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Abstract

In the present study, the effects of the heterojunctions on the optical and structural characteristics and the resulting photocatalytic properties of

multilayered ZnO-based thin films were investigated. The junctions were composed of semiconducting ZnO nano-porous films coated on the In2O3

and SnO2 counterpart layers. The multilayered ZnO films based on the triple-layered Ag-doped indium oxide (AIO)/tin oxide (TO)/zinc oxide

(ZnO), indium oxide (IO)/Ag-doped tin oxide (ATO)/zinc oxide (ZnO), indium oxide (IO)/tin oxide (TO)/zinc oxide (ZnO) and tin oxide (TO)/

indium oxide (IO)/zinc oxide (ZnO) have been fabricated by subsequent sol–gel dip coating. Their structural and optical properties combined with

photocatalytic characteristics were examined toward degradation of Solantine Brown BRL (C.I. Direct Brown), an azo dye using in Iran textile

industries as organic model under UV light irradiation. Effects of operational parameters such as initial concentration of azo dye, irradiation time,

solution pH, absence and presence of Ag doping and consequent of sublayers on the photodegradation efficiencies of ZnO nultilayered thin films

were also investigated and optimum conditions were established. It was found that the photocatalytic degradation of azo dye on the composite films

followed pseudo-first order kinetics. Photocatalytic activity of AIO/TO/ZnO interface composite film was higher compared with other films and the

following order was observed for films activities: AIO/TO/ZnO > IO/TO/ZnO > ATO/IO/ZnO > TO/IO/ZnO. Differences in the film efficiencies

can be attributed to differences in crystallinity, interfacial lattice mismatch, and surface morphology. Besides, the presence of Ag doping between

layers that may act as trap for electrons generated in the ZnO over layer thus preventing electron–hole recombination.
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1. Introduction

Transparent semi-conducting oxide thin films of In2O3,

SnO2, ZnO and their mixtures have been extensively used in

optoelectronic applications such as transparent electrodes in

touch panels, at panel displays (FPD), and other devices [1–7].

Besides, multilayered transparent conducting films, consisting

of thin films of Ag or Ag alloys sandwiched between

transparent conducting oxide films such as indium–tin oxide,

tin oxide and zinc oxide have been extensively studied for

applications such as transparent conducting electrodes in flat-

panel displays, low-emissivity coatings in architectural glasses
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and electromagnetic interference (EMI) shielding of plasma

display panel (PDP) [8–16]. Many of the previous works on the

multilayered transparent conducting films were focused on the

opto-electronic applications [8–12], and a few studies on the

photocatalytic properties of such coatings [17–22].

Multilayer thin films show different physical properties

other than the conventional monolayer thin films [23]. The

quality of films deposited on buffer layer is found to be superior

to those grown directly on a substrate [23–25]. In recent years, a

great deal of interests has been devoted to the photocatalytic

degradation of organic water pollutants by semiconductor

particles. Textile dyes are of environmental interest because of

their widespread use and their potential for forming toxic

aromatic amines. Among the synthetic dyes, which are widely

used for textile dyeing and other industrial applications, those

containing an azo chromophore constitute the largest class [26].

Azo dyes are a class of dyes, which are widely used in a variety
d.
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of products, such as textiles, paper, foodstuffs or leather.

However, these compounds and degradation products can be

hazardous because their toxicity and carcinogenicity [27].

Excess use of various dyes in the textile industry has led to the

severe surface water and groundwater contamination by

releasing the toxic and colored effluents [28]. It is important

for the sake of increasing amount, its variety and resistance to

biological destruction [29].

Many dye pollutants can be degraded effectively and

ultimately mineralized using Advanced Oxidation Processes’’

(AOP). Among these processes, heterogeneous photocatalys is

was found as an emerging destructive technology leading to the

total mineralization of most of organic pollutants [30–32]. In

most cases, the degradation is conducted for dissolved

compounds in water with UV-illuminated TiO2 powder and

thin film. Recently, much effort has been devoted to study ZnO

as a very promising photocatalyst for photocatalytic degrada-

tion of water pollutants [33–36].

Besides, there is still drawback associated with its use:

charge carrier recombination occurs within nanoseconds. Some

variety of systems, including ZnO/semiconductor coupled

systems,coupling of two or more semiconductors with

appropriate energy levels, and a few ones including metal-

loaded ZnO systems and ZnO based multilayered films were

introduced to solve this problem [37,38].

An increase of the lifetime of photogenerated electron–hole

pairs in the multi-component oxides, due to the hole and

electron transfer between the interfaces of the composite films,

is crucial to the catalytic activity enhancement in multilayered

systems. Nevertheless, it should be considered that the

photocatalyitc activity also strongly depends on the proposed

compatibilities of multi-layer oxide films. Therefore, the choice

of substrate materials is governed by the requirement for lattice

matching and preferential growth along certain crystallo-

graphic direction.

We report here the influence of Ag doped (In2O3–SnO2)/

ZnO heterojunction multi-layers on the microstructure as well

as the optical properties and photocatalytic activity of ZnO thin

films prepared using sol–gel procedure. These properties were

compared with the single layer ZnO thin film.

2. Material and methods

2.1. (In2O3–SnO2)/ZnO multilayer thin films preparation

All the chemical reagents used in our experiments were of

analytical grade and used without further purification. Thin

films based on (In2O3–SnO2)/ZnO triple-layered structures

were prepared on glass substrate by subsequent sol–gel dip

coating of sol solution of individual metal precursor. The sols

were prepared using zinc acetate dehydrate (Zn(Ac)2�2H2O),

hydrated stannic chloride (SnCl4�5H2O), hydrated indium

chloride (InCl3�4H2O) separately as sources of In, Sn and Zn,

respectively, and absolute ethanol as solvent. One of the sets

including In and Sn precursors was left unmixed to prepare

undoped films, while in the remaining sets, requisite amounts of

silver nitrate dissolved in acetonitrile was added to obtain sols
with 1:10 Ag–Sn and Ag–In molar ratio. The sols were

continuously stirred at room temperature till clear sols devoid

of any precipitates or particulates were obtained. The sol

samples were then heated on hot plate with continuous stirring

until the solution becomes gel like. Glass substrates were

dipped in the starting solutions in a way that five different

samples of multilayered ZnO films based on the triple-layered

Ag-doped indium oxide (AIO)/tin oxide (TO)/zinc oxide

(ZnO), indium oxide (IO)/Ag-doped tin oxide (ATO)/zinc

oxide (ZnO), indium oxide (IO)/tin oxide (TO)/zinc oxide

(ZnO) and tin oxide (TO)/indium oxide (IO)/zinc oxide (ZnO)

have been fabricated by subsequent sol–gel dip coating. The

deposited layers were then dried in air at 250 8C for 15 min

after each dipping. The crystallization of the last deposited

layer of the same component was finally performed by thermal

annealing in air at temperature of 500 8C for 60 min after three

coating cycles.

2.2. Structural and morphological characterization

To characterize (In2O3–SnO2)/ZnO multilayered films, X-

ray power diffraction (XRD) experiments were performed on a

Bruker, D8 ADVANCE XRD diffraction spectrometer with a

Cu Ka line at 1.5406 Å and a Ni filter for an angle range of

2u = 5–1008. Philips, XL30 scanning electron microscope

(SEM) measurements were also used to investigate the

morphology of the samples with an accelerating voltage of

17 kV. The optical properties were obtained by UV–vis

absorption measurement.

2.3. Azo dye photodegradation

The obtained films were placed inside 50 mL of azo solution

filled in a cylinder quartz vessel and illuminated with four 8 W

UV lamps (Philips UV-C, l = 365 nm). The distance between

the UV source and solution was 12 cm. At given time intervals,

samples were withdrawn from test solution and analyzed by

measuring the absorbance at 435 nm with a spectrophotometer.

Consequently, the degradation rate for azo could be calculated

according to the change in the absorbance. In the photocatalytic

experiments, five samples were used to investigate the effects of

initial azo dye concentration and pH on the photocatalytic

activity.

3. Results and discussions

3.1. Structural characterization of multilayered ZnO-based

films

In order to understand the influence of the various layered

structures, several types of film were produced and character-

ized. The crystallinity and the preferred crystal orientation of

all films were analyzed by the X-ray diffraction (XRD) method.

Fig. 1 shows the X-ray diffraction patterns of five samples

including multilayered AIO/TO/ZnO, IO/TO/ZnO, ATO/IO/

ZnO and TO/IO/ZnO thin films and single layer ZnO thin film.
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Fig. 1. XRD patterns of samples indicating the rutile phase of SnO2 (&), the

wurtzite phase of ZnO (~) and cubic phase of In2O3 (*).
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Fig. 2. Comparison of (1 0 0), (0 0 2), and (1 0 1) peaks from the XRD pattern

of ZnO-based samples.
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All main diffraction peaks can be attributed to crystalline

ZnO with the hexagonal wurtzite structure. The data are in

agreement with the Joint Committee on Powder Diffraction

Standards (JCPDS) card for ZnO (JCPDS 036-1451). More-

over, the peak intensities of the ZnO features are found to vary

with the composition of the nanostructures. For IO/TO/ZnO

film, the (1 0 1) and (1 0 0) ZnO peaks appear to be more

intense, indicating their preferred growth directions. The

relative intensity of the (0 0 2) ZnO peak is found to increase

for AIO/TO/ZnO, ATO/IO/ZnO and TO/IO/ZnO, respectively,

suggesting the beginning of the c-axis oriented growth.

However, due to the random growth direction of the ZnO

nanoparticles, other peaks are also present.

At the same time it is also evident that the characteristic

diffraction (2 2 2) peak of In2O3 (44-1087 JCPDS) card with a

cubic lattice structure appear in the XRD patterns of the Ag

doped samples and it is absent in undoped ones, which suggests

that the Ag doping improved crystal growth in the multilayered

ZnO-based films. Ag doped films have a polycrystalline

structure dominantly grown in the preferred crystal planes such

as (1 1 0) for SnO2, (2 2 2) for In2O3, and (1 0 0), (0 0 2),

(1 0 1) for ZnO.

To study the effect of doping and interfacial lattice mismatch

on the crystallinity of the ZnO nanostructures, the intensity of

the (1 0 0), (0 0 2), and (1 0 1) diffraction peaks was

monitored. The intensity of the diffraction peaks (1 0 0) and

(1 0 1) and their full width at half-maximum (FWHM)

decreased, for Ag-doped samples (see Fig. 2 and Table 1).

The mean size of nano-particles was estimated by Scherer’s

equation [39] and reported in Table 1. As seen, the grain size of

nanoparticles in Ag doped films improved. Such changes in

crystallinity might be the result of changes in the atomic
Table 1

XRD parameters obtained for (0 0 2) diffraction peak.

Standard powder AIO/TO/ZnO I

2u 34.438 34.447 3

c 5.2070 5.1834 5

FWHM – 0.312 0

Mean size (nm) – 96 7
environment due to impurity doping on In2O3 and SnO2

sublayers.

There was also a small shift to a higher 2u angle value of

(0 0 2) peak for AIO/TO/ZnO and IO/TO/ZnO films as

compared with single layer ZnO. For ATO/IO/ZnO and TO/

IO/ZnO films, more shifts were observed to higher and lower

angles, respectively.

Structurally, tin oxide crystallizes in a tetragonal structure

(P42/mnm, a = 3.249 Å and c = 5.206 Å), while zinc oxide is

hexagonal, crystallizing in the wurtzite structure (P63mc,

a = 4.737 Å and c = 3.186 Å) and indium oxide is cubic (m3m,

a = 10.12 Å) [40–42]. Hence, the lattice mismatch between

ZnO and In2O3 is larger than between ZnO and SnO2, so in the

growth of ZnO/In2O3 heterostructures, many misfit dislocations

exist in order to release the strain. This produces disorders

dominantly through an increase in the grain boundary density

and thereby decreases the crystallite size as shown in Table 1

[43]. The different lattice mismatch between the ZnO and SnO2

and In2O3 substrate induces strains of various kinds with

varying degrees. As observed from XRD data in Table 1, a

larger lattice deformation was observed for ATO/IO/ZnO and

TO/IO/ZnO films due to larger interfacial lattice mismatch

between In2O3 and ZnO.

3.2. Morphological characterization of multilayered ZnO-

based films

Fig. 3 shows the scanning electron microscopy (SEM)

images of five different ZnO nanostructures grown on different

substrates. We can see clearly the influence of incorporation of

Ag on the surface morphology of multilayered ZnO films.

Besides, Ag doping results to improvement of crystallinity. The
O/TO/ZnO ATO/IO/ZnO TO/IO/ZnO ZnO

4.541 34.594 34.283 34.441

.1936 5.1848 5.2239 5.2001

.345 0.370 0.383 0.425

8 58 52 42



Fig. 3. SEM images of (a) ZnO, (b) AIO/TO/ZnO, (c) IO/TO/ZnO, (d) ATO/IO/ZnO and (e) TO/IO/ZnO.
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agglomeration of nano-particles occuring in the case of

undoped was not obvious for the AIO/TO/ZnO and ATO/IO/

ZnO films and some micro cracks are observed in later films.

ZnO particles are better distributed on Ag doped underlying

surface than on undoped surface. This may favor the absorption

of irradiation light by semiconductors.

3.3. Optical characterization of multilayered ZnO-based

films

The optical properties of ZnO nanostructures were examined

by using UV–vis spectroscopy. The fundamental absorption

edge of the films corresponds to electron transitions from

valence band to conduction band and this edge can be used to

calculate the optical band gap of the films. The energies of
absorption edges were determined by extrapolating the

horizontal and sharply rising portions of the curve and defining

the edge as the energy of the intersection. The band gap

energies (Eg) calculated on the basis of the corresponding

absorption edges are shown in Fig. 4. As seen from Fig. 3, Eg

values of ZnO films varies from 3.15, 3.28, 3.39, 3.33 to

3.52 eV for ZnO, TO/IO/ZnO, ATO/IO/ZnO, IO/TO/ZnO and

AIO/TO/ZnO, respectively. The absorption edge is blue shifted

for Ag doped films; this may be attributed to improved

crystalline quality of the ZnO films. An increase in band-gap

energy of a semiconductor, resulting in the valance band

potential becoming more positive and conduction band

potential more negative. It is anticipated that AIO/TO/ZnO

film should show a higher photocatalytic activity than other

films. The blue shift can be explained by the charge transfer
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occuring between the interfaces of the composite films [44].

Because the conduction band energy levels of SnO2 match with

those of ZnO, the photogenerated electrons from ZnO are

quickly injected into the conduction band of SnO2 while the

holes remain on the ZnO. The transferred electrons will occupy

the lower conduction band energy levels of SnO2, the photons

with higher energy absorbed for electrons, leading to a blue

shift of absorption.

3.4. Evaluation of photocatalytic activity

The photodegradation of Solantine Brown BRL as an azo

dye in water was used to evaluate the catalytic activity of the

five prepared catalysts. Two experiments were run for each type

of sample to investigate the effects of initial azo dye

concentration, and solution pH on the photocatalytic activity.

The activities of the different ZnO-based photocatalysts were

evaluated by monitoring the UV–vis spectrum of irradiated azo

solution at lmax = 435 nm.

Fig. 5 shows a typical time-dependent UV–vis spectrum of

azo dye solution during photoirradiation. The absorption peaks

corresponding to the dye diminished and finally disappear

under reaction, indicating the degradation of the dye. No new

absorption bands appear in either the visible or ultraviolet

regions, especially absorption bands of aromatic moieties or

other similar intermediates.
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Fig. 5. Spectral changes during photocatalytic degradation of aqueous solution

of azo dye after time interval of 10 min: pH = 9.0; AIO/TO/ZnO as catalyst and

C0 = 5 ppm.
3.4.1. Kinetic studies

Kinetic modeling of the photocatalytic process is usually

restricted to the analysis of the initial rate of photocatalytic

degradation. The kinetic and empirical equations, including the

zero, first, Elovich and second order rate equations were applied

to the azo dye removal efficiency with respect to time. The

fitness of different kinetic equations to linear forms was

evaluated based on the R2.

Zero order ½A� ¼ ½A�o � kt (1)

First order ln½A� ¼ ln½A�o � kt (2)

Second order
1

½A� ¼
1

½A�o
þ kt (3)

Elovich qt ¼
1

b

� �
ln

a

b

� �
þ 1

b

� �
ln t (4)

where qt is amount of sorbate per unit mass of sorbent at time t.

aand bare empirical constants. Slope and intercept are 1/b and

(1/b) ln(a/b), respectively. Based on kinetic data shown in

Fig. 6, first order model is showing the highest R2 value

compared to other kinetic reaction models.

3.4.2. Effect of catalyats

It can be seen from Fig. 7 that ZnO showed very low

photocatalytic activity and AIO/TO/ZnO showed highest

photocatalytic activity. The rate constants obtained from the

slop of plot ln(Co/C) versus time are 0.085, 0.042, 0.036, 0.030

and 0.018 for AIO/TO/ZnO, IO/TO/ZnO, ATO/IO/ZnO, TO/

IO/ZnO and ZnO, respectively.

The increase in photocatalytic activity of AIO/TO/ZnO film

may attribute to the increase in band-gap energy of ZnO and to

the effects of particle size and crystallinity. From the energy

band structures and the relative positions of conduction band

and valance band of In2O3–ZnO–SnO2 heterojunction, it could

be found that the photoinduced electron–hole pair separation

occur in ZnO films with SnO2 sublayer more extensive than

ZnO films with In2O3 sublayer. It had been reported that the

electron affinity of ZnO (xZnO) and SnO2 (xSnO2) was 4.3 and

4.5 eV, respectively; the band gap of ZnO (EgZnO) was around

3.37 eV, and its work function (WZnO) was about 5.2 eV; the

band gap of SnO2 (EgSnO2) was around 3.5 eV, and its work

function (WSnO2) was about 0.3 eV smaller than that of ZnO

[45–47]. The Fermi energy level of SnO2 was higher than that

of ZnO due to its smaller work function. Accordingly, when

ZnO and SnO2 formed a heterojunction, the photogenerated

electron transfer occurred from the CB of ZnO to the CB of

SnO2 and, conversely, the photogenerated hole transfer could

take place from the VB of SnO2 to the VB of ZnO, suggesting

that the photogenerated electrons and holes were efficiently

separated.

On the other hand, the final nanocrystal size could be

tailored by the proposed compatibilities of multi-layer oxide

films and doping. As shown from XRD and SEM resuls, AIO/

TO/ZnO film exhibits highly crystallinity, resulting to higher

photoactivity. The crystal defect concentration associated to
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trap states for the photogenerated carriers may be low in high

quality nanocrystals, so that electron–hole separation can be

maximized [48,49].

3.4.3. Effect of pH

The pH of solutions greatly affects the rate of reaction taking

place on semiconductor surfaces due to its influences on

surface-charge-properties of the photocatalysts. As shown in

Fig. 8, the degradation efficiency for azo dye on ZnO-based

films was pH-dependent in the pH range of 4–11.

For semiconductor the surface potential will be determined

by reactions with the ions H+ and OH�. Thus, the surface

potential is pH dependent. The pH where the particle is neutral

is called PZC, point of zero charge. For pH > PZC the surface

is negatively charged. For pH < PZC the surface is positively

charged. It should be noted the pHpzc of ZnO, SnO2 and In2O3
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are 8.80, 4.80 and 8.64, respectively [50]. The highest

degradation rate was obtained at pH 4, 4, 7, 6, and 9 for

ZnO, TO/IO/ZnO, ATO/IO/ZnO, IO/TO/ZnO and AIO/TO/

ZnO, respectively. These results show not only morphology and

optical properties but also the surface charge of multilayered

ZnO-based films could be affected by sublayering structures.

The ionization state of the surface of the photocatalyst under

acidic and alkaline conditions and the nature of the pollutant to

be degraded can be affected the amount of its adsorption on the

catalysts surface and then the photodegradation efficiency.

3.4.4. Effect of concentration

From first-order kinetics, it can be found that the rate

constants for degradation were inversely related to the dye

concentrations. To understand whether dye photocatalytic

degradation on multilayered ZnO composite films follows a
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Table 2

Kinetic parameters and linear coefficient R2 for photocatalytic degradation of

azo dye at different initial concentrations.

C0 (mg/L) k (min�1) t1/2 (min) R2

5 0.0858 11.65 0.9869

10 0.0242 28.64 0.9704

15 0.0157 44.15 0.9895
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such kinetic model, photocatalytic experiments were carried

out with azo solutions having concentrations of 5, 10, and

15 mg/L. Experimental data on ln(C0/Ct) were plotted against t

in Fig. 9. The kinetics parameters, rate constants (k) and half-

life values (t1/2 = 0.6932/k) at different initial azo concentra-

tions are given in Table 2. From first-order kinetics, it can be

found that the rate constants for degradation were inversely

related to the dye concentrations. This phenomenon can be

explained as following reasons: as initial dye concentration

increases, more adsorption of Solantine Brown BRL molecules

onto the surface of catalyst hampers the competitive adsorption

of OH� and molecular oxygen, thus the generation of hydroxyl

radicals and O2
�as redox active oxygen species is reduced.

Furthermore, the interception of photons from reaching to the

catalyst surface results in the decreasing adsorption of photons

by the catalyst, and consequently the degradation rate is

reduced.

4. Conclusions

ZnO-based interface composite films with higher photo-

catalytic activities compared with single component ZnO film

were successfully prepared by subsequent deposition of ZnO on

the Ag doped and undoped In2O3 and SnO2 counterpart layers.

Their structural and optical properties combined with photo-

catalytic characteristics were examined toward degradation of

Solantine Brown BRL (C.I. Direct Brown), an azo dye. Ag

doped multilayered ZnO samples were highly polycrystalline,

suggesting that the crystalline quality improved by doping. The

photocatalytic activity was enhanced in the ZnO multi-layer

structures by 1.7–4.7 order in comparison with the ZnO single-

layer. Differences in the ZnO film efficiencies can be attributed
to differences in crystallinity, interfacial lattice mismatch, and

surface morphology as well as Ag doping. In summary,

multilayer, multi-deposition technology sol–gel approaches to

In2O3/SnO2/ZnO heterojunction layers show promising photo-

catalytic properties toward pollutants degradation.
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