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ABSTRACT

Indium tin oxide (ITO), zinc oxide (ZnO), and ZnO/ITO interface composite thin films were
deposited on glass substrates using electron-beam evaporation and the sol–gel method. The
porous 2%PEG–ZnO/ITO thin films were also have been prepared using the polyethylene
glycol (PEG) as an organic template. The samples were characterized by UV–Vis spectros-
copy, X-ray diffraction, and scanning electron microscopy techniques. The photocatalytic
degradation of Direct Sky Blue 5B in an aqueous solution, as a model compound, was inves-
tigated using different catalysts in an attempt to compare the decomposition reaction rates.
The effects of various experimental parameters, such as an initial concentration of the Direct
Sky Blue 5B (5–10mg/l), pH of the solution (4–9), and catalystic nature and its microstruc-
ture, were systematically studied to achieve the maximum degradation efficiency. The results
obtained were fitted with the Langmuir–Hinshelwood model to study the degradation kinet-
ics and were discussed in detail. Degradation with 2%PEG–ZnO/ITO was more efficient
than with ITO, ZnO, and ZnO/ITO films.
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1. Introduction

Textile wastewater contains several residual dyes
that are not readily biodegradable [1]. Methods
applied to purify the textile waste water such as com-
mon chemical oxidation are fraught with serious
drawbacks, including the high cost of by-products or
their hazardous nature. In the past two decades, the
photocatalytic activity of the oxide semiconductors
(e.g. TiO2 [2–5], ZnO [6–8], ITO [9]) was developed to
degrade organic compounds in the industrial
wastewater (e.g. dyes, alkanes, alkenes, pesticides,
herbicides, aromatics [10,11]). Compared to other
conventional means to treat wastewater, this technol-
ogy employing photocatalytic activity boasts of a

number of advantages mentioned below: (1) it has a
wide gamut of applications, especially to molecule–
structure complex contaminants, which cannot be eas-
ily degraded by the traditional methods, (2) the oxide
semiconductor itself does not show any toxicity to
human beings, and (3) it demonstrates a strong
destructive power on the pollutants and can even
mineralize the pollutants into CO2 and H2O.

Among the oxide semiconductors that are used for
photodegradation, ZnO has a few privileges over
others such as: generating H2O2 more efficiently,
having high reaction and mineralization rates and hav-
ing a many active sites with high surface reactivity [12].
On the other hand, ZnO has been used as a photocata-

Desalination and Water Treatment
www.deswater.com

1944-3994/1944-3986 � 2012 Desalination Publications. All rights reserved
doi: 10.1080/19443994.2012.696404

47 (2012) 228–234

September



lyst for the degradation of various pollutants due to its
higher quantum efficiency than TiO2 [13,14]. The use of
nanostructured ZnO films also has two advantages in
comparison with the particles; (1) saving energy and
time, and (2) having a high surface-to-volume ratio,
which enhance the photocatalytic activity [15].

As another well-known photocatalyst, the tin-
doped indium oxide (known as indium tin oxide or
ITO) material has also received much attention for the
degradation of various environmental pollutants [16].
This reason behind the preference for ITO lies in the
use ful optical and electrical properties of the ITO,
which make it very well suited for the transparent
conducting electrodes that are used in photoelectrocat-
alytic degradation. In addition, the band gap energy
of ITO is similar to that of ZnO (i.e. �3.2–3.5 eV)
[17,18]. Thus, it is possible to enhance the photocata-
lytic activity of the ZnO photocatalyst by applying the
ITO interface coating.

In continuation of our ongoing programme to
develop thin solid films for photocatalytic purposes
[19–23], in the present study we report a detailed
investigation on the ZnO/ITO interface nanofilms. Por-
ous ZnO and ZnO/ITO nanofilms were then produced
via the sol–gel process using polyethylene glycol (PEG)
as the organic template and glass slide as the substrate.
Then, semiconductor photocatalysts (ITO, ZnO, ZnO/
ITO, and 2%PEG–ZnO/ITO nanofilms) were compared
according to the decolorization efficiency of an aque-
ous solution of Direct Sky Blue 5B.

2. Experimental

2.1. Materials

The following reagents were used to prepare the sol:
zinc acetate dihydrate (Zn(OOCCH3)2·2H2O, 98%,
Aldrich), monoethanolamine (MEA, Merck), 2-
methoxyethanol (Merck), and polyethylene glycol
(Mav = 1500, PEG, Aldrich). The water used in the
experiments was of the double-distilled deionized type.

2.2. Film preparation

The precursor sol was prepared by dissolving the
zinc acetate dihydrate (Zn(CH3COO)2·2H2O) in
2-methoxyethanol followed by adding monoethanola-
mine (MEA) into the solution. We used 2-methoxyeth-
anol as the solvent, but MEA concentration had a
great influence on the solution’s stability. So, several
precursor sols were prepared by altering the ratio of
Zn(Ac)2·2H2O:MEA. The most stable sol was then
obtained with the Zn(Ac)2·2H2O:MEA molar ratio of

1:1 in 2-methoxyethanol. In fact, we found that the sol
prepared with this composition was stable for at least
30 days. It should be pointed out the concentration of
the total metal ions was 0.35M, and the molar ratio of
MEA to the total metal ions in the solution was kept
constant at 1.0 in the above mentioned precursor sol.
The solution became clear after being stirred for a
while at room temperature. PEG was then added and
the solution was additionally stirred for 2 h until a
transparent sol was obtained again. The best amount
of PEG addition was 2wt.% of the ZnO sol, as dis-
cussed elsewhere [24].

To prepare the substrate, a low-level tin-doped
indium oxide (ca. 10wt.% SnO2) film was deposited on
the glass substrate (softening point, 600˚C) by the elec-
tron-beam technique (Iranian Optical Co.). The thick-
ness of the ITO film was 120 nm, as measured using a
quartz crystal thickness monitor. The film was heat-
treated at 550˚C in air to enhance its crystallinity. The
ZnO film was then spin-coated at 1,200 rpm onto the
prepared substrate, and dried for 10min on a hot plate
at 100˚C to evaporate the solvent and remove organic
residuals. The whole procedure, from coating to drying,
was repeated four times to thicken the ZnO films. The
final layer was annealed for 60min in air, at 550˚C.

2.3. Catalyst characterization

2.3.1. Optical properties

Transmittance of the prepared films was deter-
mined using a Varian Cary 500 spectrophotometer in
the wavelength range of 300–800 nm. The optical
transmittance higher than 75% in the visible region of
spectrum was obtained for all films. A comparison of
the transmittance spectra of ITO, ZnO, and ZnO/ITO
films (Fig. 1) showed that the ZnO/ITO film exhibits a
stronger absorption in the visible light region than the
ITO and ZnO films. Furthermore, a red shift of
absorption threshold was observed for the ZnO/ITO
film in comparison with the ITO and ZnO films. An
increase in absorption threshold for a semiconductor
signifies a decrease in its band gap energy, resulting
in high use of solar spectrum. Therefore, it is antici-
pated that the ZnO/ITO film should show a higher
photocatalytic activity than the pure ITO and ZnO
films. Further studies are being carried out to investi-
gate this effect.

2.3.2. Morphological properties

The surface morphology of the films was analyzed
using a scanning electron microscope (SEM; Philips
XL30, voltage 20 kV). The scanning electron micro-
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scope (SEM) images of the three samples after calcina-
tions at 550˚C are shown in Fig. 2. Some cracks were
visible for the ZnO/ITO film deposited without PEG.
A more rough surface marked by grains with a higher
average size was observed for the ZnO/ITO film
without PEG. Small grains with a dense structure and
proper surface coverage were observed for other films.
The ZnO/ITO film was obtained with 2wt.% PEG
addition, and it is clear from the image that the ZnO
particle size lies between 30 and 40 nm. One of these
nanoparticles is marked in Fig. 2 by a multiplication
sign, �.

2.3.3. Structural studies

The X-ray diffraction (XRD) patterns were obtained
on a D8 Advanced Bruker X-ray diffractometer using
Cu Ka radiation at an angle of 2h from 10 to 100.
Fig. 3 shows the XRD patterns of films annealed at
550˚C. All as-deposited films were almost amorphous
or nanocrystalline. However, all of the samples crys-
tallized when the annealing temperature ranged
between 450 and 550 ˚C. Fig. 3(a) shows the XRD pat-
tern of an ITO thin film after the physical vapor depo-
sition on the glass substrate and heat treatment at 550˚
C. The ITO film exhibits cubic lattice crystal structure,
preferential orientation in (222). Fig. 3(b) and (c) also
shows the XRD patterns of ZnO/ITO thin films with
and without PEG after heat treatment at 550˚C,
respectively. Both the figures exhibit the fact that a
crystalline ITO film has formed on the glass substrate,
and ZnO/ITO films were successfully prepared,
showing that PEG is substantially free of the sub-
stance that could induce the crystallization of ZnO
during any of the densification steps.

The particle sizes of the prepared films were calcu-
lated using the Scherrer Eq. D= kk/Bcosh; where
k= 0.9 is a coefficient, k= 1.541 Å is the X-ray wave-
length, B is the full-width at half-maximum of the film
and h is the diffracting angle. The calculated nanopar-

Fig. 2. SEM images of (a) ITO, (b) ZnO/ITO and (c) PEG–
ZnO/ITO films.

Fig. 1. Transmission spectra of (a) glass slide, (b) ITO, (c)
ZnO, (d) ZnO/ITO films.
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ticle sizes of films annealed at 550˚C were accordingly:
ITO (60 nm), ZnO/ITO without PEG (45 nm), and
ZnO/ITO with 2wt.% PEG (24 nm).

2.4. Photocatalytic activity measurements

To evaluate the catalytic activity of ITO, ZnO,
ZnO/ITO, and 2%PEG–ZnO/ITO thin films, the pho-
todegradation of a well-known organic azo dye
Direct Sky Blue 5B (Fig. 4) was investigated as a sim-
ple model compound under UV irradiation. The dye
solution with the desired concentration was prepared
in double-distilled water. For the irradiation experi-
ment, 20mL of aqueous solution was taken in the
photoreactor. The pH of the reaction mixture was
adjusted by adding a dilute aqueous solution of
either HCl or NaOH. We irradiated both ITO, ZnO,
ZnO/ITO, and 2%PEG–ZnO/ITO films with a 200W
high-pressure mercury lamp at 15 cm from the top of
the model solution. The solution was continuously
stirred in a constant-temperature water bath at 25˚C.
Then we drew 4-milliliter samples at regular time
intervals during irradiation. The samples were ana-
lyzed by a double-beam UV–vis spectrophotometer
(UV-2550 UV–visible Spectrophotometer SHIMADZU)
to measure the concentration of the dye at 612 nm.

The decrease in the absorbance value of samples at
kmax of the dye after irradiation in a certain time inter-
val indicates the rate of decolorization and, therefore,
indicates the photodegradation efficiency of the dyes
as well as the photocatalytic activity. The decoloriza-
tion and degradation efficiency have been calculated
as:

Efficiency ¼ 100
C0 � C

C0

� �

where C0 is the initial concentration of the dye and C
is the concentration of the dye after irradiation in the
selected time interval.

3. Results and discussion

3.1. Effect of UV irradiation and metal oxide
semiconductor

In an aqueous solution, the photoassisted catalytic
degradation of the dyes is triggered by the active spe-
cies that is produced on the surface of the metal oxide
semiconductors. Under UV irradiation of proper
energy, the photogenerated electron–hole pair has a
lifetime in the space charge region that enables its
involvement in chemical reactions. The heterogeneous
photocatalysis takes place after a partial or a complete
mineralization of the many organic pollutants follow-
ing the proposed mechanism:

SCþ hv ! SCðhþVB þ e�CBÞ ð1Þ

OH�
ads þ hþVB ! �OHads ðin basic mediumÞ ð2Þ

H2Oads þ hþVB ! �OHads þHþ ð3Þ

Electron in the conduction band (e�CB) on the catalyst
surface can reduce the molecular oxygen to a superox-
ide anion:

O2ðadsÞ þ e�CB ! �O�
2ðadsÞ ð4Þ

This radical is also responsible for the production
of hydroxyl and hydrogen peroxides radicals:

Fig. 3. (a) X-ray diffraction patterns of (a) ITO, (b) ZnO/
ITO and (c) PEG–ZnO/ITO films. Black triangles denote
the characteristic peaks of ZnO and the circles denote the
peaks of ITO.

Fig. 4. Chemical structure of commercial diazo dye of Direct Sky Blue 5B (C. I. Direct Blue 15).
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�O�
2ðadsÞ þHþ ! HO�

2ðadsÞ ðin acidic mediumÞ ð5Þ

2HO�
2ðadsÞ ! O2 þH2O2 ð6Þ

H2O2 þ �O�
2ðadsÞ ! O2 þHO� þHO� ð7Þ

�O�
2ðadsÞ þHO�

2ðadsÞ þHþ ! H2O2 þO2 ð8Þ

Hydroxyl (HO
�
), hydrogen peroxides ðHO�

2Þ, and
superoxide ð�O�

2 Þ radicals are highly reactive species
that will oxidize the organic compounds adsorbed on
the semiconductor surface. However, the high oxida-

tive potential of the hole ðhþVBÞ in the catalyst permits

the direct oxidation of organic matter (dye) to reactive
intermediates:

dyeþ hþVB ! dye�þ ! oxidation of dye ð9Þ

3.2. Comparison of the photocatalytic activity

First, control tests showed that the adsorption of
the dye in the reactor vessel was negligible and that a
small amount of the Direct Sky Blue 5B was degraded
by photolysis (absence of photocatalytict films Fig. 5
(�)) from the lower wavelength UV radiation. Next,
the photocatalytic experiments were carried out using
different catalysts at fixed pH value and dye concen-
tration (pH=4.7, 5mg/l). Then, the degradation effi-
ciencies of different semiconductors were compared to
select the most effective catalyst for the degradation of
the dye. Fig. 5 shows the variation of decolorization
percentage of Direct Sky Blue 5B using different cata-
lysts under the UV irradiation, after deducting both
physical adsorption and the self-degradation of Direct
Sky Blue 5B under UV.

The results indicated that 2%PEG–ZnO/ITO exhib-
its a higher photocatalytic activity than others. In this
regard, the observed photocatalytic efficiency
increased in the following order: ITO<ZnO<ZnO/
ITO<2%PEG–ZnO/ITO.

The difference between the photoactivities of the
four samples is possibly due to their different micro-
structures, as shown from the SEM results. It seems a
great ability to capture photons is exhibited efficiently
by the nanocrystalline 2%PEG–ZnO/ITO film due to
its rough and high surface area. On the other hand,
an increase in the absorption threshold for a semicon-
ductor means a decrease in its band gap energy,
resulting in the high use of the solar spectrum. There-

fore, it is anticipated that a ZnO/ITO film should
show a higher photocatalytic activity than the pure
ZnO and ITO films.

However, the higher rate of degradation over
ZnO/ITO and 2%PEG–ZnO/ITO supports the view
that the optical property (band gap) is as important as
the surface-mediated process in the degradation reac-
tion.

3.3. Effect of pH solution

To find the optimal pH of the reaction mixture for
the photodegradation of Direct Sky Blue 5B, a series
of experiments were carried out using different pHs.
The results are presented in Fig. 6. As it can be
observed, the pH value of a Direct Sky Blue 5B solu-
tion had significant influence on the photocatalytic
activity of the ZnO/ITO film. It is also an important
operational variable in the actual wastewater treat-
ment. The decrease in the pH of Direct Sky Blue 5B
solution led to enhanced efficiency in the degradation
of Direct Sky Blue 5B. The interpretation of pH effect
on the photocatalytic process is very difficult owing to
its multiple roles such as electrostatic interactions
between the semiconductor surface, solvent molecules
and substrate, and charged radicals formed during the
reaction process. The amphoteric behavior of the semi-
conductor causes the surface charge property of metal
oxide thin films to change with the solution pH. For
nanosized ZnO, the pHzpc (zero point charge) is
known to be 9 [25]. Since the semiconductor is posi-
tively charged at low pH levels, it adsorbs the nega-
tively charged Direct Sky Blue 5B owing to the

Fig. 5. Decomposition of Direct Sky Blue 5B dye solution
at 4.7 pH without photocatalyst (�) and in the presence of
ITO ( ), ZnO ( ), ZnO/ITO ( ) and 2%PEG–ZnO/ITO ( )
thin films.
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Coulombic attraction, which favors the interaction of
hole or hydroxyl radicals with Direct Sky Blue 5B
molecules.

3.4. Kinetic analysis

In this section, a series of Direct Sky Blue 5B solu-
tions was prepared with initial dye concentrations of
about 5, 8 and 10mg/L at pH 4.7, and the photocata-
lytic efficiency was measured for the 2%PEG–ZnO/
ITO film. Generally, the photodegradation rates of
chemical compounds on semiconductor surfaces fol-
low the Langmuir–Hinshelwood model [26–29]
because the absorption of the organic species on the
thin film surface is the controlling step in the whole
degradation process. The relationship between the ini-
tial concentration of Direct Sky Blue 5B and the illu-
mination time is plotted in Fig. 7 for the degradation
reaction catalyzed by the 2%PEG–ZnO/ITO film. The
results show that the kinetics of photocatalytic reac-
tion fits the Langmiur–Hinshelwood kinetics model
well. Therefore, the absorption of Direct Sky Blue 5B
on the thin film surface is the controlling step in the
whole degradation process.

The degradation rate is directly proportional to
the probability of the formation of hydroxyl radi-
cals (•OH) on the catalyst surface and the probabil-
ity of hydroxyl radicals reacting with the dye
molecules. The interaction of •OH radical with
dye decreases as the initial concentration of the dye
increases. Furthermore, the increase in the dye
concentration also reduces the relative formation of
both hydroxyl radicals and superoxide radical
anions due to reduced light penetration to the solu-
tion, leading to decrease in the photodegradation
efficiency.

4. Conclusion

In the present study, nanostructured ZnO, ZnO/
ITO, and 2%PEG–ZnO/ITO films were prepared
using the sol–gel process. The Direct Sky Blue 5B
decomposition kinetics was studied experimentally
by varying the photocatalysts, initial dye concentra-
tion, and solution pH. The results of the present
study revealed that the 2%PEG–ZnO/ITO interface
composite film was a more efficient photocatalyst
for the photocatalytic decomposition of Direct Sky
Blue 5B than ITO, ZnO, and ZnO/ITO at the given
conditions. This phenomenon may be due to factors
such as: (1) the higher surface area of 2%PEG–ZnO/
ITO film compared to that of others; (2) an increase
in the absorption threshold for ZnO/ITO, which
means a decrease in its band gap energy, resulting
in the high use of solar spectrum. The extent of
degradation of Direct Sky Blue 5B was also influ-
enced by the pH. Acidic pH found to be the best
parameter for carrying out photocatalytic degrada-
tion. The decomposition rate decreased with an
increase in the initial dye concentration. Finally,
kinetic studies revealed that photodecolorization fol-
lowed pseudo-first order kinetics with respect to
dye concentration.
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Fig. 6. Effects of pH value on photocatalytic degradation of
Direct Sky Blue 5B after 80min.

Fig. 7. Photodegradation kinenetic of Direct Sky Blue 5B
using 2%PEG–ZnO/ITO at different dye concentrations
and pH 4.7: ( ) [Co] = 5 (mg/l) (rate constants =
0.030min�1, ( ) [Co] = 8 (mg/l) (rate constant = 0.023min�1)
and ( ) [Co] = 10 (mg/l) (rate constant = 0.017min�1).
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