act as electron trapping centers, and in this way
decrease the photogenerated electron-hole
recombination rates [16].
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Figure 7. PL spectra of the prepared thin film samples.

3.6. Photocatalytic Activity The
photocatalytic performance of the prepared thin films
for visible light photocatalytic degradation of paraoxon
can be seen in the C/C, versus irradiation time plots as
shown in Fig. 8 (a), where Ct is the remaining
concentration of paraoxon at the irradiation time of t
and CO is its concentration after the adsorption-
desorption equilibrium. As this figure indicates, in the
absence of any thin film photocatalyst and under visible
light irradiation, degradation of paraoxon is negligible,
however, when the prepared thin films were added into
the paraoxon solution, the photocatalytic degradation of
paraoxon was improved significantly.
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Due to the low initial concentration of the paraoxon in
solution, its photocatalytic degradation kinetic data was
well fitted to pseudo-first-order model, and therefore,
the reactions rate constants (k) can be calculated using
this model. Based on this kinetic model, the reaction
rate constants (k) for the photocatalytic degradation of a
pollutant were obtained using the following equation:

In (%) = & 2
n (Co) = )
The value of the reaction rate constants (k) for visible

light photocatalytic degradation of paraoxon over TiO,-

G, and Cr-TiO,-G thin films can be estimated from the

slope of -In(Cy/C,) versus irradiation time (t) plots, as

shown in Fig. 8 (b). The estimated reaction rate

constants for visible light photocatalytic degradation of

paraoxon on TiO,-G, and Cr-TiO,-G thin films are

0.0052, and 0.0064 min-1, respectively. Based on these

results, it can be concluded that between TiO,-G, and

Cr-TiO,-G thin films, Cr-TiO,-G thin films have higher

photocatalytic activity due to the decrease in their band

gap energy and reduced electron-hole recombination

rate on their surface.
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Figure 8. (a) The visible light photocatalytic degradation of
paraoxon over the prepared thin films, and (b) calulation of the
coresponding reaction rate constants (k) based on the pseudo-
first order kinetic model.

One of the important characteristics of photocatalyst
systems for practical applications is their stability and
reusability under the reaction condition. For this reason,
the reusability of TiO,-G, and Cr-TiO,-G thin films
were examined by a series recycle experiments on the
visible light photocatalytic degradation of Paraoxon.
After each experiment, the thin films were separated
from the reaction solution and washed and dried, and
then reused for the next experiment. The results of this
experiment are shown in Fig. 9. As this figure
demonstrates, the Ti0O,-G, thin film maintains 96.4% of
its initial activity after three cycles, however, the Cr-
Ti0,-G thin film maintains 98.8% of its initial activity
after three cycles and there is a slight decrease in its
photocatalytic activity. Therefore, incorporating the Cr
in the structure of TiO, thin film increases its stability,
and the Cr-TiO,-G thin film has higher stability than
undoped TiO; thin film.
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Figure 9. Reusability of (a) TiO,-G, and (b) Cr-TiO,-G thin
films for visible light degradation of paraoxon.

From the obtained results of this work, it can be
concluded that by doping the TiO, with Cr, the bond
gap energy of TiO, and photogenerated electron-hole
recombination rate on its surface are decreased. This
effect could be related to the formation of a new energy
level inside of the band gap energy of TiO,, resulting in
the decrease in its band gap energy and also by trapping
of the and photoinduced electron and hole in this energy
level, the charge carrier recombination rate is surpassed
[19, 20]. For this reason, the Cr doped TiO, thin film
sample (Cr-TiO,-G) has higher photocatalytic activity
than undoped TiO, sample (TiO,-G). In the case of the
photocatalytic degradation of paraoxon pesticide, the
photocatalytic activity of Cr-TiO,-G sample under
visible light irradiation (0.0064 min-1) is almost equal
with that of TiO, thin film under UV light irradiation
(0.0069 min-1). Therefore, by doping the TiO, with Cr,
it is possible to achieve high photocatalytic activity
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under visible light irradiation for photocatalytic
degradation of organic toxic pollutants.

4. CONCLUSION REMARKS

In summary, in the present work nanostructured TiO,
and Cr-doped TiO, thin films were deposited on glass
substrate  through  sonochemical-chemical  vapor
deposition (CVD) method and for the first time, were
used in the visible light photocatalytic degradation of
paraoxon pesticide. The TiO, thin film has nanocubic
morphology and the Cr-doped TiO, thin film contains
nanostructures with irregular shapes in its structures in
which these nanostructures themselves are composed of
nanorods. According to the PL spectroscopy results,
between the TiO, and Cr-doped TiO, thin films, the Cr-
doped TiO, sample has the lower photoinduced
electron-hole recombination rate. In addition, presence
of Cr ions in the structure of TiO, resulted in a decrease
in the band gap energy of TiO,. According to the
obtained results, the visible light photocatalytic activity
of TiO,-G, and Cr-TiO,-G thin films for degradation of
paraoxon are 0.0052, and 0.0064 min-1, respectively,
therefore, the Cr-doped TiO, thin film has higher
photocatalytic activity than undoped TiO, thin film.
Moreover, in comparison with the undoped TiO, thin
film, the Cr-doped TiO, thin film has higher stability.:
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