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ABSTRACT

Pure and silver doped ZnO thin films over glass substrate were prepared by sol–gel spin-
coating method. Prepared films were calcined at different temperatures. X-ray diffraction
and UV–Vis spectroscopy were used to characterize the prepared samples. The photocata-
lytic activity under solar irradiation of the prepared thin films was tested for the degradation
of three azo reactive dyes namely Reactive Red 195, Reactive yellow 145 and Reactive orange
122 as an organic pollutant. 6wt.% Ag doping ratio showed the highest photocatalytic activ-
ity. Various operational parameters such as pH of the solution and initial concentration of
the dye have been investigated.
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1. Introduction

The textile industry has become very commercial-
ized and has contributed positively to the economic
growth of Egypt. The total water used by the textile
industry sector is estimated to be 4–5% (approxi-
mately 250Mm3/year) of Egypt’s industry water
demand [1]. Wastewaters produced from textile and
other dyestuff industrial processes contain large quan-
tities of azo dyes constituting a significant portion and
having the least desirable consequences in terms of
surrounding ecosystems. They are also resistant to
aerobic degradation and under anaerobic conditions
they can be reduced to potentially carcinogenic

aromatic amines [2]. In an USEPA study, 11 of the 18
azo dyes passed through activated sludge process
untreated [3]. While physical processes, such as coag-
ulation and adsorption, merely transfer the pollutant
from wastewater to other media and cause secondary
pollution. In the near future, advanced oxidation pro-
cesses (AOPs) may become the most widely used
water treatment technologies for organic pollutants
not treatable by conventional techniques, due to their
high chemical stability and/or low biodegradability
[4–6]. These processes involve generation and subse-
quent reaction of hydroxyl radicals (OH⁄), which are
one of the most powerful oxidizing species.

Heterogeneous photocatalysis is a promising new
alternative method among AOPs which generally
includes UV/H2O2, UV/O3, or UV/Fenton’s reagent*Corresponding author.
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for oxidative removal of organic chemicals [7,8]. In
recent years, interest has been focused on the use of
semiconductor materials as photocatalysts for the
removal of organic and inorganic species from aque-
ous or gas phase. This method has been suggested in
environmental protection due to its ability to oxidize
the organic and inorganic substrates [9]. Among the
various semiconductors employed, TiO2 and ZnO are
known good photocatalysts for the degradation of sev-
eral environmental contaminants [10–14] due to their
high photosensitivity, stability, and large band gap
[15]. ZnO and TiO2 have similar band-gap energies
around 3.2 eV [16]. When a semiconductor absorbs a
photon of energy greater than or equal to the band-
gap energy, an electron may be promoted from the
valence band to the conduction band, leaving behind
an electron vacancy or “hole” in the valence band. If
charge separation is maintained, the electron and hole
may migrate to the catalyst surface, where they
participate in redox reactions with adsorbed species
[16,17].

Lower cost and better performance of ZnO in the
degradation of organic molecules in both acidic and
basic medium have stimulated many researchers to
further explore the properties of this oxide in many
photocatalytic reactions. Some studies have also con-
firmed that ZnO exhibits better photocatalytic effi-
ciency than TiO2 [15,18–20] due to its higher efficiency
of generation, mobility, and separation of photo-
induced electrons and holes [21].

Despite the positive attributes of photocatalysts,
there are two main drawbacks associated with them,
(i) charge carrier recombination occurs within nano-
seconds [22,23] and (ii) the band-edge absorption
threshold does not allow the utilization of visible light
[24] because only 5% of the solar energy in the ultravi-
olet range is capable of activating the photocatalytic
reaction. To use the solar energy effectively, it is
essential to extend the absorption spectrum of the
semiconductor into the visible light region, where a
much higher proportion (45%) of the solar energy
may be used [25]. Many methods were used for this
purpose such as modification of ZnO by addition of
another semiconductor, dye sensitization, and metal
or nonmetal doping. In fact, metallic silver is a signifi-
cant visible light photosensitizer, which is stable and
nontoxic compared with dye photosensitizer. Ag is
also relatively cheap; thus, Ag modification is of great
significance for industrial practice. This study is to
enhance the photocatalytic activity of ZnO thin films
by silver doping using sol–gel technique under solar
irradiation. Effect of different operational conditions
on the degradation of three azo dyes (RR195, RY145,
and RO122) has been investigated.

2. Experimental

2.1. Materials

All chemicals were reagent grade and were used
without further purification. Zinc acetate dehydrate
(Zn(CH3COO)2 2H2O) CAS Number 5970-45-6 as a pre-
cursor of ZnO, Isopropanol ((CH3)2CHOH) CAS Num-
ber 67-63-0, and Diethanolamine ((CH2CH2OH)2NH)
(DEA) CAS Number 111-42-2 as a solvent and stabi-
lizer, respectively, were purchased from Sigma Aldrich
company. The dyes used (RO122, RY145, and RR195)
were kindly supplied by the local factory for dyes.
NaOH or HCl solutions were used for pH adjustment.
Double-distilled water was used throughout this study
for the preparation of dyes solutions.

2.2. Synthesis of ZnO and Ag-doped ZnO thin films

The key to obtain good quality film using sol–gel
spin coating method is the preparation of a clear,
transparent, and homogenous solution. Sol solution
was prepared according to [26] with slight modifica-
tions. In this method, the molar ratio of DEA to zinc
acetate dehydrate was maintained at 1.0 and the con-
centration of zinc acetate dehydrate was 0.4M. The sol
solution was prepared using the following procedure:
zinc acetate dihydrate (0.4M) was first dissolved in
appropriated volume of isopropanol and then dietha-
nolamine was added under continuous stirring in
order to obtain a clear solution. In case of Ag-doped
ZnO films, isopropanol solution containing silver
nitrate (AgNO3) was mixed with the clear solution of
zinc acetate dihydrate in order to yield 2–10% Ag/Zn
weight ratios. Undoped and silver-doped ZnO thin
films were deposited by sol–gel spin coating method
onto glass substrates. At first, glass substrate was pre-
cleaned with detergent, ethanol, acetone and finally
with distilled water for 10min, in Bandelin Sonorex
RK100, and then dried. For film formation, the sol
solution was dropped within 30 s onto a glass sub-
strate rotating at 2000 rpm using the spin coater. The
spin-coating deposition was performed at room tem-
perature. Films were then dried at 100˚C for 10min in
order to remove the solvent. This procedure was
repeated seven times to obtain homogeneous coating.
Finally, all prepared films were annealed in air atmo-
sphere at 350 and 450˚C for 1 h in tubular furnace.

2.3. Characterization of prepared films

The X-ray diffraction (XRD) analysis of the
samples was performed at room temperature by
diffractometer (Philips diffract meter (40 kV, 30mA)
with nickel filter and copper radiation.
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The optical transmittance and reflectance of
the films were performed by (JASCO V500, Japan)
UV–VIS spectrophotometer.

2.4. Photocatalytic measurement

Photocatalytic efficiency of the prepared films was
evaluated by the decolorization of three reactive azo
dyes; reactive red 195, reactive yellow 145, and reac-
tive orange 122. Seventy-five milliliters of 10 ppm dye
solution was placed in a glass Petri dish. A catalyst of
rectangular geometry 1.2� 2.6 cm was immersed in
the dye solution. Simulate solar irradiation was deliv-
ered by (HQI-T 400W/DayLight OSRAM Germany).
The luminous flux of irradiation was 20,000 lm with
luminous efficacy of 82 lm/W. The distance between
the surface of dye solution and the lamp was 15 cm.
Prior to starting irradiation, the dye solution was
allowed to be in contact with photocatalyst for 30min
in dark to allow the adsorption–desorption equilib-
rium on the photocatalyst surface. Then, the lamp was
switched on to start photodegradation of dyes. Defi-
nite quantities of aliquot were collected at regular
intervals under dark and irradiation conditions. Color
fading was monitored by measuring the absorbance
UV–vis spectrophotometer (JASCO V500, Japan).

3. Results and discussion

3.1. Characterization of prepared films

3.1.1. X-ray diffraction

In order to investigate the effect of silver doping
on the crystal structure of ZnO, XRD measurements
have been taken in 2h range of 20–70˚ for the pure

and Ag–ZnO thin films. Fig. 1 shows the XRD pat-
terns for pure and silver-doped ZnO thin films cal-
cined at 350 and 450˚C. All deposited films were
polycrystalline with a hexagonal würtzite structure,
under the investigated calcination temperatures. Also,
it is remarkable that crystallinity of ZnO was
enhanced by the addition of Ag and by increasing the
calcination temperature. The crystalinity of the films
begin to improve by addition of 2wt.% Ag, but this
improvement disappears at 4wt.% Ag because in the
case of 4%, the silver peak begins to appear and this
may change the crystal properties of ZnO crystal. The
films that were treated at 350˚C calcination tempera-
ture showed no preferred orientations of ZnO plane,
while in case of 450˚C calcination temperature 002
plane appeared as the preferred orientation.

Ag can be incorporated in ZnO system, either as a
substitute for Zn2+ or as an interstitial atom. Usually
peak shift in XRD pattern is observed when Zn2+ is
substituted by Ag atom. The absence of this shift in
case of prepared Ag/ZnO films revealed that Ag par-
ticles are separated from the grain boundaries of ZnO
crystallites rather than going into the lattice of ZnO,
or only an insignificant quantity may be going to the
substitutional Zn site and other quantity agglomerates
on the surface. The increase in peak intensity of Ag
with the increase in silver content also supports this
explanation. The same result was reported by Zhang
and Mu [27].

3.1.2. Optical studies

UV–vis transmission spectra provide useful infor-
mation about the band gap of semiconductors. The
recorded spectra of Ag/ZnO thin films deposited on

Fig. 1. XRD patterns of the Ag/ZnO films of various silver contents calcined at (A) 350˚C and (B) 450˚C for 1 h.
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glass substrate in the range of 350–800nm are shown
in Fig. 2. The transmittance decreased sharply near
the ultraviolet region due to the band-gap absorption.
The spectra also clearly exhibited a shift in band edge,
with the variation of Ag content. Transmittance of
Ag/ZnO films in the visible region shrinks with
increase in the calcination temperature, from 350 to
450˚C, and the silver content. This shrinkage in the
transmittance values of the Ag/ZnO thin films may
be due to the grain boundary scattering and the
absorption of the visible light by surface plasmon res-
onance (SPR) resulted from Ag nanoparticles.

At the films calcined at 350˚C, the SPR peak of Ag
doping observed up to 6wt.% doping. However, by
increasing the calcinations to 450˚C, we observe no
more enhancement in the SPR peak. Tarwal and Patil

also observed the effect of SPR phenomena at the opti-
cal properties of Ag/ZnO thin film prepared by spray
pyrolysis [28].

The absorbance coefficient (a) was calculated from
the raw absorption data to obtain the optical band
gap, Eg. Eg is the separation between the bottom of
the conduction band and the top of the valence band.
Fig. 3 shows variation of (aht)2 as a function of photon
energy (ht). Band-gap value was determined by
extrapolation of the linear portion of Fig. 3. Eg was
found to be 3.33 eV for pure ZnO thin film, which is
in agreement with the formerly reported value for
wurtzite-structured transparent ZnO film [29]. The cal-
culated Eg values of the films was narrowed with
increase in Ag contents, which decreased from 3.33 to
3.207 eV when calcination temperature was 350˚C and

Fig. 2. Optical transmittance of Ag/ZnO thin films calcined (A) at 350˚C and (B) at 450˚C.

Fig. 3. (ahm)2 vs. hm of pure and Ag-doped ZnO thin films calcined at (A) at 350˚C and (B) at 450˚C.
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from 3.30 to 3.19 eV when the calcination temperature
was raised to 450˚C. The narrowing of band gap by
more Ag contents reveals that the prepared films can
be activated under visible light irradiation. However,
no more change in the Eg values with changing calci-
nations temperature, the films calcinated at 450˚C
show more efficiency in the photocatalytic activity;
this may be related to the enhancement in the crystal-
linity of these films.

3.2. Photocatalytic activity

An important aim of this study involves the exam-
ination of photocatalytic activity of Ag/ZnO thin films
under simulated solar irradiation. Three reactive dyes
(Reactive Red 195, Reactive Yellow 145, and Reactive
Orange 122) were selected as representatives of
organic pollutants to evaluate the photocatalytic per-
formance of Ag/ZnO thin films. Prior to investigating
reaction conditions, it was confirmed that the three
dyes are resistant to direct photolysis, i.e. photodegra-
dation in the absence of photocatalyst. According to a
number of researches [30,31], the influence of the ini-
tial concentration on the solute to the photocatalytic
degradation rate of most organic compounds is
described by a pseudo-first kinetic order.

The same result we had where Photocatalytic reac-
tion of each dye by Ag/ZnO photocatalyst was found
to obey pseudo-first-order kinetics (Eq. 1).

�dC

dt
¼ k½Cdye� ð1Þ

where k is the pseudo-first-order rate constant. Inte-
gration of Eq. (1) gives Eq. (2)

ln
C0

C

� �
¼ kt ð2Þ

where Co is the initial concentration of the dye and C
is the concentration at time “t”. k was calculated using
Eq. (2) and was used for the determination of opti-
mum reaction conditions.

3.2.1. Effect of Ag content

Fig. 4 reflects the effect of Ag content on the rate
constant of photocatalytic degradation of studied
dyes. The result illustrated that the photodegradation
rate constant of the three dyes was enhanced by the
addition of Ag content up to 6wt.% of Ag, after which
a decline in rate constant was observed. Thus, the
optimum doping ratio was considered to be 6wt.% of

Ag, which is in agreement with previous studies
results reported by Zhang [27].

The improved activity of Ag/ZnO may be due to
better charge separation by Ag atoms. Besides, the
incorporation of noble metal onto the ZnO surface
increases the rate of electron transfer to dissolved oxy-
gen. On the other hand, silver particles may act as
recombination centers at high silver content i.e. pre-
vent the recombination of photogenerated electron-
hole, that recombination is caused by the electrostatic
attraction of negatively charged silver and positively
charged holes [32].

3.2.2. Effect of dye concentration

The effect of initial concentration of the dye on the
rate of photocatalytic degradation was performed by
varying the initial dye concentration from 10 to
25mg/L at constant area of the catalyst (2.5 cm�
1 cm).

It is obvious from Fig. 5 that the rate increases
with decreasing dye concentration. In general, the rate
of degradation relates to the formation of •OH radical
which is the critical species in the degradation pro-
cess, the equilibrium adsorption of reactants on the
catalyst surface and to the rate of reaction of •OH rad-
icals with other chemicals. Matthews [33] suggested
that the photocatalytic degradation of aromatic com-
pounds is through hydroxylation of hydroxyl radicals
while Okamoto et al. [13] pointed out that the rate-
determining step of the reaction may be the formation
of •OH since they react very rapidly with aromatic
ring compounds.

Fig. 4. Rate constant of photocatalytic degradation RR195,
RY145, and RO122, catalyst dose: glass slide (2.5 cm�
1 cm), [dye] = 10mg/L, pH=7, calcination temperature =
450˚C, reaction time= 180min.
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As the initial concentration of dye increases, more
and more dye molecules are available, but the number
of •OH and O2

•� radicals formed on the surface of
ZnO and the irradiation time are constant. Therefore,
relative number of •OH and O2

�• radicals available
for attacking the substrate becomes less in comparison
to dye molecules; hence, photodegradation rate
decreases with increasing dye concentration. Also, as
the concentration of dye increases, the photons get
interrupted before they can reach the photocatalyst
surface and hence absorption of photons by the photo-
catalyst decreases, and consequently the photocatalytic
degradation rate reduces.

In general, the dependency of photocatalytic reac-
tion rates on the concentration of organic pollutants is
well described by the Langmuir–Hinshelwood kinetic
model modified to accommodate reactions occurring
at a solid–liquid interface [34].

1

r0
¼ 1

k
þ 1

kKC0
ð3Þ

where r is the oxidation rate of the reactant
(mg/Lmin�1), C is the concentration of the reactant
(mg/L), k is the reaction rate constant (min�1), and K
is the adsorption coefficient of the reactant onto the
catalyst particles (L/mg). Fig. 6 was obtained by plot-
ting reciprocal of the initial rate (1/r) against recipro-
cal of the initial concentration (1/C). It is clear that
the slope of each line in the negative mode, verifying
that the amount of adsorbed dye on the surface of cat-
alyst can be neglected, and hence the reaction occurs
on the bulk of solution rather than on catalyst surface.

3.2.3. Effect of pH

The wastewater from textile industries usually has
a wide range of pH values. Further, the generation of
hydroxyl radicals is also a function of pH. Thus, pH is
an important parameter in photocatalytic reactions.
Therefore, the degradation of dye was studied at dif-
ferent pH levels ranging from 3 to 11. In all experi-
ments, pH was adjusted by adding appropriate
amounts of NaOH or HCl solutions. The change in
photodegradation rate constant as a function of pH is
shown in Fig. 7. For all dyes, highest photodegradation

Fig. 5. Rate constant of photocatalytic degradation of
RR195, RY145, and RO122 as a function of dye
concentration, Ag content = 6 wt.%, catalyst dose: glass
slide (2.5 cm� 1 cm), pH=7, calcination temperature = 450˚
C, reaction time= 180min.

Fig. 6. L-H model verification for photodegradation of RY
145. RR195 and RO122, Ag content = 6 wt.%, catalyst dose:
glass slide (2.5 cm� 1 cm), pH=7, calcination
temperature = 450˚C, reaction time= 180min.

Fig. 7. Rate constant of photocatalytic degradation of
RR195, RY145, and RO122 as a function of pH, Ag
content = 6 wt.%, catalyst dose: glass slide (2.5 cm� 1 cm),
pH=7, calcination temperature = 450˚C, reaction time=
180min.
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rate was observed at natural pH of dyes (7); below or
above this value a reduction in rate constant was
observed.

The interpretation of pH effect on the efficiency of
the photodegradation process is a very difficult task,
because three possible reaction mechanisms can con-
tribute to dye degradation, namely, hydroxyl radical
attack direct oxidation by the positive hole, and direct
reduction by the electron in the conduction band. The
importance of each one depends on the substrate nat-
ure and pH [35]. The pH affects not only the surface
properties of ZnO, but also the dissociation of dyes
and formation of hydroxyl radicals.

The point of zero charge (pzc) of ZnO is at pH 9.0
± 0.3. So, when the solution pH>pHpzc (pH>9), the
surface of ZnO is negatively charged [17]. As a result,
hydroxyl anions and the dye ions (dye�) may be
repelled away from the negatively charged ZnO sur-
face. Therefore, the photocatalytic activity of the cata-
lyst reduces at more alkaline medium. At acidic pH
range the removal efficiency is at minimum. This may
be due to the azo linkage (�N=N�) in our dyes which
is particularly susceptible to electrophilic attack by
hydroxyl radical. But at low pH, the concentration of
H+ is in excess and H+ ions interact with azo linkage
decreasing the electron densities at azo group. Conse-
quently, the reactivity of hydroxyl radical by electro-
philic mechanism decreases [36], though at natural
conditions around neutral pH, the equilibrium
between the H+ and OH� species give the chance to
the hydroxyl radicals to attack the lone pairs of elec-
trons of the azo linkage (�N=N�) easily giving maxi-
mum photocatalytic activity.

4. Conclusions

In this study, pure and silver-doped zinc oxide
thin films with different wt.% of silver were success-
fully synthesized by spin-coating sol–gel technique,
and the crystal structures of the films were confirmed
by the result of XRD. Ag atoms were found to be
agglomerated on ZnO film surface, rather than substi-
tute Zn atoms. Study of UV–vis absorption spectra
illustrated that Ag-doping reduced the band-gap
energy of ZnO, leading to absorption in visible light
range. Ag/ZnO films revealed good photocatalytic
decolorization of three azo reactive dyes (Reactive
Red 195, Reactive yellow 145, and Reactive orange
122) under simulated sunlight. It was found that
depositing Ag on ZnO surface boosts its photocata-
lytic activity and depends on the content of metallic
silver in the zinc oxide films and calcinations tempera-
ture. The optimal content of Ag was 6wt.%. Samples

calcined at 450˚C possessed higher activity toward the
degradation of the three dyes than those calcined at
350˚C. The highest rate of photodegradation was
obtained at natural pH of the studied dyes.
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