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Introduction                                                                       

Photocatalytic process depends mainly on 
exposing metal oxide semiconductor to UV, 
Visible light or combination of both. The photo 
excited electrons move to the conduction band 
leaving behind positive hole in the valence band. 
These photo generated electron / hole (e/h) pairs 
have the capability to reduce and/or oxidize the 
adsorbed toxic organic pollutant on the surface 
of the metal oxide photocatalyst. Photocatalytic 
activity of metal oxide photocatalyst stems 
from generation of OH •

  &  2O −  radicals by 
the separated photo generated e/h pairs. Both 
radicals react with toxic pollutant to decompose 
or otherwise transform it to less harmful 
byproduct [1, 2].

Several metal oxides such as TiO2, ZnO, SnO2 

and CeO2 are reported in literature as photocatalyst 
[3-7]. To select the proper and high performance 
photocatalyst energy gap, separation and life 
time of photo generated e/h pairs, abundance 
and simple preparation technique should be 
considered [8-10].

Zinc oxide (ZnO) is one of the most important 
transparent conducting oxide semiconductors (II 
– IV) which are in the last few years attracted 
lot of concerns for many research groups due 
to its versatile applications. ZnO is an n-type 
semiconductor with a wide direct band gap in the 
range between 3 and 3.37 eV and large exciton 
binding energy of 60 meV, the existence of wide 
band gap is similar to some other and other 
nanomaterials[11-23].

There are three different crystalline forms for 

SIMPLE pulsed spray pyrsolysis (PSP) technique is used to prepare pure nanostructured 
zinc oxide (ZnO) thin films at different deposition temperatures and spraying times on glass 

substrates. XRD measurements show polycrystalline ZnO hexagonal wurtzite phase preferably 
oriented perpendicular through c- axis along (002) plane. SEM images demonstrate the 
formation of highly ordered hexagonal nanorods with a crystallite sizes ranged from 40 to 500 
nm depending on the film thickness. Optical measurements show transmittance of nearly 90% 
at low thicknesses (189.1µm) and about 60% for higher thickness (233.8 µm) with a calculated 
energy band gap values spanning from 2.85 to 3.20 eV. Photocatalytic activity is performed on 
selected ZnO samples have highly oriented nanorods with large hexagonal cross-section area. 
Photocatalytic activity takes placeon etched and as prepared ZnO film samples by monitoring 
photodegradation process of methylene blue MB using double beam spectrophotometer. Etched 
samples show higher photo activity than non- etched ones.

Keywords: ZnO thin films; Pulsed spray pyrolysis (PSP) technique; Selective etching; 
methylene blue (MB); Photocatalysis.  
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zinc oxide (ZnO) could be existed such as rock 
salt, cubic zinc blende and wurtzite (hexagonal 
structure) [24]. The most common ZnO crystalline 
structure is the wurtzite one which has high 
stability making it suitable forphotocatalytic and 
gas sensor applications [4]. Wurtzite structure 
[25,26] belongs to the C4

6V spatial group since 
each one of Zn ions is surrounded by a tetragonal 
coordination which increases the polar symmetry 
over the hexagonal axis and this manifest a lot 
of different promising and interesting properties 
for ZnO. 

Owing to its privilege with high transmittance 
in the visible region, highly electron mobility, 
chemical “nontoxic” and thermal stability, it is 
widely suitable to use in many applications such 
as transparent electrodes for light-emitting diodes 
(LEDs), photovoltaic cells, laser diodes, surface 
acoustic wave. In addition, it is used asheat 
mirrors, piezoelectric transducers, sterilization 
of medical equipment, promising substrate for 
immobilization of bio-molecules and biosensors 
transducer , UV- and gas sensors [27-34].

ZnO and other oxides materials such as MoO3, 
WO3, and VO3 nano structured thin films and 
powders have been prepared by a wide variety 
of techniques, such as, pulsed (ablation) laser 
deposition (PLD or ALD)[35, 36], molecular 
beam epitaxy (MBE) [37], sputtering technique 
[38], electrochemical deposition [39], reactive 
evaporation [40], chemical vapor deposition 
(CVD) [41], sol-gel [42],  and spray pyrolysis [43-
49]. Among the preceding preparation techniques, 
spray pyrolysis is considered the most simple, 
large film scale, non- vacuum and inexpensive 
method[50, 51]. There are some other different 
ways to synthesis ZnO, which can be used in 
many applications [52-57]. The prepared films 
by spray pyrolysis technique depend on many 
different deposition parameters such as carrier gas 
type (nitrogen or air) and pressure, molarity of the 
precursor, deposition rate, substrate temperature, 
deposition time and nozzle to substrate distance. 
All of these parameters kept constant at their 
optimum values except the substrate temperature 
and deposition time are varied one at a time since 
they play crucial role in the characteristics of the 
deposited film. In principle ZnO thin film could 
be prepared with different techniques such as 
sputtering, thermal evaporation, laser ablation, sol 
gel, spray pyrolysis. Each technique has its own 
merit and drawback. Spray pyrolysis technique 
is used here since it is simple, vacuum less, 

system components are relatively cheap, the used 
chemical precursors have low cost.

There are many of homemade and fabricated 
spray systems which are different in designs 
and layout. Each of these has its own intimate 
effective parameters. Therefore, the properties of 
the same film deposited by each spray system are 
diversified.

The aim of this work is to prepare 
homogeneous, adhered, pin-hole and cracks free 
nanostructured ZnO thin film deposited at different 
times (film thickness) and different substrate 
temperatures on glass substrates by home-made 
rota table pulsed spray pyrolysis (PSP) system. 
The homogeneity, pin hole, cracks and adherence 
of the deposited films are checked by naked 
eyes and optical microscope. The dependence of 
structural, morphological and optical properties 
of deposited films is correlated with the different 
spray deposition times. Photocatalytic activity of 
ZnO films toward organic methylene blue (MB) 
is examined on a selected ZnO samples which 
has highly oriented nanorods with large cross-
section area with and without selective etching.

Experimental                                                                      

Zinc acetate dihydrate [Zn (CH3 (COO)2 . 
2H2O], as the source for zinc atoms, is dissolved in 
a precalculated amount of ethyl alcohol (C2H5OH) 
and few drops of concentrated hydrochloric 
acid (HCl, 35%) as a stabilizer. The prepared 
mixture solution with molarity of (0.2 mol.) is 
stirred at room temperature for 60 min to yield 
a homogenous, transparent and clear solution. 
The glass substrates are cleaned ultrasonically 
using acetone, isopropanol and distilled water to 
prevent any lipids or chemisorption on the slides 
deposition surfaces.  

Zinc oxide (ZnO) films areprepared by 
homemade pulsed spray pyrolysis (PSP) technique 
(Fig. 1) [50]. Rotatable (PSP) system with (On/ 
Off- mode) keeps the substrate temperature 
constant which promote the adhesion between 
the substrate and the deposited layers, permits 
enough time for film growth and homogeneity 
improvement. The substrate / nozzle distance 
isfixed at 30 cm with a solution flow rate of 5 ml 
/ 2 min during different spray times (5, 10, 15, 20 
and 25 minutes) with time interval of 5 seconds 
[2 sec. (On) and 3 sec. (Off) mode]. The substrate 
is heated at constant temperature (400, 450 or 
500oC). Compressed dry air pumped at a pressure 
of 2.5 bars to atomize the solution over the heated 
glass substrates. 
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The structural properties of the deposited 
samples are examined by Grazing angle 
X-ray diffraction technique (GAXRD - Diano 
corroboration-USA equipment with Cu Kα 
radiation of λ= 1.514 Å) to clarify the structure, 
crystallite size and to recognize the appeared 
phases of the investigated samples. The surface 
topography and film thickness are explored by 
scanning electron microscopy (SEM). Optical 
measurements (transmittance and reflectance 
spectra) are performed by double beam 
spectrophotometer (JASCO- 670 UV– VIS– NIR) 
in wavelength range from 0.2 to 2.5 µm.  ZnO 
film deposited at 500oC and a spray time of 25 
min is selected for selective etching by immersing 
the ZnO supported glass substrate in much 
diluted potassium hydroxide (KOH) solution 
of 50 mM for 5 minutes in water bath at 80oC. 
This chemical etching process is widely used 
because it is simple and efficient way to change 
the surface morphology of thin film structure [5, 
6].Then, photocatalytic activities are evaluated 
for the etched and non-etched ZnO samples. 
Photodegradation test was executed by immersing 
both of the etched [6] and non-etched ZnO thin 
films into 5 ml of MB [C16H18ClN3S] aqueous 
solution (10 mg/L) under illumination by a UV- 
pen lamp (λmax= 254 nm and power 5 mW/cm2). 
The change in MB absorbance was recorded using 
(Cary 100 UV-Vis) spectrophotometer.

Results and Discussion                                                      

Structural analysis
XRD
The structural properties of the deposited 

ZnO thin films were investigated by Grazing 
angle X-ray diffraction technique (GAXRD) 
to clarify the structure, crystallite size and to 
recognize the appeared phases of the prepared 
ZnO thin films. The XRD is very effective tool to 
explore the effect of spray time and the substrate 
temperature in the existence of polycrystalline 
nature in the deposited ZnO thin films. In 
general, the structural properties are varied with 
a variation in the preparation parameters of spray 
pyrolysis technique such as spray time, substrate 
temperature, as well as the doping concentration 
of starting reacting materials. The structural 
aspects of the deposited ZnO films at different 
substrate temperatures constant spray time (film 
thickness) and vice versa on glass substrates are 
elucidated by analyzing their XRD patterns are 
shown in Fig. (2 & 3). Only one peak with high 
intensity and others with lower intensities are 
appeared in the obtained patterns for samples 
deposited at 500oC while those deposited at 400oC 
& 450oC show a reasonable hump at 2θ =20o-32o 
range beside higher intensity one neighbored 
to another with lower intensity. These peaks 
are indexed with JCPDS files. It is found that 
these patterns are in good agreement with that 
reported in file number (No. # 36-1451). Based 
on, the investigated samples are only ZnO has a 
hexagonal polycrystalline nature with preferred 
orientation along (002) at 2θ≡ 34.5o.    

Fig. 1. Schematic diagram of pulsed spray pyrolysis (PSP) technique.
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The observed hump at 2θ≈ 20 to 30o represents 
the overlap between the amorphous phase of 
ZnO, which decreases by increasing annealing 
temperature, and the amorphous glass substrate. 
ZnO has two peaks at 2θ (26o& 28o – JCPDS file No. 
#211486) which overlapped with the characteristic 
hump of the amorphous glass substrate. When the 
substrate temperature increase the high intensity 
peak corresponds to (002) and the lower intensity 
peaks correspond to (100), (101), (102), (103), 
(112) and (201) are appeared. Also, the intensity 
and number of appeared peaks are increased with 
increasing the deposition temperature. This may 
be due to the enhancement of crystallinity caused 
by the increase of atomic ordering.

Normally, the increase in deposition 
temperature of ZnO thin film allowing more 

ordering of the atoms ending with highly 
crystalline film as demonstrated by sample 
deposited at 500oC.

In order to explore the effect of spray time 
(film thickness) the substrate temperature 500oC 
was selected for depositing samples with different 
spray time since samples with good polycrystalline 
nature (Fig. 2) were deposited at this temperature. 
The covered spray time is ranged from 5 minutes 
up to 25 minutes with step of 5 minutes. The XRD 
patterns for these samples are displayed in Fig. 3. 
Only one peak with high intensity surrounded with 
two peaks have lower intensity and an obvious 
hump centered at 2θ=25o, which decreases with 
increasing spray time are observed for samples 
deposited at 500oC & 5 minutes spray time. 

Fig. 2. XRD patterns of ZnO thin films deposited at different temperatures and constant spray time (25 min.).
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The salient features related to an increase 
in spray time are reasonable increase in the 
high intense peak combined with slight change 
in intensity of the surrounded peaks and the 
tendency of the hump to be with lower intensity 
at 25 minutes. The full width at half maximum 
(FWHM) of the diffraction peak isused to 
determine the crystallite size (D) of the deposited 
films using Scherrer’s formula [Eq.1][58]: 

0.9 / cosD λ β θ=                                (1)

where D is the crystallite size, λ is the wavelength 
of X-ray (λ =0.15406 nm), β is the full width 
at half-maximum (FWHM), and θ is the half 
diffraction angle of the maximum observed peak 
(002). The strain ε values arecalculated from the 
following equation [Eq. 2] [59]:

( )100%o oc c cε = −          (2)

where, c is the lattice constant of ZnO thin films 
and c0 the lattice constant of bulk standard (c0 = 
0.5206 nm) [43]. The calculated mean strain is 
found to be very small even with the increase 
in the crystallite size. This phenomenon was 
explained  by Swapna et al. [60], they suggested 

that in sufficiently thicker films with more relaxed 
or less strained state as the number of film defects 
decreases the crystallinity improvement increases 
which reducing the films strain. 

Spray time, film thickness (calculated from 
SEM micrographs cross section Fig. 5), crystallite 
size, calculated dislocation density (δ =1/D2[61]) 
and strain (ε) of the deposited thin films reflects 
the increase and enhancement of the films 
crystallinity as the film is thicker. Moreover, the 
deposited film thickness and crystallite size found 
to be increases with increasing the spray time as 
shows in Fig. 4.

The idea pointed out by Swapna et al. [60] 
is that the crystallinity improvement increases 
means reducing the films strain. This can be 
due to in sufficiently thicker films as a results of 
increasing spray time the films appear with more 
relaxed or less strained state as the number of film 
defects decreases. The principle idea regarding 
to the effect of spray time is that the area of the 
particle cross-section and the gap between them 
increases with increasing the spray time which 
yields to the crystallinity improvement increases 
and reducing the films strain. 
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Fig. 3. XRD patterns of ZnO thin films deposited at different spray times (film thicknesses) at 500 oC.
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Morphologic properties of ZnO thin films
The SEM images for ZnO films deposited at 

substrate temperature 500oC with different spray 
times ranging from 5 minutes up to 25 minutes 
with step 5 minutes are shown in Fig. 5.

The dependence of the crystallite size and 
crystallinity improvements on spray time (5, 10, 
15, 20 & 25 min.) is salient feature. Morphological 
changes of the thin film structure arestarted from 
randomly distributed grains at 5 min., passing 
through agglomeration of small particles at 10 
min., and finally forming homogeneous hexagonal 
cross-section for closely spaced particles. 

As the spray time increases the area of the 
particle hexagonal cross-section and the gap 
between them increase which may increase the 
penetration and adsorption of the UV- light to 
be detected. This result makes the investigated 
sample a good candidate as an active material 
for UV- photocatalytic and degrading organic 
pollutants. The ZnO sample deposited at 500oC 
and spray time of 25 min was chosen for testing 
the etching effect because this sample showed a 
well oriented crystalline structure, well textured 
surface morphology high thickness and increased 
surface area. 

Figure 6, represents the SEM images of the 
etched and non-etched samples. Presence of 
cracks and pores at the surface, sides and may be 
internally within the hexagonal nanorods in the 
etched samples is obvious. Such clefts in the thin 
film structure are expected to affect positively on 
the photocatalytic activity process. 

Optical properties
As elucidated in Fig. 7; the pure ZnO thin 

films sprayed at different times show an optical 
transmittance which slightly exceeding 90% in the 
infra-red region and low transmittance percentage 
in the visible region. The disappearance of the 
significant interference oscillations in the optical 
curves may be due to highly roughness of the top 
surface of the prepared samples. The absorption 
edge (wavelength cut- off) value for all deposited 
layers due to the electronic transition between 
VB (valence band) and CB (conduction band) is 
ranged from 360 to 380 nm as shown in the inset 
graph of Fig. 7.,while the absorption in the visible 
region is related to the presence of some localized 
energy levels caused by intrinsic defects[43]. 

Fig. 4. Variation of film thickness & crystallite size at substrate temperature of 500 oC and different spray times.
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The optical band gap energy was determined 
from the transmission spectra using the following 
equation [43]:

2( ) ( )gh C h Eα ν ν= −
                                 

(3)

where, α is the absorption coefficient values, h is 
Planck’s constant, ѵ is the radiation frequency, C 
is a constant, hѵ is the photon energy and energy 
gap Eg of the semiconductor. (αhѵ)2 is traced 
versus hѵto calculate the optical energy gap.

From this plot, the optical energy gap(Eg) is 
found to be from 2.85 to 3.2 eV, due to quantum 
size effect as shown in Fig. 8.The calculated 
value for the deposited sample at 5 min. is lower 
than the recorded values of the other deposited 
samples at (10, 15, 20 and 30 min.) which are 
more closer to the surveyed values of the energy 
band gap in literatures for the deposited ZnO 
films using the spray pyrolysis technique ranged 
between 3 to 3.37 eV [62,63]. This smaller 
value of the energy gap of the sample deposited 
at 5 min. could be attributed to the lower film 
thickness with smaller particle size and flagging 
of the crystallinity [62,63]. The refractive 
index of the deposited films is recorded to be 
between 1.8 –3; at photon energy values from 
0.4 to 2.8 eV, respectively.These refractive index 
recorded values for the as deposited films are 
coincident with that reported in literature for the 
polycrystalline ZnO thin films [64].

Photocatalytic activity of ZnO thin films
Basically nanomaterials are uniquely 

characterized by their great surface area which 
is lost in bulk materials. Therefore nano size 
ZnO is promising for photodegradation since it 
has large surface area contacted with pollutant. 
The variation in absorbance spectra of methylene 
blue (MB) dye exposed at different times to 
UV- irradiation in presence ZnO thin films 
deposited at 500oC and spray time of 25 min is 
illustrated in Fig. 9. Both non-etched and etched 
samplesshow significant change in the MB 
absorbance as a result photodegradation. The 
degradation efficiency could be determined from 
the following equation [65]:

Degradation (%) = ( ) 100o oA A A− ×             (4)

where Ao and A are the absorbance’s at 664 nm 
of MB solution at the beginning of the reaction 
and after 45 min, respectively. The observed 
degradation efficiency after 45 min of illumination 
(99%  and 96% for etched and non-etched samples, 
respectively) are of the highest recorded results 
for the immobilized photo-catalyst [66-68].

This observed slight difference in degradation 
efficiency could be attributed to the highly 
degradation rate at the starting time followed 
by slow rate along the degradation process 
for the etched samples [65-68]. Moreover, the 
relationship between the change in absorbance 
and the irradiation time was investigated in the 

Fig. 5.  SEM images of ZnO thin films at (5, 10, 15, 20 and 25 min.) at deposited temperature of 500 oC & typical 
tilt SEM micrograph cross section image.
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light of the first-order reaction kinetic model, 
which can be expressed as :

ln app
o

A k tA
  = − 
               

(5)

where, kapp is the apparent photocatalytic reaction 
rate constant, and t is the irradiation time. 
Validation of this model is shown in Fig. 10. 
The salient linear behavior emphasizes that the 
photodegradation process of MB organic dye 
over ZnO thin film can be considered as first order 
reaction. The calculated values of kapp,0.14 min-

1 and 0.07 min-1 for the etched and non- etched 
ZnO samples, respectively, are clearly indicate 
the superior photocatalytic activity of the etched 
sample. This might be due to the generation of 
new active sites in the formed slots on the cross-
sectional area of the ZnOnanorods by etching 
which enhances the photocatalytic activity 
process [66-68].

It is worth mentioning that, all photocatalytic 
activity tests are performed three times on the 
only etched or non-etched ZnO films deposited at 
500oC and spray time 25 minutes. The samples 
are cleaned after each exposure time by ethanol 
and distilled water for 5 min in an ultrasonic 
bath. The easy cleaning, fast recycling and quick 
response to UV- illumination reflect the high 
durability and long lifetime of these samples. The 
promotion of photocatalytic activity by simple 
process (etching) encourages application of 
immobilized ZnO film prepared by PSP system 
as an excellent photocatalyst for organic pollutant 
degradation and waste water treatment under UV- 
illumination. Selective etching phenomenon used 
here, we believe that it is highly effective in case 
of ZnO material since it has hexagonal structure. 
It is possible to obtain hollow hexagon of ZnO by 
attack the core across c-axes by selective etching 
inducing significant increase in surface area which 
increase the reaction probability.

Fig. 6. SEM images for etched & non-etched ZnO thin films deposited at 500 oC and spray time of 25 min.
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Fig. 9. Methylene blue (MB) absorption spectra of etched and non- etched ZnO films.

Fig. 10. The first order kinetics of methylene blue (MB) dye photo-degradation.
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Conclusions                                                                      

Pure nanostructured ZnO thin films are 
prepared on glass substrates at different deposition 
temperature and spray times by pulsed spray 
pyrolysis technique. XRD patterns elucidate the 
presence of preferential orientation along the c- 
axis along (002) plane. Crystallite size increases 
for the deposited ZnO with increasing the spray 
time from 5 to 25 min. SEM images show nano-
hexagonal rods like structure for the deposited 
ZnO films at 500oC and spray time of 25 minutes 
(working sample). Highly well ordered nanorod 
ZnO samples with a larger hexagonal cross-
sectional area are selected to be etched by KOH 
which exhibits longitudinal slots. Photocatalytic 
activity process shows reasonable improvement. 
Optical measurements showed a transmission 
percentage about 90% with absorption band gap 
of 3.2 eV and well recorded refractive index 
which is compatible with the reported literature 
values. Photocatalytic activity experiments for the 
etched and non-etched ZnO films are performed 
employing methylene blue (MB) dye as a reference 
pollutant. Etched samples showed higher reaction 
rate constant than non-etched ones and recorded 
nearly 99% of dye degradation achievement after 
45 minutes. This may be due to the generation 
of newly active sites in the formed hollow tubes 
after the etching process. Hence, the chemical 
etching process for ZnO thin films proved itself 
as a vital working method for photodegradation 
process enhancement in immobilized catalysis. 
According to these obtained results the prepared 
etched- ZnO thin films could be considered as a 
durable promising candidate for the photocatalytic 
treatment application of water pollutants.
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