
1. Introduction
Zinc oxide, a wide band gap semiconductor, has been 
the focus of intensive reserach due to its non-toxicity and 
low price. The unique combination  of physicochemical, 
electrical and catalytic properties of ZnO films make them 

suitable for various applications such as optoelectronic 
devices [1,2], photoconductors [3], gas sensors [4], solar 
cells [5], acoustic–optic devices [6], photocatalysts [7,8] 
etc.

Photocatalysis has recently attracted the attention of 
many scientists in the field of environmental protection, 
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For the first time a combination of microwaves and/or the conventional treatment method was used to dry and heat multilayered sol-gel 
ZnO/TiO2/glass structures. Compact or porous TiO2 films were deposited as a bottom layer, covered with a ZnO film. 

The structures were characterized by X-ray Diffraction (XRD), Energy Dispersive X-ray Spectroscopy (EDX) and Scanning Electron 
Microscopy (SEM). Only peaks of wurtzite ZnO crystalline phase were registered on the X-Ray diffractograms. 

The microwave irradiation leads to a formation of poorly crystallized multilayers with very small crystallites and enhanced surface 
roughness. This results in a better photocatalytic activity of these structures than the structures of the samples treated conventionally. 

It was established that the morphology of the bottom titania layer affects the reaction of photocatalytic degradation of Malachite 
Green dye (MG). The structures with the compact bottom TiO2 films showed higher activities than those on porous TiO2 films. 

This study offers an energy saving method of producing ZnO/TiO2/glass multilayered structures of various morphologies and 
pronounced photocatalytic properties. The method does not involve any calcination step, normally applied to achieve a good degree of 
crystallization. This makes the method suitable for protecting substrates of low thermal stability.
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mostly as a pre-treatment unit in degradation of 
highly toxic and poorly biodegradable pollutants 
in wastewaters, converting them to biodegradable 
compounds of low molecular weight. Among the 
various semiconductors employed, TiO2 and ZnO are 
the two typical photocatalysts used in the degradation 
of several environmental contaminants, since they are 
relatively cheap, non-toxic, stable and highly active in 
the photocatalytic oxidation of many pollutants [9,10].  It 
could be expected that the coupling of ZnO with TiO2 
would lead to superior photocatalytic performance of the 
combined material. Many researchers have focused their 
efforts on the preparation and properties of TiO2/ZnO 
composite powders, but the data related to the influence 
of TiO2 content on the photocatalytic activity are quite 
contradictory [11-14]. There are only a few studies on the 
TiO2/ZnO composite sol-gel films [15,16], as well as on 
such films obtained by pulsed laser deposition [17,18], 
which have shown a higher photocatalytic efficiency 
than the individual TiO2 and ZnO films.

The microwave irradiation is widely used in synthetic 
chemistry [19], organic reactions [20], and synthesis of 
particles and composite powders [21]. The microwave–
assisted heating allows for fast and uniform energy 
transfer, on the molecular level, into the material and  
to obtain materials of new types of microstructures. 
Additionally, it may induce non-thermal effects in the 
material, known in the literature as “microwave effects”, 
causing for example faster densification of ceramics 
[22]. Application of microwave-assisted heating in 
the sol-gel method seems to be a promising way of 
obtaining nanosize films at lower temperatures with a 
shorter time of heating allowing for the use of substrates 
of low thermal stability (plastics etc.). The interaction 
of microwave electromagnetic field with the substrate, 
the solvent, and solutes can increase the nucleation 
rate and suppresses the process of grain growth. 
Thus the microwave heating of the films could result 
in some new features of the micro-structured films. 
Nevertheless, the effects of microwaves on the films’ 
microstructure have not yet been studied in detail and 
only a few papers devoted to the microwave assisted 
films deposition can be found in the literature. Peiro et 
al. have obtained nanostructured films using microwave 
activated chemical bath deposition [23-25]. Recently, 
some TiO2 sol-gel films were prepared by applying a 
combined microwave/calcination treatment [26]. It was 
proved that the manner of drying and heat treatment 
leads to structures of large specific surface areas and 
good photocatalytic properties.

The studies devoted to the photocatalytic properties 
of ZnO/TiO2 multilayers are quite scarce in the available 
literature. Kim et al. [27] have investigated the photo-

electro-catalytic properties of ZnO/TiO2 heterojunction 
in the reaction of phenol degradation. It is also known 
that TiO2/SnO2 multilayers have been reported to be 
effective photocatalysts [28-30]. Therefore, based 
on the features of ZnO and TiO2 mentioned above we 
expected  that the coupling of both oxides would be 
beneficial to the enhancement of the rate of textile dye 
photodegradation. 

In the present study we have revealed how the mode 
of drying, final treatment and bottom titania film of ZnO/
TiO2/glass structures are modifying their morphology 
and photocatalytic activity.

2. Experimental procedure
We used zinc acetate dihydrate Zn(CH3COO)2•2H2O 
(purity>99.5%), 2-methoxyethanol (>99.5%) and 
monoethanolamine (>99%), produced by Fluka and 
Malachite Green (MG) oxalate produced by Croma-
GmbH & Co. The titanium isopropoxide (Ti(i-OPr)4 ), 
delivered by Acros, had 98% purity.

The glass slides (ca. 76×26 mm), used as substrates 
for depositing the ZnO films, were produced by ISO-
LAB (Germany). The glass surfaces were cleaned 
with a (H2SO4/Cr2O3) solution, then with a mixture 
of hydrochloric acid and nitric acid and finally treated 
ultrasonically in ethanol.

For the sol-gel coating the titanium precursor a 
solution was prepared by mixing 0.35 M Ti(i-OPr)4 
with acetylacetone (AcAc), previously dissolved 
in defined quantity of isopropanol (isoPrOH) and 
water. The resultant solution was clear, transparent 
and stable for several months. The molar ratio of 
Ti(i-OPr)4:AcAc:H2O:isoPrOH in the final solution was 
1:1:1:30, respectively. This solution was named sol T1. 
For the preparation of porous TiO2 films the sol T1 was 
mixed with the corresponding quantity of 0.2 M ethanol 
solution of ethylcellulose and stirred vigirously for 1 h. 
This final polymer modified solution contained 40 wt% 
ethylcellulose and  was named sol T2.

The zinc precursor solution contained zinc acetate 
dihydrate, 2-methoxyethanol and monoethanolamine. 
The ingredients were mixed together in a round-
bottom flask and stirred at room temperature for 15 min 
[31]. The obtained clear solution was heated to 60°C 
and stirred for 1 h and then left to age overnight. The 
resultant solution was clear and homogenous and was 
named (sol Z). 

The multilayer oxide structures were deposited 
according to the scheme presented in Fig. 1a. In order 
to study the effect of TiO2 bottom layer, one or two titania 
compact (T1) or porous (T2) films were coated. The gel 
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films were prepared by dipping a glass substrate in the 
corresponding precursor solution and withdrawing it, at 
room temperature, at the rate of 0.9 cm min-1. It was 
found that higher withdrawal rates resulted in films of 
poor quality. 

One set of the films was dried conventionally after 
each successive coating while the second set was 
dried in a microwave oven. Every part of each film was 
treated in air at 500oC or in the microwave oven for 
1 hour in order to obtain the multilayer structures. Every 
sample was labeled with a code number (from 1 to 4) 
and two capital letters. The first capital letter denotes the 
method of drying, while the second letter specifies the 
method of the final treatment. The letter M represents 
microwave treatment of the sample, while A denotes a 
conventional treatment in the oven. For example sample 
code 1MA means structure 1, in which every layer of 
the structure has been dried in the microwave oven and 
which was finally  treated conventionally. The scheme in 
Fig. 1b represents the experimental procedures for the 
deposition and treatments.

The crystalline phase composition of the samples 
was studied by X-ray diffraction (XRD) using an X-ray 

diffractometer (Philips PW1050) with CuKα- radiation. 
The XRD-LB measurements were carried out in order 
to estimate the crystallite size. The films morphology 
was studied by Scanning Electron Microscopy (JSM-
5510) operated at 10 kV of acceleration voltage. The 
studied  samples were coated with gold by JFC-1200 
fine coater (JEOL) before the observation. The chemical 
composition of the multilayer structures was investigated 
by energy dispersive X-ray spectroscopy (EDX) using 
JEOL JSM-6390 apparatus.

The photocatalytic activities of the films were 
evaluated using  the photoinitiated discoloring of 5-ppm 
Malachite Green (MG) model wastewater pollutant 
in aqueous solution. The photocatalytic reaction was 
conducted in a cylindrical glass reactor equipped with a 
magnetic stirrer (rotating speed of  500 rpm, controlled 
by stroboscope) and a UV-lamp (Sylvania BLB, 
18 W, polychromatic emission at 315-400 nm). The light 
power density at the sample position was 0.66 mW cm-2 

measured by Research Radiometer (Ealing Electro-
optics, Inc.). The optical absorbance spectra were 
recorded on the Jenway 6400 spectrophotometer at  the 
wavelength range of  400 - 800 nm. The absorbance 

(a)

 (b)

Figure 1. Schemes representing the oxide layers in the ZnO/TiO2 multilayer structures:  T1 - TiO2 compact film, T2 – TiO2 porous film (a) and films  
       deposition and treatment procedures (b). 

 

1057



Microwave-assisted and conventional sol-gel preparation 
of photocatalytically active ZnO/TiO2/glass multilayers

peak of the dye was recorded at 615 nm. The time 
dependence of the decrease of the MG concentration  
during the bleaching process was monitored by UV-VIS 
absorbance spectroscopy.

The efficiency of the photocatalysts with respect to 
the MG degradation (D %) was calculated using the 
following equation:

100100(%) 0 ×
−

=×
−

=
oo

o

A
AA

C
CC

D                       (1)

where C0 represents the initial MG concentration, C the 
variable MG concentration, A0 the initial absorbance, 
and A the variable absorbance.

3. Results and discussion
The XRD patterns of ZnO/TiO2/glass structures 1-4, 
treated in air, reveal the existence of wurtzite phase. 
The referent ZnO sample possesses crystallites of about 
33 nm in size, while the crystallites sizes of the multilayer 
structures are within the range of 20-30 nm (Fig. 2). 
The films are polycrystalline without any preferred 
orientation. The corresponding Miller indexes (100), 
(002) and (101) for sample 1AA (Table 1) are shifted 
towards larger angles in regard to the referent sample. 
This means that the inter-atomic distance is diminishing. 
This may be a result of an exchange of the Ti with Zn 
in the wurtzite structure and formation of a solid state 
solution (r (Ti4+) =0.64 Å, r (Zn2+) =0.83 Å). Fig. 3 shows 
the typical X-ray diffractograms of the multilayer structure 
1 treated in different ways. The average crystallite sizes 

for structure 1: MA, AM and MM are 21 nm, 8 nm and 
9 nm, respectively. The lower intensity of the wurtzite 
phase peaks in the XRD patterns of these structures, 
compared to the samples treated conventionally (AA), 
proves a lower degree of crystallinity. Heating effects 
in the microwave assisted processes deviate from 
the conventional heating effects because catalyzed 
reactions could be influenced by temperature gradients 
(hot-spots) created within the catalyst [32]. Although 
microwave heating is similar to the rapid thermal 
annealing  technique, it is classified as a different type 
of heating process, which enables a rapid heating as 
well as cooling down due to an internal heat  transfer 
induced by absorbing microwaves. This could lead to 
activation of the material and in some cases causes 
preservation of the amorphous phase. Similar effect 
is observed during the mechanochemical activation 
of materials, which is characterized by rapid heating 
and cooling down. It has also been observed that after 
microwave heating the size of the crystallites decreases 
significantly. Probably, the interaction of microwaves 
with the solvent favors  the nucleation process and 
at the same time suppresses the grain growth. This 
leads to formation of films with smaller sizes of the 
crystallites, compared to those obtained by conventional 
heating.

The quantitative analyses of the structures, 
carried out by XPS and EDX methods, reveal that the 
chemical compositions of our multilayer structures are 
different. 

The XPS spectra of the structures 1 and 3 show 
the presence of both Ti2p and Zn2p peaks, while in 

Figure 2. XRD patterns of the multilayer structures AA.
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Figure 3. XRD patterns of the multilayer structure 1, treated in different ways. 

Figure 4. XPS spectra of Ti2p, O1s and Zn2p states of the structures 3AA (curve 3) and 4AA (curve 4). 
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structures 2 and 4 the signal from the Ti2p peak is  very 
weak  and close to the detection limits of XPS. Fig. 4 
presents the Ti2p photoelectron spectra of structures 3 
and 4. The energy dispersive atomic X-ray spectroscopy 
has confirmed the data obtained by the XPS analyses. 
For structures 1 and 2 (with bottom compact TiO2 film) 
the EDX spectrum (Fig. 5) indicates the presence of 
both Zn and Ti peaks. When ZnO was deposited onto 
porous TiO2 film, only the peak corresponding to Zn was 
visible in the EDX spectrum, while the titanium peak 
was not registered (structure 2, 4). The atomic ratio of 
Ti/Zn, obtained by both kinds of analyses is shown in 
Table 1 and  is 0.126 and 0.09 for the samples 1 and 2, 

respectively (Table 2). Probably, in the structures with 
the compact TiO2 layer, the titanium ions are diffusing 
into the ZnO layer to a greater extent than the Ti4+ cations 
from the porous TiO2 layer. 

Fig. 6a presents the morphology of the compact 
TiO2 film obtained from the titanium isopropoxide 
solution. It can be seen that the film is homogeneous, 
free of any cracks and consists of very small crystallites. 
The addition of ethylcellulose to the titanium precursor 
solution leads to a more developed surface with many 
defects (Fig. 6b).

The scanning electron microscopy of the ZnO/TiO2/
glass multilayer structures revealed ganglia-like surface 
structures, but their shape, size and compactness have 
been changing, depending on the type of the structures. 
The morphology of the pure ZnO films, deposited by 
a dip coating method, is described in our previous 
works [31,34,35]. The morphology of the resultant ZnO 
film, grown on the TiO2 buffer layer in the multilayer 
structures is different, which should be linked to the 
lattice mismatch and higher density of defects in the 
titania layer. Different ganglia-like hills of a typical width 
of 0.2-0.5 μm and a length of about 5 μm are visible on 

Table 1. Miller indexes of the ZnO, structures 1 and 3, obtained by 
      conventional sol gel.

2θ
Miller index (100) (002) (101)

Referent sample - ZnO 31.85 34.45 36.35

1АА 32.00 34.65 36.45

3АА 31.80 34.45 36.30

(a)

(b)

Figure 5. EDX spectra of the multilayer structures - 1AA (a) and 2AA (b).
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the SEM pictures. It is clear that the TiO2 underlying film 
has an additional promoting effect upon the particles’ 
nucleation on the surface.  

It has also been proven that the surface of our 
multilayers before and after the photocatalytic testing 
has not changed.

The samples obtained by microwave drying and 
heating 1MM (Fig. 7a) possessed much more developed 
surface than those obtained through conventional 
heating (1AA) (Fig. 7d). It is well known that the crystal 
growth process includes two stages: nucleation and 
growth. The nucleation sites of Zn to form ZnO crystals 
greatly increase in numbers during the microwave drying 
in combination with the microwave final treatment. The 
nucleation process gradually becomes dominant and 
the growth process becomes slower and slower [36]. 
When the microwave treatment was used in both, the 
drying and in the heating, stages the vibration and 
polarization of the charged particles, due to the transient 
electromagnetic waves, lead to the rapid growth of 
particles on the ganglias [37]. In general, one can say 
that the microwave treatment leads to the activation 
of the films, which can be explained by the ability of 
microwaves to deposit energy [22].

The surface after microwave drying and heating in 
air (sample 1MA) is shown in Fig. 7b. It is seen that the 
particles’ nucleation over the whole surface is promoted 
by the drying in the microwave oven. The morphology 

of sample 1AM (Fig. 7c) shows a ganglia-like structure 
similar to that of sample 1AA. 

The reaction of photocatalytic Malachite Green 
decomposition was used to evaluate the photocatalytic 
activity of the synthesized ZnO/TiO2/glass multilayer 
structures. It is well known that the photocatalytic 
decomposition of organic pollutants follows the pseudo 
first-order kinetic law. 

Fig. 8 shows discoloring degradation of the dye using 
compact and porous TiO2. Nanostructured TiO2 thin 
films have a relatively low photocatalytic degradation 
degree of MG: 47.4% over compact and 31.2% over 
porous TiO2 films, after four hours period. According to 
the SEM images the surface of the compact TiO2 films 
is homogeneous and very smooth. The films obtained 
from the polymer modified solution have much more 
developed surface, but posses lower photocatalytic 
activity than those of the compact ones (Fig. 8). Probably 
their non-homogeneous structure and the presence of 
many cracks exert a detrimental effect.

The discoloring of Malachite Green by multilayer 
structures, treated in different manners, is shown in 
Fig. 9. The apparent reaction rate constants (k) of MG 
decomposition using different multilayer structures are 
summarized in Table 3. It could have been expected that 
the samples with a more developed surface will exhibit 
a better photocatalytic activity, but in fact samples 1 
and 3 are more active catalysts in the reaction of MG 
degradation than samples 2 and 4. Structures 1 and 
3 consist of zinc and a small quantity of titanium (up to 
11 at.%), as determined by EDX analyses. On the other 
hand, the morphology of the TiO2 layer also influences 
the photocatalytic properties of the multilayers. Samples 
with a bottom compact titania (1 and 3) showed a faster 
degradation of MG than in the case of porous TiO2 films. 
This could be explained by electron transitions between 
the conduction band of TiO2 and the conduction band 
of ZnO, and the corresponding holes transition between 

(a)

 

(b)

Figure 6. SEM micrographs of compact TiO2 film (a) and porous TiO2 film (b).

Table 2. Chemical composition of the samples, evaluated by EDAX  
      analyses.

Samples Zn (at%) Ti (at%)

MS1 88.78 11.22

MS2 100.00 0.00

MS3 91.55 8.45

MS4 100.00 0.00
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the ZnO valence band and the TiO2 valence band, 
increasing the number of options for electrons and holes 
transition therefore greatly reducing the probability of 
the recombination of the electron–hole pairs [38], This 
can be the reason for the faster MG degradation on 
the structures with a compact TiO2 layer, compared 
to the cases of structures with a porous bottom 
titania.

The samples with mono titania layer/double ZnO 
layer are better photocatalysts in comparison to those 

with double titania layers/single ZnO layer. It is well 
known that the catalyst content, surface and interface 
recombination [27], film’s morphology etc. influence the 
catalyst’s activity. Structures 1 and 2 contain a higher ZnO 
content than structures 3 and 4. In the long experimental 
run several factors influence the photocatalytic activity 
of the ZnO/TiO2 structures and it is difficult to determine 
which one is the decisive one.

Fig. 9 also represents the effect of different manners 
of treatment (MM, AA, AM and MA) on the activity of the 
ZnO/TiO2/glass structures. It is observed that with time 
the percentage of degradation of the dye increases. 
It was found experimentally that the activity of the 
structures decreases in the following order: 1>3>2>4 
and this order has been found for all types of treatment. 

As far as the way of the treatment is concerned 
the rate constants of the structures are decreasing 
in the order: MM>AA >AM >MA, which is the order 
observed for all investigated structures. Structure 1MM 
is the most active from the point of view of the MG 
degradation degree (85% for 4 hours with a rate constant 
k=0.0079 min-1, Table 3). The microwave-assisted 
sol-gel process developed in this study could be an 
effective and convenient method to introduce defects 
into the ZnO nanocrystallites, which promote UV-light 
photocatalytic activity. The drying and the treatment 
under microwave irradiation result in a greater overall 

(a)

 

(b)

(c) (d)

Figure 7. SEM micrographs of the structure 1, treated in different ways: MM (a), MA (b) and AM (c) and AA (d). 

Figure 8. Discoloring of Malachite Green under UV light illumination  
        of the compact and porous TiO2 films.
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specific surface area with  much smaller crystallites and 
numerous particles scattered over the whole surface in 
comparison to those obtained by a conventional sol gel 
method (Figs. 7a, 7d). 

The structures MA, with lowest activity, reveal 
surfaces with only a few ganglias and larger crystallites 
(21 nm), which results in a lower degradation rate than 
that of the structure AM. It is very interesting to note that 
the poorly crystallized microwave treated films (MM) 
exhibit better photocatalytic properties than those of the 

conventionally treated ones (AA). In principle, only well 
crystallized materials have been used in photocatalysis 
until now. The amorphous phase has been reported 
to be inactive due to the structural defects, facilitating 
a recombination of photoinduced electron–hole pairs 
[39-41]. Recently some authors proved that the 
amorphous phase catalysts do exhibit a sufficient 
photocatalytic activity [42,43]. The significant 
photocatalytic activity of the amorphous phase in these 
cases is attributed to the free chemical bonds in the 
surface (dangling bonds). The results of this study 
confirm that although the structures formed by applying 
microwaves are poorly crystallized they show a good 
photocatalytic activity for discoloring of the dye. The 
effect of the microwave treatment on the films is due 
to: (i) the ability of microwaves to deposit energy [22] 
to activate the surface and (ii) the development of the 
surface and the decrease in crystallite sizes. Probably 
the low crystallization degree and the small sizes of 
crystallites, developed and activated by microwaves, 
are responsible for the higher photocatalytic activity of 
microwave treated multilayers.  

(a)

 

(b)

(c)
    

(d)

Figure 9. Photocatalytic activities of ZnO/TiO2/glass – multilayer structures 1, 2, 3 and 4, treated in different manners (a) MA, (b) AM, (c) AA, (d) MM.

Table 3. Rate  constants  of  the  multilayer structures, obtained by  
      conventional and microwave-assisted sol gel method.

Rate constants, min-1

Samle
MM AA AM MA

1 0.0079 0.0064 0.0054 0.0046

2 0.0065 0.0051 0.0042 0.0033

3 0.0072 0.0056 0.0046 0.0039

4 0.0049 0.0038 0.0032 0.0026
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It is difficult to definitely explain the catalytic activity 
of the films structures treated in various manners, 
because it probably depends on the combination of 
different structural parameters of the films, such as: 
degree of crystallinity, crystallite sizes, specific surface 
area, defects, morphology etc.

4. Conclusions
Nanostructured ZnO/TiO2/glass multilayer structures 
have been prepared by a modified sol-gel method using 
a dip-coating technique. The structures were dried 
and heated in different ways, using microwave and/or 
conventional thermal treatment. 

The morphology of the bottom titania layer was 
found to exert a significant effect on the photocatalytic 
degradation rate of the dye. The structures with the 
bottom compact TiO2 films demonstrated higher activities 
than those on porous TiO2 films. 

The samples, obtained by microwave drying and 
heating, posses much more developed surface, with 

many particles and very small crystallites (8 nm), 
compared to those obtained by the conventional 
drying and heating in air. The photocatalytic discoloring 
degree on the multilayer structures decreases 
following the order: MM>AA >AM >MA, which is 
an order observed for all the types of structures. 
The present study has proved that the photocatalytic 
properties depend on one hand on the combination 
of the structural parameters of the films and on 
other hand on the morphology of the bottom TiO2 
film.

The results obtained in this study reveal a potential 
of microwaves to produce the ZnO/TiO2/glass 
photocatalytically active structures using a fast and 
energy-cost effective method.
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